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ABSTRACT 

Advancements in 3D printing technology have provided (1) easy access to low-cost, open-

source robotics, and (2) a fast fabrication technique for analytical devices among others. Using the 

robotics of a 3D printer, a mass spectrometry-based reaction screening device was built as a low-

cost, modest throughput alternative to expensive, very fast systems. Using the 3D printer for 

fabrication, ion mobility devices were fabricated. Fundamental studies of the motion of ions in 

these devices were performed in addition to applications of ion mobility-mass spectrometry using 

a 3D printed drift tube ion mobility spectrometer. 

With only simple modification, 3D printer kits provide nearly all the necessary parts for a 

functional reaction screening device. Replacing the hotend assembly with custom parts to hold a 

syringe, precise volumes of reaction mixtures can be dispensed, and high voltage applied to the 

needle for direct analysis of solutions by mass spectrometry. Direct analysis of reaction mixtures 

in a 96-well microtiter plates was completed in approximately 105 minutes (~65 seconds per 

reaction mixture, including washing of syringe). Following analysis, product distributions derived 

from the electrospray mass spectra were represented as heatmaps and optimum reaction conditions 

were determined. Using low-cost, open-source hardware, a modest throughput for reaction 

screening could be achieved using electrospray ionization mass spectrometry. 

The manipulation of ions at reduced pressures is very well understood, whereas the efficient 

manipulation of ions at atmospheric pressure is far less understood. Using 3D printing, multiple 

iterations of atmospheric pressure drift tube ion mobility spectrometers were fabricated with one 

and two turns in the drift path. Optimum electrode geometries for ion transmission and resolution 

were determined by both simulation and experiment. Racetrack effects, where ions on the inside 

of turns have a shorter path than ions on the outside, were determined to be highly detrimental to 

resolving power. Drift tubes with two turns in opposite directions (a chicane) corrected for 

racetrack effects and had only marginally poorer resolving power than a straight drift tube. 

Additionally, ion intensities were nearly identical between optimized straight and turned ion paths, 

showing that these manipulations can be done with high efficiency. The focusing of ions at reduced 

pressure using RF ion funnels at reduced pressure can have nearly 100 percent transmission. At 

atmospheric pressure, RF fields are not nearly as efficient at focusing ions. By using non-uniform 
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DC fields at atmospheric pressure, ions can be focused, but not nearly to the extent as at reduced 

pressure. 

The coupling of atmospheric pressure drift tube ion mobility with ion trap mass spectrometry 

is inefficient due to the mismatch in duty cycle between the two instruments. For this reason, 

increasing the amount of data collected from a single experiment is of high importance. Fourier 

transform ion mobility increases the duty cycle from less than 1% to 25%. When ions are 

fragmented in the mass spectrometer, they maintain the frequency characteristic of the precursor. 

Therefore, ions can be fragmented without isolation in the ion trap (reducing duty cycle further) 

and related precursors and product ions identified through their drift time. Two-dimensional 

tandem mass spectrometry is a method to collect all tandem mass spectrometry information in a 

single scan. When coupled with ion mobility, this data can be used to generate functional group-

specific ion mobility spectra where ion intensity is measured along a precursor or neutral loss scan 

line. This was demonstrated for a lipid sample in which head-group specific ion mobility spectra 

were obtained using head-group specific precursor and neutral loss scan lines. 



 

 

19 

 INTRODUCTION 

1.1 Overview 

Successfully building an ion manipulation device requires both the fundamental knowledge 

of the motion of ions in electrostatic fields and the ability to manufacture electrodes of the desired 

shape. For example, even though hyperbolic rods give the optimal electric field, round rods have 

often been used to approximate hyperbolic surfaces due to difficulty in machining complex 

shapes.1 After successfully machining one set of Orbitrap rods, it took Alexander Makarov and his 

team many years to repeat the feat.2 The major focus of this dissertation is the use of additive 

manufacturing techniques to fabricate ion manipulation and focusing devices and then to use them 

as analytical devices. In addition, a 3D printer was used as a prefabricated robot to be converted 

to a high throughput reaction sampling device. 

1.2 Additive Manufacturing 

Additive manufacturing, also referred to as 3D printing, is the technique of producing 3D 

objects by building them up layer-by-layer. This is in contrast to traditional milling in which 

material is removed (often layer-by-layer) to produce the desired product. The most common type 

of 3D printer used by hobbyists and scientists alike is known as fused deposition modeling (FDM).  
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Figure 1.1 FDM 3D printer consisting of motors to move the extruder in three dimensions (x, y, z) 

and a fourth motor to feed plastic into the hot extruder. The motors move the extruder in two 

dimensions to trace out a single layer and then the z axis moves up a small amount to begin the 

next layer. 

3D printers of this type consist of a platform with 3-axis motion control. Solid plastic is 

fed into a heated nozzle; molten plastic is extruded, cools, and hardens in the appropriate pattern 

on the build plate.3, 4 As the first layer cools and hardens, the z-axis is raised a small amount (< 0.2 

mm) and the subsequent layer is added. This process continues until the entire model is complete 

(Figure 1.1). 

Two of the most common 3D printing materials are polylactic acid (PLA) and acrylonitrile 

butadiene styrene (ABS).5 ABS is more difficult to work but is useful due to its higher temperature 

tolerance. Managing temperature is very important when printing ABS to reduce the potential for 

model warping. The addition of conductive materials such as carbon black powder (Proto-pasta) 

make these plastics conductive. 

Stereolithography (SLA) is another 3D printing technique, which instead of a 

thermoplastic, uses a photo-curable resin that is hardened by a laser or projector of the appropriate 

wavelength working layer-by-layer.6 3D printers of this type are able to achieve higher resolutions 

than most FDM printers, which is necessary in some analytical chemistry applications. 
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1.3 Additive Manufacturing in Mass Spectrometry 

Outside the mass spectrometer, FDM 3D printing can quickly fabricate useful devices. Paper 

spray7-9 is a useful ambient ionization10 technique for the analysis of samples in complex mixtures. 

3D printed cartridges11-13 can be quickly fabricated to provide features for optimal signal intensity 

and increased spray time. One can even spray directly from a 3D printed cone.14 Holders necessary 

for attaching ambient ionization sources to a mass spectrometer can be easily 3D printed, such as 

for desorption electrospray ionization (DESI)15 or low temperature plasma (LTP).16 

 Inside the mass spectrometer, SLA 3D printing is preferred. Cured resin parts are coated 

with conductive surfaces to produce mass analyzers. Examples include quadrupole mass filters17, 

hyperbolic linear ion traps18, and circular arrays of rectilinear ion traps.19 Though the direct 3D 

printing of metal is possible,20 the resolution is not currently possible to meet the high demands of 

some mass spectrometry devices.21 

1.4 Development Cycle 

Analytical instrument development using 3D printing when compared to traditional 

machining lends itself to a rapid development cycle in which design changes can be quickly 

tested because of the speed of manufacturing. 

 

Figure 1.2 Development of drift tubes began with designing the device in a CAD software. 

Electrode geometries are imported into SIMION for simulating ion trajectories. Drift tubes were 

3D printed and then tested experimentally. Depending on the results, the drift tube may be 

redesigned and the cycle began again. 
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After deciding on a potential design, the first step of building an ion manipulation device is 

design using a CAD software, such as Autodesk Inventor. This geometry is imported into an ion 

trajectory simulation software, such as SIMION. After simulation, if the desired performance is 

achieved, the device can be fabricated with FDM 3D printing. If the desired performance is not 

achieved in the simulation, then the cycle begins again with a new design without fabrication. 

After fabrication of the device and the associated voltage divider, the testing can begin. The 

fabrication time varies depending on the size of the device, but the case can be printed in 

approximately 6 hours (printed in two halves) and each electrode (depending on diameter) can be 

printed in approximately 8 – 12 minutes. Therefore, the entire device can be completed in 

approximately 7 – 8 hours. After testing the device, the design can be revised, and the entire cycle 

can begin again. 

1.5 Fundamentals of Drift Tube Ion Mobility Spectrometry 

An ion traveling through a drift tube at atmospheric pressure collides with a very large 

number of gas molecules while being accelerated by the electric field. The velocity of ions in an 

electric field is directly proportional to the magnitude of the electric field (provided E is below the 

low field limit).22, 23 The equation for the average velocity is 

νd = KE 

where νd is the velocity, E is the electric field, and K is a constant (mobility). This equation can be 

rewritten using the drift length and voltage as 

L

td
= K

V

L
 

K =
L2

V

1

td
 

where L is the drift length, V is the drift voltage, and td  is the drift time. In order to compare 

mobility measurements taken under different conditions, mobility spectra are often reported using 

the reduced mobility K0 which has the equation: 

K0 =
P

760

273

T
K 

where P is the pressure in torr and T is the temperature in Kelvin. K0 is reported with the units 

cm2/Vs. 



 

 

23 

 Drift tube ion mobility is dependent on the balance of the electric field pushing the ions 

forward and their collisions with gas molecules pushing them backward. The equation for the 

collision cross section is given by24 

K =  
3

16
(

2π

μkBT
)

1
2⁄ ze

N Ω
 

where μ is the reduced mass of the ion-gas pair, kB is Boltzmann’s constant, T is temperature, z is 

the number of charges, e is the elementary charge, N is the number density and Ω is the collision 

cross section. By combining the two equations for K, the collision cross section can be determined 

directly from the drift time:  

Ω =  td
3

16
(

2π

μkBT
)

1
2⁄ ze

N 

V

L2
 

Large databases of collision cross section measurements have been published for large and 

small molecules.25-27 

1.6 Applications of Drift Tube Ion Mobility 

Drift tube ion mobility spectrometers have applications as both a standalone spectrometer 

and coupled to mass spectrometers. Standalone drift tube ion mobility is most often used for the 

detection of small molecules such as chemical warfare agents,28-31 drugs of abuse,32, 33 and 

explosives34, 35. Since ion mobility can be operated at atmospheric pressure, the size of the devices 

can be smaller than a miniature mass spectrometer.36, 37 

Analytical techniques that separate molecules (or their ions) have been coupled to mass 

spectrometers for decades. Drift tube ion mobility spectrometers were first coupled to a magnetic 

sector mass spectrometer,38 though modern instruments most often use a time-of-flight mass 

spectrometer.39, 40 A major application of drift tube ion mobility mass spectrometry is the 

separation of biomolecules.25, 41 Due to their ability to fold, gas phase protein structures can exist 

multiple conformational states of the same m/z but different collision cross section.42 IMS-MS 

offers increased peak capacity for the identification of peptides versus MS alone, though not yet 

to the performance of LC-MS.43 Drift tube ion mobility also has utility in the identification and 

separation of small molecules.44, 45 
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 REACTION SCREENING FROM 96-WELL PLATES 

USING A MODIFIED 3D PRINTER 

Portions of this work have been published in the journal Analyst as the article: “Schrader, R. L.; 

Ayrton, S. T.; Kaerner, A.; Cooks, R. G. High Throughput, Low Cost Reaction Screening using a 

Modified 3D Printer. Analyst, 2019, 144, 4978-4984.” 

2.1 Introduction 

The combination of modern robotics and analytical instrumentation has allowed for the rapid 

preparation and analysis of reaction mixtures. These experiments require less effort per reaction 

mixture than traditional analytical methods.46 High-throughput experimentation (HTE) utilizing 

mass spectrometry has been used in many areas such as biochemistry47, drug discovery48, 49, and 

catalysis50, 51. HTE has been applied to organic synthesis for the optimization of known reactions52-

57 as well as the discovery of new ones.58 

Chromatography-based high-throughput screening (HTS) systems in the microtiter format 

can have throughputs of 5 – 22 s per sample.59 The Agilent RapidFire™ system is a high 

throughput screening system coupled to SPE-MS with a sample throughput of ~8 s per sample.60 

Other systems forgo chromatography, such as those using desorption electrospray ionization53 or 

acoustic droplet ejection61 and offer higher throughputs. Most such systems use mass spectrometry 

for analysis, although optical methods are also used.62 Here, we use an electrospray ionization (ESI) 

based method by applying a high voltage directly to the metal needle of a glass syringe for direct 

MS analysis of reaction mixtures. While the value of HTE is clear, the tools required to perform 

these experiments are expensive, making it difficult for most investigators to utilize it. 

Analytical chemistry has long embraced new technologies with examples from across the 

subject.63-67 Three-dimensional printing (3D printing) technology has developed greatly over the 

past few years and has made a great impact in chemistry.4, 68 The commercial 3D printer offers an 

easy-to-use platform for modification to perform tasks requiring simple robotics, for example a 

MALDI matrix application using a modified 3D printer.69 Here we have utilized a Delta 3D printer, 

which utilizes three stepper motors at the base arranged in an equilateral triangle to move a hot 

extruder in the x, y, and z dimensions. A typical Cartesian 3D printer uses stepper motors to directly 

control each axis. This hot extruder was replaced with a glass syringe whose plunger was 
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controlled by an additional stepper motor (the “extruder” motor). Printers of this type are low cost 

and the additional parts necessary for modifications made can be purchased for an additional low 

cost. After calibration and optimization, this system was used to prepare 96-well microtiter plates 

with reaction being followed by analysis of products by mass spectrometry. 

2.2 Experimental 

2.2.1 Commercial 3D Printer Modifications 

 

Figure 2.1. Schematic showing the (a) front view of the custom syringe assembly and (b) back 

view of the custom syringe assembly. Note the custom printed bed holds either two 96-well 

microtiter plates, or one microtiter plate and other items. 

The hotend assembly was removed from an assembled Anycubic Kossel 3D printer 

(Guandong, China) and replaced with a 250 L Hamilton 750 series syringe with removable needle 

(Reno, NV). The needle length is 51 mm with an inner diameter of 0.15 mm and outer diameter of 

0.72 mm. A short height NEMA 17 motor from OMC Corporation (Nanjing City, China) was held 

in place with a custom 3D printed bracket. The syringe was attached to a 125 mm beam from 

MakerBeam (Utrecht, Netherlands) with a custom 3D printed bracket and the syringe plunger 

controlled by the stepper motor through a timing belt. These modifications are described in Figure 

2.1. The stock 3D printer firmware was modified with a dummy temperature to allow for 

movement of the extruder motor. All 3D printed pieces were designed in-house with Autodesk 
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Inventor (San Rafael, CA), converted to STL, and 3D-printed using a Mendelmax 3 (Makers Tool 

Works, Oklahoma City, OK) with polylactic acid/polyhydroxyalkanoate (PLA/PHA) filament 

(ColorFabb, Belfeld, Netherlands). 

 The custom bed was 3D printed with pre-defined holes to place two 96-well plates. 

Additional holes allow for 20 mL vials and 4 mL vials containing wash solvent or reagent vials 

for well plate preparation. The x, y, z coordinates of each well was determined and controlled with 

G-code instructions. 

2.2.2 Mass Spectrometry 

 

Figure 2.2 Photos of (a) the device in its home position in front of the mass spectrometer, (b) the 

custom syringe assembly moved to the spray position, and (c) a closeup of the syringe in the spray 

position showing the 90 bent capillary. 

All mass spectrometry measurements were made with a Thermo-Fisher LTQ XL-Orbitrap 

or LTQ MS (San Jose, CA). An Arduino Uno (Adafruit, New York, NY) was used to supply a 

contact closure signal to the mass spectrometer by contact with a mechanical endstop (Bigtree 

Technology, Shenzhen City, China) upon reaching the spray position. The endstop was supported 

by metal beams (Makerbeam) and 3D printed brackets. Electrospray was generated directly from 

the syringe needle by applying high voltage (5 kV) to the needle. The standard inlet was replaced 

with an extended capillary bent 90 such that it was coaxial with the syringe needle in the spray 

position. Photos of the device operation are given in Figure 2.2. Parameters for the MS were: spray 
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voltage 4.5 kV, capillary voltage 15 V, tube lens 65 V, and capillary temperature 150 ˚C and a 

mass range of m/z 50 – 700. 

2.2.3 Data Analysis 

Individual wells were saved as individual ‘.RAW’ files by the instrument and were 

converted to the open-source ‘.mzXML’ format using MSConvert70. Individual ‘.mzXML’ files 

were imported into MATLAB (The MathWorks, Inc., Natick, MA) with the Bioinformatics 

toolbox. Using a user-supplied table of starting material and product m/z values, mass spectra in 

which one of these supplied m/z values was not the base peak were automatically removed. This 

serves to remove both scans in which either noise was a significant portion of the spectrum and 

those in which no data was collected such that only data representative of the sample well was 

included. Data from each well was normalized and then displayed as a heat map of intensities 

across the entire 96-well plate. 

2.2.4 Reagents and Supplies 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO). HPLC grade methanol 

was purchased from Fisher Scientific (Hampton, NH). Microtiter plates were purchased from 

Greiner Bio-One (Kremsmünster, Austria).  

For the Suzuki reaction, solutions were prepared using 40 mM concentrations of the 

halobenzene and 4-hydroxyphenylboronic acid, using 80 mM for the various bases, and 0.04 – 4 

mM for the various catalysts. Aliquots of the appropriate reagents were robotically pipetted into 

each well and the microtiter plate was sealed with a silicone cover. The reaction mixtures were 

diluted 100 times in methanol for analysis manually. 

For the N-alkylation, both the amine and halide were prepared using 10 mM in methanol, 

ethanol, acetonitrile, and dioxane. The reagents were pipetted manually into each well of the 

microtiter plate. The reaction mixtures were diluted 1000 times in methanol for analysis. 

 For the Katritzky transamination, both the 2,4,6-triphenylpyrilium tetrafluoroborate and 

five substituted anilines were prepared at 20 mM in acetonitrile. The prepared solutions were 

pipetted into a microtiter plate manually in quadruplicate. The reaction mixtures were diluted 1000 

times in acetonitrile for analysis. 
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2.3 Results and Discussion 

2.3.1 Liquid Handling 

Table 2.1. Accuracy in volume delivery of syringe driven by 3D printer extruder motor 

Desired Volume Actual Volume Delivered Percent Error 

50 L 51.3  0.3 L 2.70 % 

100 L 99.3  0.4 L -0.75 % 

150 L 149.7  0.5 L -0.18 % 

200 L 200.7  0.7 L 0.37 % 

The extruder motor was used to control the plunger of a glass syringe. The ability of the 

device to deliver accurate volumes is directly related to the motion of the stepper motor. The device 

was calibrated by measuring the volume of water delivered for a specific command distance, for 

example a 20 unit G-code command resulted in a delivered volume of 90.33 L. Using the 

resulting linear calibration, the volume delivery was tested at four different volumes in triplicate 

(Table 2.1). 

An Eppendorf® manual autopipette delivering 100 L using a 20 – 200 L tip has a 

systematic error of 1.0 L, slightly greater than the observed error using the automated device. 

This demonstrates that a modified 3D printer can used to prepare 96-well plates from prepared 

stock solutions with reliable accuracy.  
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Figure 2.3 Microtiter plate for catalyst loading experiments was pipetted using this pattern in which 

each reagent was pipetted directly into the appropriate well. Reagents were stored in 4 mL vials 

and each syringe addition could fill 8 wells. Syringe was only washed when the reagent was 

changed. The full well plate was completed in approximately 40 minutes. 

A program to fill microtiter plates with the appropriate solutions from stock solution was 

written using G-code. The well plate design for the Suzuki base screening experiment is shown in 

Figure 2.3. These plate configurations were completed in approximately forty minutes and require 

no operator intervention. Reagents were stored in 4 mL vials in the pre-cut holes. The syringe drew 

200 L of reagent and deposited 25 L of reagent per well. The syringe was then washed with 

methanol solvent before a new reagent was dispensed. 
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2.3.2 Carryover 

 

Figure 2.4. Alternating wells were filled with 1 µM rhodamine B (m/z 443) and a methanol blank. 

The heatmap is a plot of m/z 443 intensity with the colors plotted on a log scale. Significant 

carryover was observed when no wash was completed between analyses, and one wash may be 

sufficient between scans to eliminate carryover. 

 A concern when using the same syringe for repeated sample injection is carryover between 

samples. In order to investigate this effect, a well plate was filled with alternating wells of 1 µM 

rhodamine B in methanol and pure methanol. For the first 16 wells, the syringe was washed twice 

with methanol between injection. For the second 16 wells, the syringe was washed only once with 

methanol. For the final 16 wells, the syringe was not washed between each injection. The resulting 

heatmap is shown in Figure 2.4. No change in ion intensity at m/z 443 observed in the blank wells 

between one wash and two. When no wash step was performed between wells, the ion intensity 

observed at m/z 443 in the blank wells was increased by six-fold. Since the signal intensity is over 

an order of magnitude larger than the carried over intensity, this suggest that carryover is small, 

even when no wash step is done. 

2.3.3 Screening of the Suzuki Cross Coupling Reaction 

The use of metal catalyzed reactions to form C-C bonds has revolutionized synthetic 

organic chemistry. For example, the Suzuki cross-coupling forms a carbon-carbon single bond 

using an organoboron and a halide reagent.71, 72 This reaction is especially important in the 

synthesis of drug targets.73 This reaction has a strong dependence on experimental conditions, so 

establishing of a reactivity landscape for the reaction is very important,57, 74 especially given its 
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significance in medicinal chemistry.73  Many combinations exist with various leaving groups, 

bases, solvents, and catalyst. 

  

Scheme 2.1. Suzuki cross-coupling of 4-hydroxyphenylboronic acid (1) with various alkyl 

benzenes (2a-d) to form 4-phenylphenol (3). 

In order to investigate the use of the modified 3D printer as a reaction screening tool, the Suzuki 

cross-coupling of 4-hydroxyphenylboronic acid (1) with various alkyl benzenes (2a-d) was studied 

using four pre-formed, air and moisture tolerant palladium catalysts (PEPPSI-iPr, XPhosPd G3, 

Pd(dppf)Cl2, and Pd(amphos)Cl2) with triethylamine, DBU, and DABCO base (Scheme 2.1). The 

reactions mixtures, after preparation, were allowed to sit at room temperature for 16 hours. These 

reactions are generally heated to decrease the reaction time, but a long, room temperature reaction 

was chosen for ease of the experiment. 

 

Figure 2.5 Heatmap of normalized intensity of the product ion (observed as [M – H]– at m/z 169) 

for various halides, (a) 2 equivalents base and 1% catalyst, and (b) various catalyst loadings with 

2 equivalents of trimethylamine. Each reaction mixture was run in duplicate with each adjacent 

well containing the same reaction mixture. 
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The reactivity landscape of this reaction was tested via a base screen and catalyst loading 

screen (Figure 2.5). These reactions were performed in the open air because all catalysts used are 

relatively air and moisture stable. In all cases, the iodobenzene showed the greatest reactivity while 

the Pd(dppf)Cl2, and Pd(amphos)Cl2 catalysts gave the greatest yields. Figure 2.5b shows a screen 

of catalyst loading using triethylamine base. As expected, increasing catalyst loading percentage 

increases reactivity. Increased catalyst loading percentages increased yield, but it is important to 

find optimal catalyst loading as this increases cost. 

 Previous DESI high-throughput screening work using a similar Suzuki coupling52, 53 

exclusively utilized the XPhosPd G3 catalyst. Other studies have shown the XPhosPd G3 catalyst 

to work very well, even for difficult substrates.57 This work was done at room temperature and the 

differences in observed reactivity between those studies and this one is most likely due to 

differences in temperature. 

2.3.4 Amine Alkylation and Automated MS/MS Acquisition 

 
Scheme 2.2 Alkylation of various amines (4-7) by a halide (A-C) to form a single alkylation 

product. Reaction can potentially form a double alkylation product. 

Amine alkylation reactions were also studied using this system. The carbon-nitrogen bond 

is a key step for the formation of a large number of compounds.75 The direct nucleophilic alkylation 

can be problematic because it forms both single and double alkylation products.53 The reaction of 

benzylamine (4) and benzyl bromide (A) (Scheme 2.2) shows a large conversion to the double 

alkylation product. 
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Figure 2.6. Reaction of benzylamine (4) and benzyl bromide (A) was observed to be fastest in 

acetonitrile solvent. (a) The single alkylation product (4 + A) was observed as well as (b) the 

double alkylation product (4 + 2A). 

Heatmap for the single alkylation product is shown in Figure 2.6a and for the double 

alkylation product in Figure 2.6b. Some reaction is seen in other solvents, but this reaction 

proceeds the best in the polar, aprotic solvent acetonitrile. Benzyl bromide showed far greater 

reactivity than benzyl chloride, given that bromide is a stronger leaving group than chloride. 

Similarly, no reactivity was observed for bromoethylbenzene (B) due to the lack of stability of its 

carbocation when compared to the benzyl halides. Since the reactions were diluted in methanol 

prior to analysis, solvent effects on ionization efficiency of the products should be minimal.  

 

Figure 2.7 MS/MS data was acquired automatically for each well to confirm the identity of the 

desired product. (a) MS/MS fragmentation of the single alkylation product and (b) MS/MS 

fragmentation of the double alkylation product is shown for the reaction of benzylamine and 

benzyl bromide. 



 

 

34 

Data acquisition in these experiments was controlled through Thermo-Fisher XCalibur 

software, which allowed for the automated acquisition of MS/MS. This can either be done be pre-

selecting expected product ion masses or can be done in a data-dependent fashion. In the case of 

the amine alkylation, MS/MS data was collected for each of the expected alkylation products, as 

exemplified in Figure 2.7. The spectra obtained for these compounds confirm the identity of the 

products as they agree with reported literature spectra.53  

2.3.5 Katritzky Transamination 

 

Scheme 2.3 Reaction of 2,4,6-triphenylpyrilyum tetrafluoroborate (8) with various para-

substituted anilines (9a-e) to form a pyridinium product (10a-e). 

The Katrtizky transamination reaction involves reaction of a pyrylium heterocycle (8) with 

a para-substituted aniline (9a-e) to form the pyridinium salt (Scheme 2.3). The reactions were 

performed in acetonitrile and run in quadruplicate. The resulting MS ion intensities were used to 

calculate a ratio of product to starting material without correction for ionization efficiencies. 
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Figure 2.8. (a) Heatmap of product to starting material ratios for each para-substituted aniline for 

the Katritzky transamination reaction run in acetonitrile. (b) Hammett plot versus σp
+ constants 

and (c) σp Hammett plot versus σp constants. The electrophilic substituent constant σp
+ shows a 

log-linear relationship, while the classic Hammett constants σp show a semi-log-linear relationship. 

A heatmap of the resulting ratios is shown in Figure 2.8a. This data can also be displayed as 

a Hammett plot, showing the log reaction yield of the substituted cases versus the unsubstituted 

plotted versus the substituent constant p
76-78 (Figure 2.8c).  The slope of the resulting plot shows 

the effect of the electronic nature of the substituents on the reaction kinetics. When conjugation 

exists between the substituents and the cationic reaction center, such as with anilines, classic 

Hammett σp values result in poor correlation,77. The correlation can be greatly improved using 

electrophilic substituent constants σp
+ (Figure 2.8b).79 This correlation is much more strongly 

linear when compared to standard Hammett substituent constants. The ethoxy substituent does not 

appear in Figure 2.8a because the Hammett constant for this substituent was not available. This is 

evidence that the reaction site is in direct resonance with the para substituent, which offers greater 

stabilization.80 
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2.4 Conclusions 

 Most reaction screening systems are large-scale and expensive which limits availability to 

the individual investigator. By modifying a 3D printer to replace the extruder with a glass syringe, 

low-cost hardware and open-source software can be used for preparation of 96-well microtiter 

plates and subsequent screening of reaction mixtures. This allows for the easy and cheap 

investigation of reactions in which the reactivity landscape greatly depends on the reaction 

conditions and seemingly endless combinations of solvent, catalyst, and base are available. 

Automated MS/MS capabilities aid in identification of product as well as potential byproducts. 

Automated preparation of well plates can be done in approximately 40 minutes and the MS 

analysis time is approximately 105 minutes on a system that is home-built and low-cost. 
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 TURNING AND FOCUSING OF IONS AT 

ATMOSPHERIC PRESSURE 

Portions of this work have been published in the journal International Journal of Mass 

Spectrometry as the article: “Schrader, R. L.; Marsh, B. M.; Cooks, R. G., Temporal Distribution 

of Ions in Ambient Pressure Drift Tubes with Turns, Int. J. Mass Spectrom. 2020, 456, 11639” 

3.1 Introduction 

The resolution of a drift tube ion mobility instrument is directly proportional to the square 

root of the drift length. Consequently, many instruments feature drift lengths of on the order of 

meters.41 On the other hand, several ion mobility instruments including ion cyclotron mobility 

spectrometry,81 structures for lossless ion manipulation (SLIM),82 and cyclic IMS40 feature curved 

trajectories to allow for theoretically unlimited ion path lengths. Some40, 82 make use of traveling 

waves for ion mobility separation. By turning the ion beam, long path lengths can be achieved 

without a commensurately long drift path. Each of these techniques has been implemented at 

reduced pressure with use of an RF electric field (or RF element between drift tubes) for axial ion 

confinement. “S-bend” shaped drift tubes have been used to couple coaxial laser beams to ion 

mobility separators.83 The turning of ions is also important in quadrupole devices, for example to 

separate the ion path from the path of neutrals prior to detection;84-86 quadrupole deflectors can be 

used to turn ions from multiple sources.87 Though the efficient turning of ion beams at reduced 

pressures using RF is well understood, it necessitates the use of vacuum pumps, adding to power 

and weight burdens. 

3D printed electrodes operated with high voltage DC potentials have been used to turn ion 

beams at atmospheric pressure.88, 89  These earlier studies examined the spatial distribution of the 

ion beams, but the temporal distribution was not investigated. A marked racetrack effect is 

expected because ions on the inside of a turn have a shorter path to travel than ions on the outside. 

Ions may experience electric field inhomogeneities depending on their starting position. The effect 

on resolution of racetrack effects in the ion cyclotron mobility spectrometry, SLIM, and cyclic 

IMS were shown to be minimal.40, 81, 90, 91 Radial confinement of the ion beam likely limits the 

differences in ion path and electric field inhomogeneity that the ions experience. 
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As ions enter the initial vacuum region of the mass spectrometer, they undergo a supersonic 

expansion.92 RF-based ion focusing devices are used to focus the ions for efficient transfer to 

subsequent pressure regions.93, 94 These devices have greatly improved instrument sensitivity when 

compared to previous ion optics. These devices operate in low to medium vacuum conditions, 

ranging from mTorr to 10 Torr. The focusing of the ion beam at atmospheric pressure, prior to 

inlet capillary, could be used to help improve instrument performance. The focusing performance 

of RF-based ion funnels at atmospheric pressure is greatly reduced compared to operation in the 

millitorr regime.95 Focusing of ions at atmospheric pressure with DC voltages can be accomplished 

with electrodes of conical shapes89, 96 as well as drift tube devices with non-uniform electric 

fields.97, 98 Non-uniformities in the electric field of a DC ion funnel are able to focus ions with 

sufficient electric field strength at reduced pressure.99 

3.2 Experimental 

3.2.1 3D Printing 

All housings and electrodes were designed in Autodesk Inventor (San Rafael, CA) and 

converted to ‘.stl’ files. To prepare for 3D printing, stereolithography files were sliced with 

Simplify3D (Cincinnati, OH) to break the model into printable layers and generate commands for 

the 3D printer as ‘.gcode’ files. Housings were printed from ColorFabb (Belfeld, Netherlands) 

polylactic acid/polyhydroxyalkanoate filament. Electrodes were printed from Proto-pasta 

(Vancovour, WA) conductive polylactic acid filament. All housings and electrodes were printed 

with a Mendelmax 3 (Maker’s Tool Works, Oklahoma City, OK) 3D printer. Straight drift 

electrodes had dimensions 38 x 28 x 1.5 mm (o.d., i.d., thickness). Turning electrodes were 

generated as solids of revolution of 10˚, 45˚ and 90˚ using the same dimensions as the straight drift 

electrodes. For ion funnel electrodes, the inner diameter was varied from 28 mm to 7 mm for the 

final electrode. The intermediate electrodes had linearly decreasing inner diameters. 

3.2.2 SIMION Simulations 

Ion trajectory simulations for each drift tube were performed using SIMION 8.1 (Scientific 

Instrument Services, Ringoes, NJ). CAD files (*.stl) of each electrode structure were imported into 

SIMION using the SL toolkit. To perform atmospheric pressure simulations, the statistical 



 

 

39 

diffusion simulation (SDS) model was used to model collisions with background gas.100 Reduced 

mobility values from the literature101 were used explicitly in the SDS algorithm. For turning and 

ion funnel mesh simulations, ions were initially distributed randomly within a circle distribution 

orthogonal to the drift axis bounded by a diameter of 6 mm (turning) or 2 mm (funnel). For the 

turning simulations, the ions were located between the first and second drift electrode. For ion 

funnel mesh simulations, the ions were located at the tip of the nESI emitter. For ion funnel electric 

field simulations, ions were distributed within a circle distribution bounded by a diameter of 27 

mm centered in the focusing electrode. Ion arrival at a grounded plate electrode after the final drift 

electrode modeled the Faraday cup detector. 

3.2.3 Electronics 

Turning Devices 

 A custom voltage divider circuit of 1 M resistors (Stackpole Electronics, Inc., Raleigh, 

NC, ±1%) was built on a solderable breadboard (Mouser Electronics, Mansfield, TX) and 

connections were made by inserting header pins into holes in the electrodes. For the turning, 

hairpin, and chicane electrodes, the breadboard was cut into multiple pieces, one for each electrode 

section, with a high voltage wire electrically connecting the sections. The first electrode (the 

focusing electrode) had a 25 mm cylindrical extension to confine the electrospray plume. This has 

been described in detail previously.102 In each drift tube, the focusing electrode was 3000 V, the 

injection electrode was 2500/2375V, and the drift voltage was 2400 V.  
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Figure 3.1 Flow chart of designs for (a) single turn drift tubes and (b) two turn drift tubes. The 

total number of electrodes is given for each design. The straight drift tube with the same path 

length as single turn drift tubes had 45 total electrodes. The straight drift tube with the same path 

length as the two turn drift tubes had 59 electrodes. The two separated 90˚ electrode chicane and 

hairpin systems showed no ion transmission in simulations and were not fabricated. 

The total number of electrodes for each geometry is given in Figure 3.1. There is a voltage 

drop on each drift electrode, regardless of electrode type. An entrance ion gate was created with 

two steel mesh screens (40 mesh, 66% transmission, E-Fab, Santa Clara, CA) on the 1st and 2nd 

drift electrode. A third mesh was used at the exit of the drift tube to shield the Faraday cup detector.  

High voltage DC potentials (±0.2%) were applied from a custom power supply. Switching was 

performed using a Behlke GHTS 60A (Billerica, MA) high voltage switch with input waveforms 

from a precision square waveform generator operating at a frequency in the range of 2 – 10 Hz 

(Model DG535, Stanford Research Systems, Stanford, CA), the chosen value depending on ion 

arrival times of interest. An injection time of 1 ms was used for all experiments. Detection was 

performed using a custom PCB Faraday cup with an SMB (Sub-Miniature B) connection to a 

Keithley 428 current amplifier (Solon, OH). Data for straight drift tubes was collected with an 

amplification of 108 V/A and data for turning drift tubes was collected with an amplification of 

109 V/A. Data was collected using a Tektronix TDS 2024C 4-channel digital oscilloscope 

(Beaverton, OR). 
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Ion Funnel Devices 

 Voltage dividers were constructed from the same solderable breadboard as the turning 

devices. Resistors of values 100 kΩ, 200 kΩ, 300 kΩ, 390 kΩ, 510 kΩ, 620 kΩ, 750 kΩ, 820 kΩ, 

910 kΩ, 1 MΩ, 2 MΩ, and 3 MΩ were used in various configurations to generate the desired 

electric field. No switched potentials or ion meshes were used with the ion funnel device. The first 

electrode was set to 3000 V regardless of the number of electrodes. 

3.2.4 Affixing the Mesh to the Electrode 

In order to construct an ion gate, mesh material is affixed to the plastic electrode using 

polyimide tape. For numerous experiments in this dissertation, this was a stainless-steel mesh 

screen (40-mesh) with 66% optical transmission manufactured by E-fab. The optical transmission 

is compromised by the alignment of the two meshes. Ion transmission is greatly improved when 

the alignment of the two meshes is optimized. 

 

Figure 3.2 An image (a and d) of two meshes taken and (b and e) cropped to only contain the mesh 

and then (c and f) converted to black and white pixels using Adobe Photoshop. The number of 

white versus total number of pixels was counted using MATLAB to give a percent transmission. 

The difficulty in aligning the two meshes is seen from the variability in optical transmission for 

two different meshes. 
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In order to quantitatively assess the alignment of the meshes, backlit images were taken of 

the ion gate. These images were cropped using Adobe Photoshop (San Jose, CA) and then 

converted to be two color: black and white. The color threshold was adjusted until the black and 

white image appropriately matched the color image. The optical transmission was then calculated 

using MATLAB by dividing the number of white pixels by the total number of pixels. Two 

examples are shown in Figure 3.2. For a poorly aligned mesh, the optical transmission is reduced 

from the optimal value of 66% to 23.5%. Better alignment was achieved, but this only gave an 

optical transmission of 39.7%. Poor mesh alignment becomes an even greater issue for 

experiments described later with two ion gates. 

In order to improve sensitivity, a new mesh material was selected. A 90% transmission 

electroformed nickel mesh screens (MN17, Precision Eforming, Cortland, NY) was selected for 

its high optical transmission. This material is so thin (4 – 5 µm) and pliable that the method for 

affixing them to the electrodes became non-trivial. 

 

Figure 3.3 (a) Orthographic projection of mesh application device. (b) A strip of mesh material 

was clamped by the two pieces of foam (blue) and polyimide tape is applied to the top and bottom 

edges of the mesh material. (c) One clamp was removed, the mesh was cut to the shape of the 

electrode, and that side was taped to the electrode with polyimide tape. (d) The second clamp was 

removed, and the final side is fixed to the electrode with polyimide tape. The overhanging tape is 

then trimmed with a razor blade. 
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The mesh material must be taut so that the two adjoining meshes do not touch each other. 

In order to do this, a holder was 3D printed and a method developed (described in Figure 3.3) to 

affix the meshes to the electrode. Essentially, the device is used to hold the mesh taut over the 

electrode so that it can be taped down while the mesh remains flat. The new mesh was able to 

achieve a nearly two times improvement in signal intensity for the TAA cations. 

3.2.5 Chemicals 

 Tetraethylammonium bromide, tetrabutylammonium bromide, tetrahexylammonium 

bromide, and tetraethylammonium bromide were purchased from Sigma Aldrich (St. Louis, MO). 

Each tetraalkylammonium (TAA) salt was prepared at 100 µM concentration in acetonitrile (Fisher 

Scientific, Hampton, NH). 

3.2.6 Ionization 

Borosilicate glass capillaries (i.d. 0.86 cm, o.d. 1.5 cm, 10 cm length) were purchased from Sutter 

Instruments (Navajo, CA). The capillaries were pulled to an approximate tip diameter of 5 m 

using a P-97 Flaming/Brown tip puller (Sutter Instruments). Pulled capillaries were fitted to a 

Warner Instruments (Hamden, CT) E series electrode with a 0.127 mm diameter silver wire (Alfa 

Aesar, Ward Hill, MA). Capillaries were placed approximately 1 – 2 mm from the entrance mesh. 

High voltage (5.5 kV) was applied to the electrode holder. 

3.3 Results and Discussion 

3.3.1 Drift Tubes with One Turn 

Four different 90˚ drift tubes were fabricated, each with a different configuration of 

electrodes. “Consecutive” geometries refer to turning electrodes placed successively without 

interruption, and “separated” geometries refers to geometries where turning electrodes are 

separated by one or more straight drift electrodes. The four 90˚ drift tubes were: two consecutive 

45˚ electrodes, two separated 45˚ electrodes, nine separated 10˚ electrodes, and one 90˚ electrode. 

A straight drift tube of the same path length (measured along the center line) was fabricated for 

comparison. Computer-generated renderings of each drift tube are given in Figure 3.4(a-d). 

Histograms of ion drift times calculated from SIMION trajectory simulations for each drift tube 
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are shown in Figure 3.4(e-h). Experimental data for each drift tube is shown in Figure 3.4(i-l). 

Good agreement was seen between the simulated arrival time distributions and the experimental 

ion mobility spectra. Reduced mobilities (K0) were used explicitly in the SDS algorithm because 

estimated values can be incorrect by as much as 40 percent.103 The single 90˚ electrode performed 

poorly in both simulations and experiment and is not shown. 

 

Figure 3.4 Renderings of (a) straight drift tube with same path length as single turn drift tubes, 

turns with (b) two consecutive 45˚ electrodes, (c) two separated 45˚ electrodes, and (d) nine 

separated 10˚ electrodes. Histogram of drift times from SIMION trajectory simulations for (e) 

straight drift tube, turns with (f) two consecutive 45˚ electrodes, (g) two separated 45˚ electrodes, 

and (h) nine separated 10˚ electrodes. Experimental results with C2, C4, C6, and C8 

tetraalkylammonium salts for (i) straight drift tube, turns with (j) two consecutive 45˚ electrodes, 

(k) separated 45˚ electrodes, and (l) nine separated 10˚ electrodes. 

The loss in resolving power as a result of the turn can be attributed to two factors: (1) 

differences in path length of ions on the inside of the turn versus ion on the outside of the turn and 

(2) differences in electric field strength on the inside vs the outside of the turn. The magnitude of 

loss in resolving power is much greater in the drift tubes with 45˚ electrodes than for the drift tube 
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with 10˚ electrodes. The electric field gradient in the plane normal to ion motion is greater in the 

turn for 45˚ electrode structures than for the 10˚ electrode structures (Figure 3.5). 

 

Figure 3.5 Electric field strength (V/mm) calculated from SIMION of a single turn using (a) two 

consecutive 45˚ turning electrodes, (b) two separated 45˚ turning electrodes, and (c) nine separated 

10˚ turning electrodes. 

This leads to a large dispersion in the ion arrival time due to variation in drift field strength 

based on the ion’s position. The drift field is far more homogenous for the 10˚ electrodes; hence 

the smaller resolution reduction for these for these electrodes even after considering the greater 

number of electrodes. 

3.3.2 Drift Tube with Two Turns 

 Two potential geometries exist for drift tubes with two turns: two turns in the same 

direction (a hairpin) and two turns in the opposite direction (a chicane). For the hairpin, three 

different drift tube geometries were fabricated: two turns with two consecutive 45˚ electrodes, four 

turns with separated 45˚ electrodes, and 18 separated 10˚ electrodes. A straight drift tube with the 

same path length (measured along the center line) as the hairpin drift tubes was fabricated for 

comparison. SIMION simulations showed that ions do not pass through a hairpin with two 90˚ 

turns, so this device was not fabricated. 
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Figure 3.6 Renderings of (a) straight drift tube with same path length as hairpin drift tubes, hairpin 

with (b) two turns with two consecutive 45˚ electrodes, (c) four turns with separated 45˚ electrodes, 

and (d) 18 separated 10˚ electrodes. Histogram of SIMION trajectory simulations for (e) straight 

drift tube, hairpin with (f) two turns with two consecutive 45˚ electrodes (g) four turns with 

separated 45˚ electrodes, and (h) 18 separated 10˚ electrodes. Experimental results with C2, C4, C6, 

and C8 tetraalkylammonium salts of (i) straight drift tube, hairpin with (j) two turns with two 

consecutive 45˚ electrodes, (k) four turns with separated 45˚ electrodes, and (l) 18 separated 10˚ 

electrodes. 

Computer-generated renderings of each drift tube are shown in Figure 3.6(a-d). Histograms 

of ion drift times calculated from SIMION trajectory simulations for each drift tube are shown in 

Figure 3.6(e-h) and experimental data is shown in Figure 3.6(i-l). As with single turning drift tubes, 

SIMION simulations show good agreement with the experimental data. Resolution is further 

degraded in the two turn geometries when compared to the drift tubes with one turn as differences 

in path length and electric field strength are exaggerated. 

For chicane drift tubes, four different drift tube geometries were fabricated: two turns with 

two consecutive 45˚ electrodes, four turns with separated 45˚ electrodes, 18 separated 10˚ 

electrodes, and two turns with 18 consecutive 10˚ electrodes. As with the hairpin, SIMION 
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simulations showed that ions do not pass through a chicane with two 90˚ electrodes, so this device 

was not fabricated. 

 

Figure 3.7 Renderings of chicane drift tube with (a) two turns with two consecutive 45˚ electrodes, 

(b) four turns with separated 45˚ electrodes, (c) two turns with 18 consecutive 10˚ electrodes, and 

(d) 18 separated 10˚ electrodes. Histogram of drift times from SIMION trajectory simulations for 

chicane with (e) two turns with two consecutive 45˚ electrodes, (f) four turns with separated 45˚ 

electrodes, (g) two turns with 18 consecutive 10˚ electrodes, and (h) 18 separated 10˚ electrodes. 

Experimental results with C2, C4, C6, and C8 tetraalkylammonium salts for chicane with (i) two 

turns with two consecutive 45˚ electrodes, (j) four turns with separated 45˚ electrodes, (k) two 

turns with 18 consecutive 10˚ electrodes, and (l) 18 separated 10˚ electrodes. 

Computer-generated renderings of each drift tube are shown in Figure 3.7(a-d). Histograms 

of ion drift times calculated from SIMION trajectory simulations for each drift tube are shown in 

Figure 3.7(e-h) and experimental data is shown in Figure 3.7(i-l). and chicane drift tubes have the 

same path length, so both can be compared with the same length straight drift tube. 
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Figure 3.8 Electric field strength (V/mm) calculated from SIMION of the chicane with (a) two 

turns with two consecutive 45˚ electrodes, (b) four turns with separated 45˚ electrodes, (c) two 

turns with nine consecutive 10˚ electrodes, and (d) 18 separated 10˚ electrodes. 

Unlike the turn and hairpin drift tubes, because there are two turns in the chicane drift tube 

an ion originating off-center on either side of the drift tube will travel the same path length. The 

resulting correction led to lower temporal dispersions for the chicane drift tubes. For both drift 

tubes containing 45˚ electrodes, resolving powers were still very low which is attributed to the 

differences in electric field strength caused by the 45˚ electrodes, Figure 3.8(a-b). 

Table 3.1 Comparison of drift time and resolving power for straight drift tube versus chicane with 

18 separated electrodes. (Cm refers to the tetraalkylammonium cation with m-carbon alkanes). 

 Straight Chicane 

Drift 

Time (ms) 

Resolving 

Power 

Drift 

Time (ms) 

Resolving 

Power 

C2 60.7 24.3 59.1 16.5 

C4 75.2 20.9 73.4 17.1 

C6 92.9 22.1 91.2 17.3 

C8 110.4 26.2 108.5 16.0 

Unlike the previously discussed geometries, the performance degradation in chicane drift 

tubes with 10˚ electrodes was greatly reduced compared the straight drift tubes. The average 

resolving power was reduced by 1.4 times (Table 3.1) for the chicane with 18 separated 10˚ 
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electrodes. Performance was reduced when the turning electrodes were arranged consecutively. 

This is attributed to the electric field strength differences between the two geometries, Figure 3.7(c-

d). A general observation is that the difference in electric field strength in the turns was greater 

when all of the turning electrodes were placed consecutively versus placing a drift electrode 

between each turning electrode. The result was that the resolving power was lower when all the 

turning electrodes were placed consecutively versus placing a drift electrode between each turning 

electrode. 

3.3.3 Non-uniform Electric Fields for Ion Focusing at Ambient Pressure 

Drift tube ion mobility spectrometers are normally operated such that voltage difference 

between each adjacent electrode is constant. This results in a constant electric field strength 

throughout the entire drift length. The trajectory of ions at atmospheric pressure follow a path 

normal to the equipotential lines.104 Electric fields for a 12 electrode ion funnel geometry were 

calculated using SIMION. The inner diameter of the electrodes ranged linearly from 28 mm at the 

entrance to 7 mm at the exit and the first electrode had a 25 mm cylindrical extension to confine 

the electrospray plume. 
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Figure 3.9 (a) Color map showing electric field calculated for equal resistances from SIMION with 

equipotential lines overlaid. Straight equipotential lines mean that ions are not focused to the center 

to be transmitted. (b) Ion trajectories from SIMION for ion funnel geometry with equal resistances 

(linear voltage drop) between each electrode. (c) Color map showing electric field for linear 

resistance increase between electrodes calculated from SIMION with equipotential lines overlaid. 

Curved equipotential lines mean the ions are focused to the center of the drift tube and are 

transmitted. (d) Ion trajectories from SIMION for ion funnel geometry with linear resistance 

increase between electrodes (non-linear voltage drop) between each electrode. (e) Color map 

showing electric field for square resistance increase between electrode calculated from SIMION 

with equipotential lines overlaid. (f) Ion trajectories from SIMION for ion funnel geometry with 

square resistance increase between electrode (non-linear voltage drop) between each electrode. 

For a uniform electric filed, the equipotential lines essentially straight across the electrode 

diameter (Figure 3.9a) The ions move perpendicularly to these equipotential lines, are not focused 

to the center, and impact the electrodes as these decrease in diameter. In order to focus ions to the 

center, the equipotential lines must be convex. These equipotential lines are result from an electric 

field that is non-uniform, i.e. voltage drop between electrodes was increased down the length of 

the drift region. To do this, the value of the resistors between each electrode increased between 

each electrode. For Figure 3.9a and b, the resistance increased linearly from 100 kΩ to 1100 kΩ 

by approximately 100Ω. 
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Table 3.2 Linearly increasing resistances generated a non-uniform (linear) electric field in to 

generate a focusing electric field. 

Electrode Resistance (kΩ) Voltage (V) 

1  3000 

2 100 2958 

3 200 2873 

4 300 2746 

5 390 2581 

6 510 2365 

7 620 2103 

8 750 1786 

9 820 1439 

10 910 1054 

11 1000 630 

12 1100 165 

Ground 390 0 

The exact values and voltages are given in Table 3.2. The resistance between the final 

electrode and ground was only 390 kΩ so that the final voltage would be similar to the uniform 

electric field. Unlike the uniform electric field, the equipotential lines in the linearly increasing 

electric field are such that the ions are focused to the center as seen from the ion trajectories in 

Figure 3.9d. 

Table 3.3 Quadratically increasing resistances generated a non-uniform (quadratic) electric field 

in order to generate a stronger focusing field. 

Electrode Resistance (kΩ) Voltage (V) 

1  3000 

2 100 2892 

3 200 2947 

4 390 2879 

5 620 2770 

6 910 2610 

7 1200 2399 

8 1620 2114 

9 2000 1762 

10 2510 1321 

11 3000 793 

12 3600 160 

Ground 910 0 
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To further improve focusing, a second non-uniform field was tested. In this case, the 

electric field increased quadratically between electrodes. The exact values and voltages are given 

in Table 3.3. The ion trajectories (Figure 3.9f) show a smaller final ion beam than linearly 

increasing resistances (Figure 3.9d). 

Table 3.4 Ion current measurements for 12 and 16 electrode geometry collected for each voltage 

configuration using nESI of 100 uM each solution of C2 – C8 TAAs. 

  Current (nA) Current Density 

(pA/mm2) 

12 

electrodes 

28 mm electrodes 95.51 ± 11.76 38.78 ± 4.77 

Funnel (constant) 3.05 ± 0.08 27.01 ± 0.74 

Funnel (linear) 3.34 ± 0.06 29.52 ± 0.50 

Funnel (quadratic) 4.57 ± 0.39 40.42 ± 3.47 

Funnel (square w/ 

mesh) 

5.77 ± 0.42 51.04 ± 3.76 

16 

electrodes 

28 mm electrodes 53.27 ± 7.30 21.62 ± 2.96 

Funnel (square) 1.94 ± 0.31 12.60 ± 1.99 

Funnel (square w/ 

mesh) 

0.70 ± 0.04 4.56 ± 0.26 

The simulations predict that there should be trend in focusing such that observed ion 

current should be “constant” < “linear” < “quadratic”. In order to experimentally test these devices, 

a solution of 100 µM each of C2 – C8 TAA cations was nanoelectrosprayed into the device. The 

resulting ion current was detected using a Faraday cup and current amplifier. Observed ion currents 

are given in Table 3.4. Just as the simulations predicted, the current increases for the “linear” and 

“square” electric fields. Compared to the uniform electric field, the “quadratic” electric field 

improves ion current by almost 1.5 times. 

In order to benchmark the focusing performance, the ion current from a 12 electrode drift 

cell of 28 mm electrode was measured and is given in Table 3.4. The total ion current is nearly 20 

times higher with no focusing than the ion funnel devices. Although the total ion current is much 

higher, the current density is nearly the same between the 28 mm electrodes and the “quadratic” 

electric field. 

The simulations presented in Figure 3.9 do not take into account the contribution of the 

nESI emitter to the electric field. The nESI emitter was included in a simulation of the “quadratic” 

electric field and this defocuses the ions at the beginning of the drift tube which likely contributes 
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to the poor transmission through the funnel devices. Ions that are defocused at the beginning of 

the drift tube travel to the defocusing field near the electrode edges and are lost. Efficient focusing 

at the beginning will ensure that ions stay toward the center and improve transmission. In order to 

limit the contribution of the electric field generated by the nESI emitter, a nickel mesh was added 

to second electrode. The purpose of this mesh is to limit the contribution of the nESI emitter to the 

drift region. Experimentally, this leads to a 1.25 times improvement in the ion current (Table 3.4). 

Any observed improvement must also overcome the loss in transmission due any ions that may 

impact the mesh. Importantly, the current density with the mesh included is larger than the current 

density for the 28 mm electrodes. 

 

Figure 3.10 (a) Electric field and equipotential lines and (b) ion trajectory simulation for ion funnel 

geometry with square resistance increase (non-linear voltage drop) between each electrode. (c) 

Electric field and equipotential lines and (d) ion trajectory simulation for ion funnel geometry with 

square resistance increase (non-linear voltage drop) between each electrode with added mesh 

denoted by the red dotted line. (e) Electric field and equipotential lines and (f) ion trajectory 

simulation for ion funnel geometry with an initial region of linear voltage drop and square 

resistance increase (non-linear voltage drop) between each electrode. (g) Electric field and 

equipotential lines and (h) ion trajectory simulation for ion funnel geometry with an initial region 

of linear voltage drop and square resistance increase (non-linear voltage drop) between each 

electrode and added mesh denoted by red dotted line. 
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 The electrode diameter for the previously described geometry begins decreasing at the 

beginning of the drift tube. As described previously, the electric field contribution from the nESI 

emitter causes defocusing fields. To attempt to improve transmission, four 28 mm electrodes were 

added prior to the funnel electrodes. The goal of these electrodes was to use electrodes of larger 

diameter where there are defocusing fields to allow these ions space to defocus and then be 

refocused by the funnel.  

Table 3.5 Following a region of uniform electric field and electrode diameter, quadratically 

increasing resistance were used to generate a non-uniform electric field. 

Electrode Resistance (kΩ) Voltage (V) 

1  3000 

2 100 2983 

3 100 2966 

4 100 2948 

5 100 2931 

6 100 2914 

7 200 2880 

8 390 2813 

9 620 2706 

10 910 2550 

11 1200 2344 

12 1620 2065 

13 2000 1722 

14 2510 1290 

15 3000 775 

16 3600 157 

Ground 910 0 

The electric field was constant for the four electrodes that had a 28 mm diameter. 

Following this region, the resistance was increased quadratically similar to the 12 electrode 

geometer. Meshes were added at the beginning and end of the constant region (Figure 3.10). The 

experimentally determined ion currents are given in Table 3.4. Unlike the 12 electrode geometry, 

the inclusion of meshes is detrimental to the ion current. Additionally, the transmission is not 

improved by the addition of large diameter electrodes at the beginning of the drift tube. 

 The inter-electrode spacing (0.95 mm) was chosen based on the solderable breadboard 

pitch and 3D printer limitations. A potential avenue for improvement of ion transmission is to 

reduce this spacing. 
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Figure 3.11 (a) Electric field lines for the previously described ion funnel geometry with square 

resistance increase between electrodes compared with (b) electric field lines for proposed 

geometry with thicker electrodes and reduced inter-electrode spacing. The defocusing fields 

appear improved and will potentially offer improved ion transmission. 

By reducing the inter-electrode spacing to 0.15 mm (the thickness of a one-layer thick 3D 

print), the defocusing fields near the edges of the electrodes appear improved compared the 

previous geometry. Improved ion transmission would open avenues for the use of this device to 

improve ion transmission to a mass spectrometer. 

3.3.4 Conclusions 

The manipulation of ions at atmospheric pressure is far more poorly understood than ions at 

reduced pressure with RF fields. Fundamental studies of the turning and focusing of ions at 

elevated pressure have highlighted the parameters that must be optimized to manipulate ions 

efficiently. For example, racetrack effects and electrode geometry are vitally important to high 

resolution, high efficiency turning of ions at atmospheric pressure. Further, non-uniform electric 

fields can be used to focus ions with an ion funnel-like geometry, but defocusing fields near the 

electrode edges greatly hinder ion transmission. Further optimizations to the electric field and 

geometry are necessary to improve transmission. 
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 FOURIER TRANSFORM ION MOBILITY/MASS 

SPECTROMETRY FOR RECOGNITION OF RELATED 

COMPOUNDS 

Portions of this work have been published in the journal Analytical Chemistry as the article: 

“Schrader, R. L.; Marsh, B. M.; Cooks, R. G., Fourier Transform Ion Mobility Linear Ion Trap 

Mass Spectrometer Frequency Encoding for Recognition of Related Compounds in a Single 

Acquisition, Anal. Chem. 2020, 92, 5107-5115.” 

4.1 Introduction 

Drift tubes with a single entrance gate coupled to a fast mass analyzer, such as a time-of-flight 

instrument, must have a mass spectrometry sampling rate sufficient to extract mobility information 

in the millisecond regime from a single ion injection event. Quadrupole mass filters have been 

used as mass analyzers and detectors for drift tube ion mobility devices.105 The quadrupole mass 

filter can either be used to analyze all ions in a transmission mode or can be used in a mass-

selective mode to detect ions of a single m/z. Triple quadrupoles offer the addition of tandem mass 

spectrometry capabilities.106-108 Slow mass analyzers, such as quadrupole ion traps and Orbitraps, 

are unable to sample all the mobility information from a single injection of ions. The mass scan in 

a quadrupole ion trap occurs over 30 – 85 ms, which is much slower than the flight time in time-

of-flight instruments.109 One approach to overcome this is to sample a mobility selected packet of 

ions by scanning the delay between the opening of the first ion gate and a second ion gate at the 

exit of the drift cell. The ion mobility spectrum can be reconstructed from the MS intensity at each 

sampling point.110, 111 In this mode of operation, more than 99% of the ions generated at the ion 

source are not sampled at the mass spectrometer. The equations relating resolving power and 

signal-to-noise ratio in drift tube ion mobility have been published previously.112 

 Fourier transforms are utilized in mass spectrometry techniques such as Fourier Transform 

Ion Cyclotron Resonance113, Orbitraps114, 115, in select quadrupole ion trap116, 117 and time-of-flight 

experiments.118 Fourier transform ion mobility (FT-IMS) is a recently reintroduced technique that 

has been used to increase the duty cycle when coupling drift tube ion mobility with ion traps119, 120 

and Orbitraps.121, 122 The FT-IMS method increases the duty cycle to 25% which results in 

improved data acquisition times and increased instrumental sensitivity. Alternatively, an increase 
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in duty cycle can also be accomplished with the Hadamard transformation.123-125 The Hadamard 

transform has also been applied to time-of-flight mass spectrometry.126, 127  

 Fourier transforms are utilized in mass spectrometry techniques such as Fourier Transform 

Ion Cyclotron Resonance113, Orbitraps114, 115, in select quadrupole ion trap116, 117 and time-of-flight 

instruments.118 Fourier transform ion mobility (FT-IMS) is a recently reintroduced technique that 

has been used to increase the duty cycle when coupling drift tube ion mobility with ion traps119, 120 

and Orbitraps.121, 122 The FT-IMS method increases the duty cycle to 25% which results in 

improved data acquisition times and increased instrumental sensitivity. Alternatively, an increase 

in duty cycle can also be accomplished with the Hadamard transformation.123-125 The Hadamard 

transform has also been applied to time-of-flight mass spectrometry.126, 127  

 Ion mobility spectrometers have been fabricated using several non-traditional means 

including resistive glass128, printed circuit boards129-131, and metal-coated polymers.132 A 3D 

printed ion mobility spectrometer has recently been described as both a standalone device,102 as 

well as coupled to a mass spectrometer.110 Resolving powers (td/Δtd at FWHM) achieved for the 

standalone device were about 50 and when coupled to the mass spectrometer they were 

approximately 45. This ion mobility device was fabricated using polylactic 

acid/polyhydroxyalkanoate for the housing and conductive polyethylene teraphthalate glycol 

modified polymer with multiwalled carbon nanotubes for the electrodes. This device was used 

here to perform FT-IMS experiments and to establish a methodology to obtain MS/MS 

information from all ions using a single FT-IMS experiment. 

4.2 Experimental Methods 

4.2.1 Chemicals 

Tetraalkylammonium (TAA) bromide salts (C2-C8) were purchased from Sigma Aldrich (St. 

Louis, MO). TAAs were prepared in 100 M solutions in acetonitrile (Fisher Scientific, Hampton, 

NH). Amphetamine, 3,4-methylenedioxymethamphetamine (MDEA), acetyl norfentanyl oxalate, 

acetyl fentanyl, 4-fluoroisobutyrylfentanyl, trinitroglycerin (TNG), and HMX were purchased 

from Cerilliant (Round Rock, TX). Amphetamine solutions were diluted to 10 ppm from standards 

in methanol (Fisher Scientific) and 0.1% formic acid (Sigma-Aldrich). Fentanyl solutions were 

diluted to 25 ppm in methanol/0.1% formic acid. Explosives solutions were diluted to 10 ppm in 
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acetonitrile (Fisher Scientific). TAA bromide salts were observed as the positively charged cations 

and the drugs of abuse were observed as the protonated molecules. Explosives were observed as 

negatively charged adducts with chloride and nitrate. 

4.2.2 3D Printed Ion Mobility Spectrometer 

 

Figure 4.1 (a) Schematic of the 3D printed ion mobility device with ion gating performed by 

applying square waveforms to two sets of steel meshes at each end of the 31 drift lens spectrometer. 

The cylindrical extrusion can be seen on the first (focusing) electrode. Steel meshes are placed 

directly on the 3D printed electrodes. (b) Sweep voltages used to simultaneously open and close 

both gates with linearly increasing frequency. (c) Fourier transform of the ion chronogram gives 

the ion frequency distribution, which is converted into arrival time, i.e. the ion mobility spectrum, 

by division by the sweep rate. (d) Ion mobility spectrometer was placed directly in front of the 

mass spectrometer capillary inlet. Fragmentation (denoted by a red asterisk) can be made in either 

the source region or in the ion trap. 

The 3D printed ion mobility spectrometer has been described in detail previously102, 110 

Briefly, polyethylene terephthalate glycol (PETG) modified polymer filament containing multi-

walled carbon nanotubes (3DXTech, MI) was used to construct one focusing electrode and 31 drift 

electrodes. The drift electrode apertures were 7 mm in diameter. The first (focusing) electrode 

incorporated a 30 mm cylindrical extrusion prior to the lens structure used to confine the 

electrospray plume. The non-conductive housing was printed in two identical pieces from non-
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conductive polylactic acid/polyhydroxyalkanoate (PLA/PHA) filament (ColorFabb, Belfeld, 

Netherlands). The housing of overall dimensions (approximately 46 x 66 x 83 mm) was fabricated 

such that the slots for the individual electrodes had a pitch of 2.54 mm. This distance was chosen 

as it is the standard distance between pins of a breadboard and as such allowed for standard header 

pins to be used to supply voltages to the device. A schematic of the device is provided in Figure 

4.1a. Note that the first two and the final two drift electrodes were used as ion gates. Unlike some 

other ion mobility systems, 112, 119  there is no ion desolvation region prior to the entrance ion gate 

as the plastic construction could not be heated.  

4.2.3 Electronics 

High voltage DC potentials were applied to the drift region through a custom voltage divider 

circuit built with a solderable breadboard (Mouser Electronics, Mansfield, TX) and using 29 

resistors, each 1 M. Electrical contact was made by inserting header pins from the breadboard 

into holes in the electrodes. Entrance and exit ion gates were created with four steel mesh screens 

(40 mesh, 66% transmission, E-Fab, Santa Clara, CA) placed on the 1st, 2nd, 30th and 31st drift 

electrode.  The switched potential on the 1st drift electrode and 31st drift electrode was applied 

using a Behlke GHTS 60A (Billerica, MA) high voltage switch and a Directed Energy Inc. (DEI) 

PVX-4140 pulse generator (Fort Collins, CO). High voltage for the focusing electrode, both 

potentials for the Behlke switch, and the upper drift potential were supplied from a custom high 

voltage power supply. High voltage for the lower drift potential and DEI switch were supplied by 

a Spectrum Solutions (Russellton, PA) TD-500 power supply. 

Table 4.1 Operating parameters for the bipolar ion mobility spectrometer. 

Item Parameter 

Nanospray Voltage ± 4500 – 5500 V 

Focusing Electrode  3000 V 

Gate 1 Electrode (High/Low)  2500/2375 V 

Drift High  2400 V 

Drift Low  200 V 

Gate 2 Electrode (High/Low)  325/75 V 

Ion Gate Frequency Sweep 5 – 2005 Hz, 5 – 3005 Hz, 5 – 7005 Hz 
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The square wave input signal for both high voltage switches was supplied by a Keysight 

33600A waveform generator (Santa Rosa, CA). High voltage parameters for each electrode are 

given in Table 4.1. 

4.2.4 Mass Spectrometry 

Borosilicate glass capillaries (i.d. 0.86 cm, o.d. 1.5 cm, 10 cm length) were purchased from 

Sutter Instruments (Navajo, CA) and pulled to an approximate 5 m tip diameter with a P-97 

Flaming/Brown tip puller (Sutter Instruments). The pulled capillaries were fitted in a Warner 

Instruments (Hamden, CT) E series electrode holder fitted with 0.127 mm diameter silver wire 

(Alfa Aesar, Ward Hill, MA, USA) and high voltage (4.5 – 5.5 kV) was applied to the holder. A 

Thermo Finnigan LTQ (San Jose, CA) was used for all experiments. The nanoelectrospray 

capillaries were placed approximately 1 – 2 mm from the first steel mesh. An Arduino Uno 

microcontroller (Arduino, Turin, Italy) with mechanical switch was used to trigger the waveform 

generator and the LTQ sample acquisition simultaneously using the Arduino digital output pins 

and LTQ contact closure. The 3D printed ion mobility device was placed approximately 1 mm in 

front of the mass spectrometer capillary inlet (Figure 1d). A 200 ms ion injection time (without 

automatic gain control) was used for all experiments, which corresponds to a scan time of 

approximately 240 – 280 ms, dependent on mass range. Capillary temperature, capillary voltage, 

and tube lens voltage were 200 C,  15 V, and  65 V, respectively. For CID experiments, a 100 

ms injection time with isolation window of m/z 100 and with the isolation mass being set at a value 

of mass-to-charge ratio that corresponded to the average of two adjacent TAA cations, while a 

normalized collision energy of 40 was used. When source fragmentation was of interest for 

MS/MS experiments on drugs of abuse, a voltage of 30 – 50 V was applied. Ion chronograms for 

each ion of interest were generated using XCalibur (Thermo Fisher) and Fourier transforms were 

calculated using MATLAB (MATLAB (The MathWorks, Inc., Natick, MA). 

4.2.5 Fourier Transform Ion Mobility Operation 

 In the FT-IMS mode of operation, both ion gates were opened and closed simultaneously 

using a square wave with an initial frequency of 5 Hz and final frequency of 2005 to 7005 Hz with 

the adjustment in frequency occurring linearly over a period of 4 minutes (Figure 4.1b).  The 
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highest gating frequency that can be used is a function of the sampling rate of the mass analyzer 

as higher gating frequencies result in higher encoded frequencies. Waveforms were calculated in 

MATLAB and exported as ‘.csv’ files to the waveform generator. Frequency encoding of FT-IMS 

has been described previously.121, 133 Briefly, ions are transmitted when their drift time (td) 

corresponds to the gating frequency ( = 1/td). Therefore, by sweeping the gate frequency over a 

range of frequencies, the signal (S) will be 

S(ν)
max

 = 0.5I0 for ν = 0, 1
td

⁄ , 2
td

⁄ , 3
td

⁄ , … 

S(ν)
min

 = 0 for ν = 0, 1
2td

⁄ , 3
2td

⁄ , 5
2td

⁄ , … 

at frequency  where I0 is the ion intensity without ion gating. For each ion, the resulting ion 

chronogram can be Fourier transformed to give the ion arrival frequency. The total signal versus 

time, the total ion chronogram, is the raw data obtained over the course of the experiment. The ion 

mobility spectrum can then be determined by dividing signal by the sweep rate in Hz/s. The steps 

connecting the ion chronogram to the ion mobility spectrum are shown in Figure 4.1c. 

4.3 Results and Discussion 

4.3.1 Characterization of Plastic IMS in Fourier Transform Mode 

Previous experiments using the plastic, dual-gated ion mobility device have shown good 

resolution but low efficiency using the second ion gate as a mobility selection window.110 In order 

to compare this mode of operation with Fourier transform ion mobility, a seven 

tetraalkylammonium salt mixture (C2 – C8) was ionized by nanospray with the emitter placed 

inside the focusing electrode and the drift cell placed directly in front of the mass spectrometry 

capillary inlet. Three different waveforms were used in turn, each four minutes in length: 5 – 2005 

Hz, 5 – 3005 Hz, and 5 – 7005 Hz. 



 

 

62 

 

Figure 4.2 Ion mobility spectra for TAA cation mixture (C2 – C8) recorded using gate frequency 

sweeps: 5 – 2005 Hz (red), 5 – 3005 Hz (blue), and 5 – 7005 Hz (green). (b) Ion chronograms for 

the C6 TAA for each frequency sweep show an increase in arrival frequency with sweep rate. (c) 

Ion chronograms for the C2, C5, C8 TAA cation for the 5 – 3005 Hz frequency sweep show an 

increase in arrival frequency for ions with lower mobility. (d) Calculated resolving power for each 

TAA cation for each frequency sweep showing a decrease in resolving power at faster sweep rates. 

Ion mobility spectra for the TAA mixture is shown in Figure 4.2a. The signal intensity of 

the C2 TAA is small when compared with the other TAAs, and it is overshadowed when plotted 

on the same scale. In all cases, for higher sweep rates, higher arrival frequencies were observed, 

as shown for the C6 TAA cation (Figure 4.2b). The arrival frequency for ions of higher mobility 

(lower drift time) is lower than that of an ion with lower mobility (Figure 4.2c). Resolving power 

was calculated by fitting each peak (e.g. in Figure 4.2a) to a Gaussian function and the resolving 

power is Rp = td/FWHM where the FWHM is 2.353, where  is obtained from the Gaussian 

fitting. This treatment is only valid for Gaussian peaks, which may not be true for the TAA cations 

given the small number of data points making up the peak. While the peaks in the observed 

spectrum are non-ideal, it is a valuable metric for comparisons. A simulation study based on a PCB 

ion mobility device has been done to optimize Gaussian peak response.43 For higher gate sweep 
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frequencies, i.e. a higher sweep rate, both the absolute signal intensity as well as the resolving 

power was decreased. 

 The maximum resolving power achieved when the plastic IMS device was operated using 

the second gate as a mobility window selector was approximately 45,110 whereas the maximum 

resolving power observed using the Fourier transform mode was 17. A greater resolving power 

was reported using the FT-IMS mode of operation on a commercial Excellims ambient IMS 

system.119 The plastic IMS makes use of two Tyndall-Powell style gates constructed from two 

stainless steel meshes, as opposed to the Bradbury-Neilson gate of the commercial system. The 

ion packets produced by the Tyndall-Powell gate are not as narrow or as well-shaped like those of 

a Bradbury-Neilson gate.134, 135 This deviation from ideality in ion gating is likely to cause the 

reduction in resolving power in FT mode with the 3D printed spectrometer. Variation in dead time 

is another factor that may impact resolving power.136 Although the resolving power is reduced, the 

signal intensity is increased by over an order of magnitude when compared to the mobility 

selection mode of operation.110 

4.3.2 FT-IMS-CID of TAA Cations 

Ion mobility data can be used to determine the family of precursors and product ions to 

which an ion belongs. Because the product ions maintain the precursor ion’s frequency pattern,120 

they are expected to have the same arrival time distribution as the precursor. This allows for 

simultaneous collection of fragmentation and drift time information. Because all ions are being 

fragmented simultaneously, a priori knowledge of the precursor ion m/z is lost. However, for small 

molecules and singly charged ions, the precursor ion is likely to be the observed species with the 

largest m/z, though this may not be true for larger or more highly charged molecules. 
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Figure 4.3 (a) Use of a 100 m/z window allowed isolation of the C6 and C7 TAA cation in the ion 

trap. (b) Excitation occured at a secular frequency corresponding to the average mass. Fragment 

ions (generated in the ion trap) of each TAA cation had the same drift time as the precursor ion, 

as can be seen in the ion mobility spectrum. (c) Ion mobility spectrum of only the C6 precursor and 

product ions showing that all peaks have the same drift time. (d) Ion mobility spectrum of only the 

C7 precursor and product ions showing again that both peaks have the same drift time. 

For non-specific CID fragmentation in the ion trap, a m/z 100 mass selection window was 

used, which is sufficient to isolate two adjacent TAA cations. The isolation of two TAA cations 

without fragmentation is shown in Figure 4.3a. In order to fragment the TAA cations, the excitation 

mass chosen was the average mass of the two TAA precursor cations. The resulting CID spectrum 

contains both precursor ions and product ions originating from each precursor.  Plotting the ion 
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mobility spectrum with both precursors and their product ions show two distinct arrival times as 

product ions have the arrival time of their precursor (Figure 4.3b). Plotting each precursor and 

their fragments individually, as ion chronograms, highlights the fact that the precursors and 

product ions have the same drift time (Figure 4.3c and Figure 4.3d). 

 

Figure 4.4 (a) Reconstructed mass spectrum using CID from the Fourier transform ion mobility 

spectrum of each ion. (b) Isolation and fragmentation of the C6 TAA cation in the ion trap without 

ion mobility. (c) Isolation and fragmentation of the C7 TAA cation in the ion trap without ion 

mobility. The CID mass spectrum shows product ions belonging to both precursors which can be 

identified using ion mobility information. 
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The CID mass spectrum (Figure 4.4a) of the C6 and C7 TAA isolation was reconstructed 

from the intensity values of the peaks in the FT-IMS spectrum. When compared with the product 

ion spectra recorded by the ion trap of the C7 TAA cation (Figure 4.4b) and C6 TAA cation (Figure 

4.4c), it is clear that fragments from each precursor can be identified in the reconstructed mass 

spectrum. Although the mass spectrum collected contains products from all precursor ions, ion 

mobility information allows identification of which product ions are from the C7 TAA cation and 

which product ions are from the C6 TAA cation. 

It is clear that drift time information can be used to determine families of precursors and 

product ions as seen for the data in Figure 4.3b. Furthermore, in this case, the precursor can be 

assumed to be the ion of the highest m/z at a particular arrival time. With using the LTQ ion trap, 

this method is limited by the selection window and uneven fragmentation due to excitation at a 

single resonance frequency. One can envisage the experiment being done without ion isolation and 

with use of a broadband excitation to cause fragmentation. This can be accomplished using a stored 

waveform inverse Fourier Transform (SWIFT) for excitation.137 This contrasts with the typical ion 

trap CID experiment in which a single precursor is isolated, activated using a single resonance 

frequency, and subjecting the resulting product to mass analysis.138 

4.3.3 Separation and Fragmentation of Drugs of Abuse 

The 3D printed plastic IMS combined with a mass spectrometer has been used previously 

to detect drugs of abuse.110 Drug compounds were shown to be resolved, though not to baseline. 

As is the case of the TAAs, signal intensity was improved by over an order of magnitude when 

comparing the original110 with the FT-IMS mode of operation. Based on the data gathered for the 

TAA cations, a gate waveform of 5 – 2005 Hz was chosen for further experiments. While lowering 

the sweep rate should further increase SNR and resolving power this necessarily increases the 

acquisition time. Therefore, the sweep rate used here was chosen to give the best SNR and 

resolving power. 
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Figure 4.5 (a) Ion mobility spectra using in-source fragmentation of amphetamine (m/z 136) and 

its fragments m/z 119 and m/z 91 and MDEA (m/z 208) and its fragments m/z 163, m/z 135, m/z 

133, m/z 105, and m/z 72. (b) Ion chronograms for precursor ions amphetamine and MDEA 

showing differences in arrival frequency corresponding to their differences in drift time. (c) Ion 

mobility spectra from the same data for only amphetamine and its fragment showing that all peaks 

have the same arrival time. (d) Ion chronograms for amphetamine and its fragment ions showing 

again that the ions of m/z 119 and m/z 91 maintain the frequency of the amphetamine precursor. 

(e) Ion mobility spectra (from the same data) for only MDEA and its fragment showing that all 

peaks have the same arrival time. (f) Ion chronograms for MDEA and its fragments again showing 

that the fragment ions maintain the frequency of the MDEA precursor. 

CID can be performed in the source region prior to mass analysis. This results in a full scan 

mass spectrum containing product ions from all precursors. This method of non-targeted 

fragmentation was applied for the amphetamines and fentanyls. The ion mobility spectrum for 

amphetamine, MDEA, and for product ions of both precursors is given in Figure 4.5a. The 

difference in frequency of the two species can be seen in arrival time frequency which is encoded 

in each ion chronogram (Figure 4.5b). Amphetamine has two product ions, m/z 119 and m/z 91, 

which have the same arrival frequency as the amphetamine precursor (Figure 4.5c). When plotted 

alone (from the same data set), the ion mobility spectrum of amphetamine and its product ions 

shows that all three peaks have the same drift time (Figure 4.5d). Similarly, the fragments of 

MDEA, m/z 163, m/z 135, m/z 133, m/z 105, and m/z 72 were observed at the same drift time as 
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the MDEA precursor (Figure 4.5e). This is also reflected from the ion chronograms of MDEA and 

it products having the same frequency (Figure 4.5f). 

 

Figure 4.6 (a) Reconstructed in-source mass spectrum with in-source fragmentation from the 

Fourier transform for amphetamine, MDEA, and their detected fragments. (b) Full scan mass 

spectrum of amphetamine with source fragmentation without ion mobility showing amphetamine 

and its product ions. (c) Full scan mass spectrum of MDEA with source fragmentation without ion 

mobility showing MDEA and its product ions. Product ions coming from either amphetamine or 

MDEA can be identified with ion mobility information. 
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Using intensities from the ion mobility spectrum of all detected precursors and their 

fragments, an in-source CID mass spectrum can be reconstructed (Figure 4.6a) using the 

knowledge of precursors and product ions from the FT-IMS information. Mass spectra acquired 

using pure solutions of amphetamine and MDEA with in-source fragmentation are given in Figure 

4.6b and 4.6c. When comparing the reconstructed spectrum with the standards, the precursor of 

the fragments can be easily identified. In-source fragmentation has the advantage of producing 

both MS2 and MS3 products.  

 

Figure 4.7 (a) MS2 of amphetamine (b) MS3 of amphetamine and m/z 119 (c) MS2 of MDEA (d) 

MS3 of MDEA and m/z 163 

The ion trap fragmentation of amphetamine and MDEA are shown in Figure 4.7. 

Resonance excitation of the MDEA precursor yields mostly m/z 163 with a small amount of m/z 

72. Subsequent fragmentation of m/z 163 yields m/z 135, 133, and 105. All of these ions are 

observed with in-source fragmentation because fragments produced in the source region may still 
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fragment before entering the ion trap. If excitation were to be done in the ion trap, this could also 

be achieved with a broadband excitation waveform. 

 

Figure 4.8 (a) Ion mobility spectra using in-source CID for 4-fluoroisobutyrylfentanyl (m/z 369), 

acetyl fentanyl (m/z 323), their fragment m/z 188, acetyl norfentanyl (m/z 219), and its fragment 

m/z 84. (b) Ion mobility spectra (from the same data) of only 4-fluoroisobutyrylfentanyl, acetyl 

fentanyl, and their fragment m/z 188. This fragment ion shows two peaks corresponding to the drift 

time of both of its precursors. (c) Ion mobility spectra (from the same data) of acetyl norfentanyl 

and its fragment m/z 84 showing that both peaks have the same arrival time. (d) Ion chronograms 

for 4-fluoroisobutyrlfentanyl, acetyl fentanyl, and their fragment m/z 188 showing that the product 

ion frequency is a combination of both precursor ion frequencies. (e) Ion chronograms for acetyl 

norfentanyl and its product ion m/z 84 showing that the product ion maintains the frequency of the 

acetyl norfentanyl precursor. 

While the two amphetamines have different product ions, it is also possible to recognize 

samples with having two precursors fragmenting to the same product ions. Acetyl fentanyl and 4-

fluoroisobutyrylfentanyl both fragment to m/z 188. In the same experiment, acetyl norfentanyl, 
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which fragments to a different product ion (m/z 84), was also examined. The ion mobility spectra 

of 4-fluoroisobutyryl fentanyl, acetyl fentanyl, and its product ion as well as acetyl norfentanyl 

and its product ion, are given in Figure 4.8a. The ion mobility spectra (plotted from the same data) 

for acetyl fentanyl and 4-fluoroisobutyryl fentanyl and their common product ion (plotted alone) 

show that the product ion has two peaks corresponding to the arrival times of both precursors 

(Figure 4.8b). Similarly, the ion mobility spectrum for acetyl norfentanyl and its fragment (plotted 

alone) show that the product ion has the same arrival time as the precursor (Figure 4.8c). The 

arrival frequencies for both precursors is different, and the product ion frequency is a combination 

of both of those frequencies (Figure 4.8d). The arrival frequencies for acetyl norfentanyl and its 

product ion, similar to the amphetamines, are the same (Figure 4.8e). 

Performance achieved for the drugs of abuse in the FT-IMS method was comparable to 

that reported in the literature.110 However, signal intensity is greatly increased for the FT-IMS 

method. Therefore, using FT-IMS, simultaneous ion fragmentation and mobility information can 

be obtained more quickly (four minutes versus approximately 20 minutes) than the previously 

described method.  

4.3.4 Separation of Explosives 

Explosives have been analyzed using both standalone IMS instruments35 as well as IMS-MS 

instruments106, 108. These compounds are commonly observed in negative nanoelectrospray as 

chloride, nitrite, or nitrate adducts. In these experiments, only the chloride and nitrate adducts of 

the molecules were observed. A chloride adduct of the HMX dimer was observed as well.  
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Figure 4.9 (a) Ion mobility spectra of trinitroglycerin chloride adduct (m/z 262,264), 

trinitrogcylcerin NO3 adduct (m/z 289), HMX chloride adduct (m/z 331,333), HMX NO3 adduct 

(m/z 358) and HMX dimer chloride adduct (m/z 627,629). (b) Ion chronograms for all ions. Low 

signal intensity for this measurement shows that poor signal intensity gives rise to artifacts in the 

Fourier transform, i.e. the ion mobility spectrum.  

 Negative ion mode experiments were performed analogously to positive mode experiments 

with opposite polarity of ion mobility voltages. The ion mobility spectra for each observed ion is 

shown in Figure 4.9a. Ion chronograms for each ion are shown in Figure 4.9b. Signal intensity for 

these experiments was much lower than for the experiments with the drugs of abuse, an effect seen 

in both the absolute signal intensity and in the signal/noise level. The noise seen in the frequency 

domain signal has a negative effect on the transformed arrival time distribution, i.e. the ion 

mobility spectrum. 

 Tandem mass spectrometry of chloride adducted HMX is limited to the fragmentation of 

the dimers back to monomers.139, 140 Moreover, the fragmentation of the NO3 adduct is 

inefficient.141 As a result, attempts to perform fragmentation on the explosives were unsuccessful. 

The source fragmentation potential was either insufficient to induce fragmentation or resulted in a 

total loss in signal intensity. This highlights the need for broadband excitation capability to perform 

the experiment in the ion trap. 
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4.3.5 Optimization of Ion Gates 

Two related ion gates commonly used for ion mobility spectrometers are the Tyndall 

Powell gate142 and the Bradbury-Nielson gate143. In the Bradbury-Nielson gate, closely spaced, 

interdigitated wires are placed in a single plane. The gate is open when the potentials on the two 

sets of wires are the same. The gate is closed when the one set of wires is offset in voltage from 

the other. The performance of this gate is high, but the construction is quite difficult.144-146 

Alternatively, the Tyndall-Powell gate is formed by two adjacent meshes in which the voltages are 

adjusted to either allow ions to pass or block them. The advantages of this gate versus the 

Bradbury-Nielson is the ease of construction.135 The disadvantage of the Tyndall-Powell gate is 

that performance of the gate is inherently mobility dependent. Two parameters can be used to 

optimize the Tyndall-Powell gate: the voltage drop when the gate is open and the inter-mesh 

distance. 

The distance between the two meshes was chosen such that the 3D printer was able to print 

an insulating wall between adjacent electrodes. Consequently, the distance was chosen to be 

approximately 1 mm. As the normally closed ion gate opens, ions enter the region between the two 

meshes. Therefore, these ions must exit this region before the gate closes again or they will not 

enter the drift tube. Moreover, if the inter-mesh distance is large a longer injection time will be 

required for any ions to exit the gating region.  

 

Figure 4.10 Simulation of Tyndall-Powell gate with inter-mesh distance of 900 µm vs 300 µm for 

various injection times. Ion initial positions were diagonal behind the first mesh. For the 300 µm 

inter-mesh distance even at the shortest injection time ions were able to pass through the gate 

whereas all ions are blocked for a 100 µs injection time with a 900 µs inter-mesh distance. 
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A simulation using SIMION was done to investigate the performance of two different inter-

mesh distances.  All other parameters between the two simulations were identical. Ions were 

started in a diagonal behind the first mesh. For the 900 µm inter-mesh distance, the ions are not 

travelling fast enough to traverse 900 µm in 100 µs. In contrast, for the 300 µm inter-mesh distance 

some of the ions are able to enter the drift region. In either case, as the injection time is increased 

more ions are able to enter the drift region. Note that the number of ions able to traverse this region 

could also be increased by increasing the drift voltage in this region (i.e., if the ions were going 

faster). 

 

Figure 4.11 Fabrication of a 3D printed holder capable of sub-1 mm inter-mesh distance required 

the removal of the divider between those two electrodes and thicker electrodes to fill the space. 

As discussed previously, fabrication limitations guided the choice of inter-mesh distance. 

In order to reduce this distance, the plastic dividing the space between these two electrodes was 

removed. A 300 µm spacer was printed using PLA/PHA and the electrodes were thickened to fill 

the entire space. To test the gates experimentally, the ion intensity and resolution for the C6 TAA 

cation was measured for various gate opening times. 
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Figure 4.12 (a) Ion intensity and resolving power for a 900 µm inter-mesh distance for a voltage 

difference of 100 V and 200 V. (b) Ion intensity and resolving power for a 900 µm inter-mesh 

distance for a voltage difference of 100 V and 200 V. In both cases, both voltage and distance 

decrease the minimum gate opening time for which ion signal is observed. 

For both the 300 µm and 900 µm gate, an increase in the voltage difference (100 V versus 

200 V) resulted in lower minimum gate opening times required to see ion intensity. Further, the 

300 µm also had a lower minimum gate opening time than the 900 µm gate as expected. 

 In FT-IMS, the ion injection time ranges in the experiment, depending on the frequency 

range, from 250 ms (5 Hz) to approximately 150 µs (7,005 Hz). Therefore, depending on the inter-

mesh distance, a different number of ions would pass for these frequencies. It would also be 

expected that at a large enough frequency no signal would be observed because the pulses would 

be too short for any ions to pass. Interestingly, for the stainless steel meshes, this effect was not 

observed for the parameters described in Table 4.1. 
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Figure 4.13 (a) Ion chronogram for TAA cations for a gate two blocking voltage of 500 V (blue) 

versus 325 V (red) for stainless steel mesh sheets. (b) Ion chronogram for TAA cations for gate 

two blocking voltage of 500 V (blue) versus 325 V (red) for MN17 nickel mesh. 

 As described in 3.2.4, the mesh was changed from a stainless-steel mesh manufactured by 

E-fab to a nickel mesh manufactured by Precision Eforming. Interestingly, for corresponding FT-

IMS parameters, the observed signal is different. The blocking voltage for the second gate used 

for previously described experiments was 325 V and ion signal was observed through the entire 

experiment with stainless steel meshes (Figure 4.13a). When this voltage was raised to 500 V, ion 

signal drops to zero over the course of the experiment. With the nickel mesh (Figure 4.13b) the 

ion signal drops to zero much earlier in the experiment. Both of these experiments were performed 

with an inter-mesh distance of 900 µm. The reason for these effects is not fully understood but is 

likely a result of the pneumatic forces pulling the ions into the mass spectrometer overcoming the 

electrostatic forces at lower voltages (325 V). The thin wire of the nickel mesh versus the large 

metal area between holes in the stainless-steel mesh likely effect the electrostatic forces that the 

ions feel. 

4.4 Conclusions 

Fourier transform ion mobility offers the ability to efficiently couple a 3D printed drift tube 

for ion mobility to a linear ion trap. When compared to the low duty cycle mobility window 

selection mode of operation, resolving power was slightly reduced, but signal intensity was 

improved by more than an order of magnitude. This performance may be improved further by 
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employing a Bradbury-Neilson style gate as opposed to the Tyndall-Powell gate currently used. 

The Fourier transform mode of operation offered the additional advantage of the ability to perform 

simultaneous tandem mass spectrometry without ion isolation in the ion trap. Because product ions 

generated in the mass spectrometer maintain the arrival frequency of the precursors from which 

they were formed correlation of related precursors and product ions were easily recognized when 

all ions were fragmented without isolation. The use of a 3D printing technology to construct the 

ion mobility device allows easy implementation of this method into an analytical workflow. This 

is especially important in forensic applications where multiple analysis methods are desirable. 
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 COUPLING OF ATMOSPHERIC DRIFT TUBE ION 

MOBILITY WITH TWO-DIMENSIONAL TANDEM MASS 

SPECTROMETRY 

Portions of this work have been published in the journal Journal of the American Society of Mass 

Spectrometry as the article: “Schrader, R. L.; Marsh, B. M.; Cooks, R. G., Atmospheric Pressure 

Drift Tube Ion Mobility Spectrometry Coupled with Two-Dimensional Tandem Mass 

Spectrometry, J. Am. Soc. Mass Spectrom. 2021, DOI: 10.1021/jasms.1c00180” 

5.1 Introduction 

One of the advantages of performing ion mobility prior to mass spectrometry measurements is 

a reduction in chemical noise,147 similar to the advantage achieved using tandem mass 

spectrometry.148 The combination of ion mobility and tandem mass  spectrometry has also proven 

useful.149-151 The need for ion isolation to perform tandem mass spectrometry, either in time or 

space, reduces the quantity of data that can be acquired in a single experiment. Since the drift times 

and ion trap scan rates are both on the order of milliseconds, data collection is slow.152 Without 

multiplexing experiments124, 133, more than 99.99% of the ions do not make it to the mass 

spectrometer. Therefore, ion isolation would make collecting ion mobility and tandem mass 

spectrometry data prohibitively time consuming.  

 2D MS/MS, performed in a linear ion trap, has been demonstrated to enable the collection of 

the entire MS/MS data domain in a single scan.153, 154 In this experiment, the product ion spectrum 

of every precursor ion is collected without ion isolation. In this work, 2D MS/MS has been 

combined with atmospheric pressure drift tube ion mobility to perform a single experiment in 

which both ion mobility data and the entire MS/MS data domain are collected. 

5.2 Experimental 

5.2.1 Chemicals 

HPLC-grade methanol and acetonitrile were purchased from Fisher Scientific (Hampton, NH). 

Ammonium acetate was purchased from Sigma-Aldrich (St. Louis, MO). Standards of two 

phosphatidylethanolamines (12:0 and 18:1) and two phosphatidylcholines (14:1 and 18:1) were 

purchased from Avanti Polar Lipids (Alabaster, AL) as powders. A solution of the four lipids was 
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prepared at 100 ppm in 3.35:6.65:0.35 acetonitrile:methanol:300 mM ammonium acetate (v/v/v). 

Puromycin hydrochloride and terfenadine were purchased from Cayman Chemical Company (Ann 

Arbor, MI) and prepared at 10 ppm in methanol. Tetraalkylammonium bromides (C2 – C8) were 

purchased from Sigma Aldrich. 

5.2.2 Drift Tube Ion Mobility 

A 3D printed drift tube ion mobility spectrometer was used with slight modifications to 

previous iterations described elsewhere in detail.102, 110 Conductive polylactic acid (PLA) filament 

containing carbon black powder (Proto-pasta, Vancouver, WA) was used to construct one focusing 

electrode and 31 drift electrodes of 28 mm inner diameter. The focusing electrode incorporates a 

25 mm cylindrical extrusion to confine the ions prior to the drift cell. The housing was printed 

from non-conductive polylactic acid/polyhydroxyalkanoate (PLA/PHA) filament (ColorFabb, 

Belfeld, Netherlands). 

 Entrance and exit gates (Tyndall-Powell) were created with four 90% transmission 

electroformed nickel mesh screens (MN17, Precision Eforming, Cortland, NY) affixed to the 1st, 

2nd, 30th, and 31st drift electrode. Switched potentials on the 1st and 31st electrodes were supplied 

by a Behlke GHTS 60S (Billerica, MA) high voltage switch and a Directed Energy, Inc. PVX-

4140 pulse generator (Fort Collins, CO), respectively. High voltages were supplied by a custom 

high voltage power supply and lower voltages were supplied by a Spectrum Solutions TD-500 

power supply (Russelton, PA). A voltage divider constructed from a solderable breadboard (SB830, 

BusBoard Prototype Systems, Calgary, Canada) and 1 MΩ resistors (Stackpole Electronics, Inc., 

Raleigh, NC, ±1%) was used to supply the voltages to the electrodes. The TTL input for the 

switched potentials were generated by a Keysight 33612A waveform generator (Santa Rosa, CA). 

The focusing electrode, gate 1, drift voltage, and gate 2 were operated at 3000 V, 2375/2500 V, 

2400 V, 75/500 V. 

Methods for coupling couple drift tube ion mobility with the relatively slow analysis time 

of the ion trap have been previously described.110, 152 Briefly, both the entrance and exit ion gates 

are normally closed. The first gate was opened for 400 µs to allow ions to enter the drift tube. At 

varying times after the first gate (the drift time), the second gate was opened for 400 µs. The time 

between these two pulses is stepped by 0.1 ms from low drift time to high drift time to collect the 

entire ion mobility spectrum. 
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5.2.3 Mass Spectrometry and 2D MS/MS 

Ions were generated using nanoelectrospray ionization. Borosilicate glass capillaries 

(Sutter Instruments, Navajo, CA) of 10 cm length, 0.86 cm inner diameter, and 1.5 cm outer 

diameter were pulled to an approximately 5 µm tip with a P-97 Flaming/Brown tip puller (Sutter 

Instruments). A Warner Instruments (Hamden, CT) E series electrode holder fitted with 0.2 mm 

diameter platinum wire (Sigma-Aldrich) was used to hold the pulled capillaries. High voltage (4.5 

kV) was applied to the electrode holder from the LTQ. 

A modified Thermo Finnigan LTQ (San Jose, CA) mass spectrometer was used to perform 

2D MS/MS. The necessary modifications and experimental method to perform these experiments 

have been described in detail previously.153, 154 Briefly, with a constant RF trapping voltage, 

supplementary waveforms were applied to the x and y-rod pairs. A 900 ms inverse Mathieu q scan 

was applied to the y-rod pair to fragment precursor ions; meanwhile, sequential 1.5 ms inverse 

Mathieu q scans were applied to the x-rod pair with frequencies corresponding to masses lower 

than the current precursor. Nitrogen was used as the buffer gas with a pressure corresponding to 

1.6 on the uncalibrated ion gauge. Excitation voltages of 900 mV (lipids) or 200 mV (drugs) and 

an ejection voltage of 2.2 V were used. Waveform spanned q values to 0.2. An RF modulation 

signal of 280 mV (lipids) or 300 mV (drugs) was applied in place of the normally supplied DC 

voltage to apply a constant RF voltage. 

To align the two experiments in time, the IMS waveform generator was operated in burst 

mode with multiple IMS injection pulses at a rate of 20 Hz triggered on ion injection through the 

trigger supplied by the LTQ. An injection time of 800 ms was used (16 IMS pulses) which 

corresponds to a total scan time of approximately 2 seconds. For each drift time, 25 2D MS/MS 

spectra were collected and averaged. For 2D MS/MS experiments, this trigger is simultaneously 

used to start the supplementary waveforms. Data analysis was performed using MATLAB (The 

MathWorks, Inc., Natick, MA). 
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5.3 Results and Discussion 

 

Figure 5.1. Ion mobility coupled with full scan MS gives mobility and mass information. By 

fragmenting ions in the source, related precursors and products were identified by their drift time. 

Ion mobility with 2D MS/MS gives mobility and the entire MS/MS data domain. 

In a standalone ion mobility experiment, ions are separated in the drift tube and are detected 

when the ions impact a Faraday cup and are detected. This experiment gives only the mobility 

information of the ions. In order to increase the information obtained about the ions, IMS is 

coupled with mass spectrometry as the detector so that both mobility and mass-to-charge 

information are collected simultaneously. This was demonstrated for seven TAA cations in which 

the extracted ion intensity for each TAA m/z was used to plot the ion mobility spectrum (Figure 

5.1a).  

Ion fragmentation is an important diagnostic tool in the identification of molecules by mass 

spectrometry.155 Though it is most often desirable to fragment ions after mass selection, ions can 

also be fragmented by the addition of energy in the source region prior to mass selection. Since 

the ions have been selected based on their mobility prior to entering the mass spectrometer, related 

precursors and product ions can be identified based on their ion mobility. This was demonstrated 

again with seven TAA cations in which a two-dimensional plot of mobility and m/z was obtained 

(Figure 5.1b). In order to achieve appropriate fragmentation for the wide range of TAAs, the source 

fragmentation energy was increased with m/z.156 Fragments and unfragmented precursors were 

observed simultaneously. Unlike a traditional MS/MS experiment which includes ion isolation, in 

this experiment the identity of the precursor is unknown. While for small, singly charged 
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molecules the products will all be smaller in mass than the precursor, this will not be true for larger, 

multiply charged ions. Additionally, the ion mobility limits the resolving power for two different 

precursors and their fragments. 

 Coupling ion mobility with 2D MS/MS gives a four-dimensional data domain: mobility, 

precursor ion m/z, product ion m/z, and intensity. In the experiment, at each mobility “slice,” a 2D 

MS/MS spectrum was collected. Adding the intensities from each of these 2D MS/MS spectra 

gives a “total” 2D MS/MS spectrum (Figure 5.1c). The total 2D MS/MS is a reduction in the data 

as ion mobility information was also collected in the experiment. To reflect this, the drift for each 

TAA cation was annotated on the spectrum. 

 

Figure 5.2 Individual 2D MS/MS spectra collected at various drift times where the (a) C3, (b) C5, 

and (c) C7 TAA are the base peaks. 

 Another way of representing this data is a series of 2D MS/MS spectra. As the drift time is 

adjusted, different molecules will be observed by 2D MS/MS. An example of this is shown in 

Figure 5.2 where the 2D MS/MS spectra collected at 16.1 ms, 20.8 ms, and 25.5 ms, show the C3, 

C5, and C7 TAA as the base peak, respectively. 
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Figure 5.3 Ion mobility spectrum plotted from 2D MS/MS extracted ion intensities. The mobility 

spectrum is nearly identical to data collected with full scan MS but with additional MS/MS 

information collected in the same experiment. 

The extracted ion intensities were also used to plot a traditional ion mobility spectrum 

(Figure 5.3). This spectrum looks nearly identical to the one in Figure 5.1a, but in the above 

spectrum the intensity comes from 2D MS/MS data versus full scan MS data. Whereas in Figure 

5.1a, the entire amount of data collected is represented in the figure, this is not true for Figure 5.3. 

None of the 2D MS/MS data is reperesented in this spectrum. Both the total 2D MS/MS spectrum 

and the ion mobility spectrum do not capture the total amount of data collected in the experiment. 

This requires a fourth axis to display and is most easily seen as either an animated movie or a series 

of 2D MS/MS data domain plots. (Figure 5.2) 
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5.3.1 MS/MS Selective Ion Mobility Spectra for Lipids 

 

Figure 5.4. (a) Total 2D MS/MS spectrum of a lipid mixture showing characteristic fragments of 

m/z 184 for the two PCs and a characteristic neutral loss of 141 Da for the two PEs. Data projection 

and extraction give the mass spectra for each of the scan lines. 

Ions from a standard mixture of four lipids, 12:0 PE, 18:1 PE, 14:0 PC, and 18:1 PC, were 

generated using nanoelectrospray. 2D MS/MS spectra were collected for drift times between 28 

ms and 35 ms in 0.1 ms increments. The total 2D MS/MS spectrum is shown in Figure 5.4. The 

above figure is inspired by one appearing in a publication describing all possible MS/MS scan 

modes.157   In this spectrum, the four lipids fall onto two characteristic scan lines (in addition to 

each product ion scan line). The PCs have a shared precursor ion of m/z 184, corresponding to the 

head group. The PEs have a shared neutral loss of 141 Da, also corresponding to the loss of the 

head group.158 These scan lines can be used to plot the acquired ion mobility data. In addition to 

the scan lines, projection of the data onto the precursor or product ion axis results in the posterior 

and anterior mass spectrum, respectively. 
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Figure 5.5 (a) Extracted product ion scan lines gives the ion mobility spectrum for each lipid. (b) 

Extracted neutral loss scan line gives an ion mobility spectrum of only the PEs in the mixture 

(dotted line) and extracted precursor ion scan line gives the ion mobility spectrum of the PCs in 

the mixture (solid line). 

Ion intensities were determined from the mass spectrum collected at each mobility by 

adding the intensities along the MS/MS scan line. The resulting ion mobility spectra were filtered 

using a moving average and normalized. First, the ion mobility spectra were plotted from product 

ion scan lines for each lipid (Figure 5.5a). A box was added to the top right of the ion mobility 

spectrum with standard MS/MS nomenclature to denote scan line from which the ion intensity 

information is taken. Plotting the ion mobility data from product ion scan lines yields similar data 

to that can be collected with full scan mass spectra. Plotting ion mobility from precursor and 

product ion scan lines gives functional group specific ion mobility spectra. In Figure 5.5b, ion 

mobility spectra are shown from ion intensities from the m/z 184 precursor ion line (specific for 

PCs) and the 141 Da neutral loss line (specific for PEs). The PCs are shown as a solid line and the 

PEs as a dashed line. The use of 2D MS/MS allowed for the plotting of reduced data to aid in 
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analysis of the mixture, but the collected data was not reduced by ion isolation. The high 

dimensionality of the data (precursor ion m/z, product ion m/z, mobility, and ion intensity) makes 

the static display of all of the data simultaneously difficult. 

5.3.2 Separation of Isobars Prior to 2D MS/MS by Ion Mobility Spectrometry 

Ion mobility is often used for the separation of isobaric molecules.159 High resolution mass 

spectrometers, such as time-of-flight160 and Orbitrap114 analyzers, have sufficient mass resolution 

to separate isobaric molecules simply by their mass. Since the mass resolution for 2D MS/MS in 

insufficient to resolve isobaric molecules, ion mobility can be used for isobars of sufficient 

difference in collision cross section. 

 

Figure 5.6. (a) Total 2D MS/MS spectrum of mixture of puromycin and terfenadine. Each 

compound shows a characteristic fragment, but since they are isobaric they cannot be distinguished 

from one compound with two fragments in 2D MS/MS. (b) Extracted normalized ion intensities 

for each MRM give the ion mobility spectrum for each compound. 
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Ions of puromycin and terfenadine were generated using nanoelectrospray. The literature 

values for their collision cross section are 204.4 and 226.8 Å2, respectively.26 2D MS/MS spectra 

were collected for drift times from 24.5 ms to 26.5 ms in 0.1 ms increments. Both ions were 

observed as protonated molecules at m/z 472. The total 2D MS/MS (Figure 5.6a) shows two 

fragments for precursor m/z 472, one from puromycin (m/z 309) and another from terfenadine (m/z 

436). Using the intensity from these two MRMs, ion mobility spectra are shown from each 

molecule. The ion mobility spectra were filtered using a moving average and normalized. The ion 

mobility was able to separate the two molecules by their collision cross section prior to 2D MS/MS 

analysis. 

5.4 Conclusions 

The combination of drift tube ion mobility with traditional ion trap CID experiments would be 

time consuming because of the mismatch between the duty cycle of the two measurements. The 

use of 2D MS/MS in a linear ion trap allows for the collection of the entire MS/MS data domain 

in a single scan along with ion mobility. This combination improves both methods symbiotically. 

The mobility measurement is improved by the ability to plot mobility spectra based on functional 

groups through specific MS/MS transitions. Equally, ion mobility has the ability separate isobars 

that would not be separated by 2D MS/MS.  
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