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Chapter 1
Introduction

1.1 Overview

The control and analysis of ions is most commonly performed under vacuum. The
physics of ion motion under these pressures is well understood, thus ions may be
identified based on their mass-to-charge ratio (m/z) through different mass spec-
trometry (MS) methods. The discoveries of both the electron by Thomson [1], and
of isotopes by Aston [2] were made possible through the manipulation of charged
particles by electric and magnetic fields under low pressure conditions. Thomson
and Aston would later earn Nobel prizes for their discoveries in Physics and
Chemistry, respectively, highlighting the importance of these early studies.

Gas-phase ions have several distinctive properties that are often exploited in
analytical and preparative methods. Their charged nature allows them to be pre-
cisely manipulated by electric and magnetic fields for control of spatial distribution,
kinetic energy, and separated for identification as a result of mass and charge
differences. Additionally, gas-phase ions have exceptional reactivity as a result of
their charge. Reactions of ions with neutral molecules in the gas phase is unique in
that there exists a long range potential interaction and the polarization of the neutral
allows for long interaction times for the ion-molecule pair [3]. This effect is
exploited for the characterization of ions through reactions that are specific to
functional groups present on ions of interest [4], conformational analysis of proteins
and peptides [5], and to gain a better understanding of the mechanisms occurring in
organic reactions [6].

Aside from its analytical uses, the separation of ions in the gas phase has a long
history as a method of purification. The initial case of such a use was the purifi-
cation of U*? for the first atomic bomb, in which large Calutron mass spectrom-
eters employed magnetic fields to spatial resolve and collect ionized U* from
mixtures containing mostly U*® [7]. Years later, the same principle of MS
purification would be applied to organic molecules in the form of ion soft landing
(SL). In these experiments, ions are generally generated outside of the vacuum and

© Springer International Publishing AG 2017 1
Z. Baird, Manipulation and Characterization of Electrosprayed lons
Under Ambient Conditions, Springer Theses, DOI 10.1007/978-3-319-49869-0_1



2 1 Introduction

transferred into a MS for separation. The separated ions are then deposited on
surfaces at low kinetic energies (1-100 eV) within the confines of the vacuum
system [8]. SL has since been demonstrated for the preparation of protein and
peptide microarrays with retained biological activity [9, 10], surface modification
through reactive SL [11, 12], and the deposition of monodisperse clusters [13].
Although MS as a preparative methodology has immense benefits due to the
selectivity possible, its wide use in the purification of organic molecules has not
been adopted. This is mainly the result of inefficient ion production, ion losses, and
low material recovery. Namely, ion transfer from an atmospheric pressure ion
source into a vacuum system is associated with immense ion losses. Additionally, at
higher ion beam densities space-charge has deleterious effects on the resolution of
separation as well as causing additional ion loss within the vacuum system.

The work presented in this dissertation is focused on the development different
methods and instrumentation designed specifically to control ions in the ambient
environment, without the constraints of a vacuum system and to limit associated ion
losses involved with their transfer into a low pressure analysis region. Ion motion in
air at atmospheric pressure is inherently more complex than under vacuum and
experiments were designed to gain a better understanding of the manners in which
ions may be controlled under ambient conditions. A combined approach of simu-
lations and experiments is used to address the topics of transfer efficiency, focusing,
and analysis of ions produced by electrospray methods.

1.2 Electrospray Ionization

1.2.1 A Brief History

The observation of liquid atomization and deformation in the presence of a strong
electric field dates back several centuries, the underlying theory of which was first
described by Lord Rayleigh as early as 1882 [14]. It would be more than 30 years
before work was undertaken by John Zeleny to gain a better understanding of this
phenomenon and take the first photographs of different “modes” of electrospray
from small cylindrical emitters [15, 16]. Nearly 40 years after Zeleny’s observa-
tions, Sir. Geoffrey Ingram Taylor developed a theoretical model of the shape a
deformed liquid meniscus assumes at the end of a capillary in the presence of an
electric field, now known as a “Taylor cone” [17]. These studies laid the foundation
for electrospray ionization (ESI), which would later prove to be an invaluable tool
spanning many disciplines.

Around the same time Taylor was developing underlying theories of electrospray
generation, Dole et al. [18, 19] showed that beams of fairly large (51411 kDa)
polystyrene ions could be generated by sampling an electrosprayed solution into
vacuum. While not able to measure m/z of the ions directly, with a thorough
understanding of ion-neutral interaction forces and by adjusting the potential of a
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charged repeller grid, they were able to verify the formation of a beam of “mac-
roions” rather than low molecular-weight species [18], a fact confirmed by later
experiments for the analysis of electrophoretic mobilities of the electrosprayed
solutions [20].

Electrospray as a tool for mass spectral analysis was driven to the forefront of
analytical science through seminal work published by Fenn et al. [21, 22] in lab-
oratories at Yale University and later Virginia Commonwealth University. His, and
the subsequent work of others demonstrated the ability of ESI to produce gas-phase
ions with virtually no fragmentation, even for large biologically relevant species
such as proteins and oligonucleotides [23], thus making them amenable to char-
acterization by MS. From these footings, ESI coupled with MS (ESI-MS) became a
standard tool for characterization of molecules and mixtures that required “gentle”
ionization.

Initially ESI emitters used by Dole and Fenn were stainless steel hypodermic
needles with either a tapered or beveled tip [18, 21]. Typically the diameter of these
tips was 100—200 um with solution flow rates in the range of 1-15 pul/min and
electrospray potentials of up to 2—5 kV. Later, Mann et al. [24] would demonstrate
the benefits of using an emitter formed by pulling a glass capillary to a tapered tip
with a diameter of about 1 um. This design allowed for the use of lower volumes
(several pL), operation without a syringe pump, as well as no sheath or drying gas
for coupling with MS. The move to smaller emitters also improved detection
efficiency by a factor of 510, a property largely attributed to the low flow rate
(< 50 nL/min) and initial droplet size of what would come to be known as nano-
electrospray ionization (nanoESI) [25].

1.2.2 Electrospray Ion Formation

There are two prevailing theories on the mechanism by which gas-phase ions are
formed from electrosprayed solutions [26]. Each of these explanations has evidence
to suggest that they contribute to ion formation under certain conditions and with
different types of analytes [27]. The first proposed mechanism, provided by Dole
et al. [18, 24], would become known as the charged residue model (CRM). Ion
formation in CRM is hypothesized to be the results of the evaporation of solvent
from charged droplets to reach the Rayleigh instability limit, at which time droplets
undergo columbic separation to produce smaller droplets below the Rayleigh limit.
Through a cascade of these events there will eventually remain a single charged
molecule, so long as the solution is sufficiently dilute. Another possibility is the so
called ion evaporation model (IEM) originally proposed by Iribarne and Thomson
[28]. During initial stages of charged droplet evaporation, IEM predicts the same
Coulombic fission into smaller droplets, but differs in the final process.
Unlike CRM, IEM predicts that upon reaching a certain radius, electric field
strength on the droplet surface will reach a sufficient magnitude to expel an ion
from the solvated environment of the droplet. Both IEM and CRM have an
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abundance of evidence to suggest that they contribute to final formation of ions
from charged droplets produced by electrospray [29].

The work done towards understanding the mechanism by which ions are formed
in ESI has also led to important observations on the effects of solution properties on
the identity and form of ions produced. This is perhaps most relevant for molecules
such as proteins and peptides as many experiments suggest that their gas-phase
conformations are highly dependent on those in solution [30-32].

1.2.3 Preparative Electrospray

Electrospray is not limited to applications involving chemical analysis, but is in fact
used in a preparative sense quite frequently. The small size of droplets produced by
electrospray makes them ideal for the production of micro- and nanoparticles from
solutions. Particle formation is accomplished through solvent evaporation from
electrosprayed droplets, which are subjected to charge neutralization (by interaction
with a plasma) to prevent Coulombic fission events, and thus the formation of much
smaller droplets. In cases where uniform particle size is desired, an AC frequency
may be superimposed on the DC voltage applied to the emitter, creating controlled
breakup of droplets of uniform size [33]. Thin films can also be readily produced by
electrospray deposition (ESD) onto surfaces [34]. ESD for thin film production is
advantageous in that droplets do not coalesce and are efficiently deposited on the
target surface, factors governed by the highly charged nature of the droplets [35].

In recent years, electrospray has also been demonstrated as a means of per-
forming chemical reactions at accelerated rates, relative to their solution-phase
counterparts. The acceleration is likely due to several effects in evaporating
microdroplets including a rapid concentration increase, an increase in relative
surface area, and the large changes in pH [36, 37]. This effect occurring in elec-
trosprayed droplets has been demonstrated through online derivatization of ketos-
teroids for analysis by desorption electrospray ionization (DESI) [36], a
base-catalyzed Claisen-Schmidt condensation [38], the cross-linking of peptides
[39], and in the Hantzsch synthesis of 1,4-dihydropyridines [40]. The accelerated
reaction rates occurring in small droplets and upon the impact of electrosprayed
droplets with surfaces provides a unique method of exploring reactions with small
quantities of reagents and solvent that is easily coupled with MS for analysis of
reaction products.

In addition to organic synthesis, nanoESI has been used to synthesize metallic
nanoparticles (NPs) on surfaces. In these experiments, a wire composed of the metal
of interest is used to apply a high potential to a solution of acetonitrile (ACN) in a
nanospray emitter. Metal ions are generated in solution by electrolysis of the wire,
and are carried by the resulting charged droplets to a grounded surface. At the
surface, the metal ions are reduced and aggregate to form NPs. Particle size is
dictated by the number of ions deposited, a function of both electrospray current
and time. NPs generated by this method have been used as catalysts for organic
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reactions as well as Raman active substrates for surface enhanced Raman spec-
troscopy (SERS) [41, 42]. Because the particle size is easily controlled, SERS
active substrates can be tuned for different excitation wavelengths. Moreover, ions
can be directed to distinct regions through the use of atmospheric pressure ion
optics and electrostatic masks.

1.3 Simulations of Ion Motion at Atmospheric Pressure

The simulation of gaseous ion trajectories has been used extensively in the
development of ion optics for mass spectrometry (MS), ion mobility spectrometry
(IMS), electron microscopes (EM), and focused ion beam (FIB) systems. In the case
of systems operating in high-vacuum (EM and FIB) the simulation environment is
often simplified and assumed to be collision-free and ion motion is influenced
purely by electric and magnetic fields; however, IMS and many MS systems
operate in a pressure regime in which collisions must be taken into account to
accurately predict ion motion [43]. The primary simulation tool used in this work,
SIMION 8.0 includes two collision models: a hard sphere collision model (HS1)
and a statistical diffusion simulation model (SDS). Either can be incorporated into a
simulation environment for the treatment of collisions between ions and a back-
ground gas. HS1 employs hard-sphere collision kinetics to compute the resulting
ion trajectory change for ion-molecule collisions individually [44]. This approach is
not computationally feasible at atmospheric pressures as the mean free path in air at
25 °C is approximately 67 nm [45]. Rather than treating individual collisions, the
SDS algorithm uses a combined approach of diffusion and ion mobility to simulate
ion motion in electric fields.

The motion of ions at atmospheric pressure is heavily influenced by the diffusion
of ions in the medium, as well as by external forces exerted on the ions (electric
fields, bulk gas flow, etc.). Diffusion can be expressed as:

J=DV, (1.1)

where J, D, and V), are the number of ions passing through an area normal to the
gas flow, a proportionality constant, and the concentration gradient, respectively
[46]. In the SIMION-SDS algorithm, diffusion is simulated by imposing a jump
onto the ion trajectory. The direction of the jump is randomized and it’s magnitude
is determined by an interpolation between collision statistics tables (selected based
on the mass ratio of the ion to a background gas molecule) and scaled appropriately
based on an expected number of collisions in the simulation time step [47].

When subjected to an electric field (E), the velocity of an ion in a gas with no
bulk flow is determined by its mobility (K) in the buffer gas [46]:
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v =KE (1.2)

K is determined experimentally and is directly proportional to D and the charge (e)
on the ion and inversely proportional to temperature (T) multiplied by the
Boltzmann constant (k) [46]:

_eD

K=—=
kT

(1.3)

Equation 1.3 is known as the Nernst-Townsend relation and holds for the cases
in which ions are thermalized. The mobility can further be expressed as [48]:

w _de (2am\P
“ivw) (o) s

where N is the density of the neutral molecules, p is the reduced mass of the
collision pair, and Qp, is the collisional cross section (CCS). Due to the range of
working conditions used in IMS instruments, the mobility of an ion is often
reported as the reduced mobility (Ky) which is corrected for 273 K and a pressure

(P) of 760 Torr:
273 P

At each time step within a SIMION-SDS simulation, the velocity of an ion is
subjected to the effects of gas flow and the applied electric field, in the form of ion
mobility (Eq. 1.2). A simulated diffusion in the form of a random jump is super-
imposed on this motion to determine the location of the ion during the start of the
next time-step. A detailed description of the SDS algorithm is given by Appelhans
et al. [47] and in the SIMION 8.0 documentation. The SDS algorithm is capable of
either using a defined mobility for each ion, or in the cases in which this data is not
available, known information (particle diameters, masses, etc.) is used to estimate a
value for ion mobility. Spatial variations in gas flow, pressure, and temperature may
also be incorporated into the SDS algorithm to more accurately model conditions in
which these parameters are known. Effects due to space charge can also be included
in the modeling; however, ions must be flown as a group when incorporating space
charge effects into an SDS simulation.

The implementation of the SDS algorithm into the SIMION workspace has been
shown to be an accurate predictor for ion motion at or near atmospheric pressure
and has been validated experimentally in several cases including traditional drift
cell ion mobility spectrometry (IMS) and high field asymmetric waveform ion
mobility spectrometry (FAIMS) [49-51].
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1.4 Fused Deposition Modeling

Fused deposition modeling (FDM) is a 3D printing process by which a molten
plastic is extruded through a heated nozzle to form an object one layer at a time
[52]. While there exist a number of different 3D printing technologies, FDM is
relatively inexpensive and there are a wide array of machines and materials
available to consumers. Generally, a thermoplastic filament is fed to a moving print
head by a drive gear at well-defined rates for the manufacture of an object on the
print bed. Common materials used in FDM include poly (acrylonitrile butadiene
styrene) (ABS), polylactic acid (PLA), polyamide (nylon), polyethylene tereph-
thalate (PET), polycarbonate (PC), etc. The plastic filament must have a
well-defined diameter (generally £0.05 mm) in order to produce an object with
good precision.

The general scheme for producing an object by FDM involves four parts:
(1) computer modeling of the object, (2) conversion of the model to appropriate
format, (3) generation of machine tool paths, and (4) transfer of tool paths to the
machine for object production. The object can be modeled in any of a number of
computer aided drafting (CAD) programs depending on their availability. For the
work presented herein all objects were initially modeled in Autodesk Inventor
(Autodesk, CA, USA). The 3D model is then converted to a file type that represents
the surfaces of the object with polygons, typically this is accomplished by exporting
the part to a suitable file format. The most common file type being stereolithog-
raphy file format (.stl). The.stl file is then processed using a “slicing” software
which divides the object into layers and generates tool paths, most often in the form
of G-Code. Within the slicing engine, several parameters can be set, including infill
percentages, extrusion width, speed, and layer height. Objects manufactured by
FDM are very seldom fully filled with material, but rather a sparse infill and solid
perimeters. This lessens total material consumption and printing time, as well as
minimizes errors caused by diameter variation in the filament. The layer height
determines the resolution of the final printed object in the Z-direction, that is, the
axis orthogonal to the layers produced. After the slicer has been run, the G-Code
commands are sent serially to the control electronics of the printer. From these
commands, the printer generates a 3D object one layer at a time.
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Chapter 2

Ion Transport and Focal Properties
of an Ellipsoidal Electrode Operated
at Atmospheric Pressure

2.1 Introduction

Most frequently, ions are transported from ambient pressure and manipulated under
low pressure conditions. While a vacuum environment is necessary to make precise
measurements of an ion’s mass-to charge ratio, the ability to effectively control ion
trajectories and spatially manipulate ions without the use of vacuum systems is of
great interest in a number of different fields. Modifications to surfaces made using
low energy molecular ion beams [1-9] are of particular note. Such modifications
include cases in which the ion/surface interaction occurs at atmospheric pressure
[10, 11]. Applications include the chemical functionalization (derivatization) of
surfaces [12, 13] and the preparation of thin films [14, 15]. While thin film
preparation typically uses exposure to highly controlled yet poorly characterized
plasmas [16], polymer film deposition using ion beam conditioning has become
increasingly common [17]. Ambient ionization, particularly in the field of analytical
mass spectrometry relies on the ionization and subsequent transfer of ions to a
vacuum system for analysis. This field focuses on the analysis of samples via mass
spectrometry in their native state, with little-to-no sample preparation. A wide
variety of ambient ionization methods have been developed and include spray,
laser, and plasma techniques which are used to generate representative ions [18,
19]. The growth of interest in gas-phase ion chemistry under ambient environment
raises obvious concerns regarding ion transport and focusing at atmospheric pres-
sure. An understanding of factors which contribute to the efficiency by which ions
are transported has come both empirically (e.g. the transport over several meters of
ions generated by desorption electrospray ionization, and their delivery to a mass
analyzer [20]) as well as through fluid dynamics simulations [21]. These simula-
tions have confirmed that once laminar flow is established in a transport tube,
modest suction will move typical organic ions long distances through air without
significant losses.

© Springer International Publishing AG 2017 11
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The issue of ion focusing in air is has importance beyond the ambient ionization
methods. In particular, all forms of spray ionization, including electrospray ion-
ization (ESI), yield droplets, the fission of which results in a highly dispersed spray
plume in which the ion concentration decreases rapidly with distance from the
source [22]. This undesirable effect is compounded by the fact that the droplets
undergo further fission and desolvation before producing gas-phase ions that can be
analyzed by a mass spectrometer. Increased distances of travel are needed for more
effective desolvation [23, 24]. On the other hand, the small sampling orifices
(generally 1 mm or less, inner diameter) needed for vacuum compatibility greatly
restrict the fraction of ions that may be sampled from the spray plume. Because of
these factors, ion collection efficiency is low, typically a small fraction of the ions
produced (often <0.1 %) by the ionization source [22, 25].

Multipole ion guides based on collisional focusing through the application of
radio frequency (RF) fields have been utilized to increase transport efficiency at
lower pressures (0.1-10 mtorr) but the same effect is not observed at atmospheric
pressure [26, 27]. Another popular approach is through the use of electrodynamic
ion funnels. Ion funnels are composed of stacked ring electrodes of decreasing
diameter to which DC and RF potentials are applied. In some cases these have
improved sensitivity by more than 10 fold when operated in the first differentially
pumped regions of a mass spectrometer. However, the ion funnel is only effective in
the pressure range of 0.1-30 torr and is a mechanically complex device [28]. Other
methods utilizing stacked ring electrodes have also been demonstrated as a means
of increasing ion transmission; however their function is limited to intermediate
pressures (ca. 1 mtorr—1 torr). Such methods include the traveling wave ion guide
which uses electrodynamic potentials to confine ions radially along with a super-
imposed voltage pulse to transport ions axially, and the periodic focusing ion guide,
which uses only DC potentials to provide periodic ion focusing [29, 30]. As the
majority of ion loss takes place at the atmospheric pressure interface of a mass
spectrometer, improvement in transport from ambient pressure to the first differ-
entially pumped region is needed to improve sensitivity significantly.

Herein is described the use of a simple elliptical electrode to which only DC
potentials are applied to facilitate the efficient transport and focusing of ions at
atmospheric pressure. An ellipsoidal shape was chosen to be compatible with the
intended future use of an array of spray tips as a means of increasing ion currents.
The ellipsoidal shape provides symmetry in the sprayer orientation as each sprayer
can be angled to spray towards the same point while experiencing equivalent
potentials imposed by the focusing electrode structure. Interest is concentrated on
ions produced by ion sources which have low solvent flow rates, typified by
nanoESI. The focal properties of the electrode system is explored through the use of
a detector that operates at ambient pressure. Quantitative measurements of ion
transfer efficiency are made using ionized dyes which, after soft landing onto a
surface, can be rinsed off and quantified spectrophotometrically. When interfaced to
the atmospheric pressure inlet of a mass spectrometer, the ion optical system
described here is shown to increase ion transport efficiency by a factor of 100 over
distances of several centimeters.
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2.2 Experimental

2.2.1 Chemicals and Instrumentation

All mass spectra shown herein were taken on a Thermo LTQ linear ion trap mass
spectrometer (Thermo Scientific, San Jose, CA, USA) over a mass range of m/z 100—
2000. Prior to use, the instrument was calibrated according to procedures outlined in
the LTQ user manual. Solutions for positive ion calibration were prepared in-house
and consisted of a mixture of caffeine, a short chain peptide salt (Met-Arg-Phe-Ala
acetate, MRFA), and Ultramark 1621. For negative spectra sodium dodecyl sulfate
and sodium taurocholate was included in the positive ion mixture. These solutions
were prepared according to instructions provided in the user manual. Detection of
the spatial distribution of ions at atmospheric pressure was accomplished through the
use of an IonCCD™" detector system (OI Analytical, Pelham, AL, USA) with an
integration time of 100 ms. Experiments in which the transport efficiency of ions
was tested utilized a 1 mM solution of thodamine B in 4:1 methanol:water (v:v).
A Cary 300 UV-Visible spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA) was used for the collection of absorption spectra. Chemicals and solvents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2.2 Ion Transport and Beam Profiling

The assembly used to demonstrate the transmission and focusing of ions beams at
atmospheric pressure in the experiments discussed within this chapter is shown in
Fig. 2.1 as a cutaway view with relevant axes identified. It was manufactured from
a solid stainless steel block which was milled out to form a polished, half-ellipsoidal
cavity (4.3 and 1.8 cm major and minor radii, respectively). Holes were drilled on
the top portion of the block, to allow for the insertion of nanoESI tips for the
generation of ions, as well as a single inlet on the bottom portion through which a
supplementary gas flow could be introduced. Dry nitrogen was delivered from a
compressed cylinder for experiments in which a gas flow was employed.
A polyether ether ketone spacer (PEEK) provided electrical isolation of the ellip-
soidal electrode from grounded aluminum plate covering the opening of the cavity.
For all experiments the spacing between the aluminum plate and the opening of the
stainless steel electrode (z = 0) was 2 mm.

Generation, transport, and subsequent focusing of ions was accomplished by first
inserting a nanoESI spray tip through one of several holes in the top of the steel
electrode. Once the spray tip was inserted, the potential on the spray tip and
ellipsoidal electrode were adjusted such that the difference between the two was the
effective spray voltage, and the difference between the electrode and aluminum
plate was the focusing potential. For example, a potential of 3 kV applied to the
electrode, 4.0 kV to the sprayer, with the aluminum plate held at ground results in a
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Fig. 2.1 Two dimensional representation of focusing assembly showing the stainless steel
electrode (black), spray tip (blue), PEEK insulator (gray), and the grounded aluminum plate
(green). Direction of axes are shown in the lower left with the x-axis orthogonal to the paper. The
dashed line represents the center (z) axis of the electrode and the orange line is used to show the
opening plane of the ellipse and is used to define z = 0. Red traces are plots of ion trajectories

positive-mode electrospray at a spray voltage of 1.0 kV with a focusing potential of
3.0 kV. Focusing potentials ranging from 1 to 6 kV with spray voltages in the range
of 0.6-3 kV were used for all experiments described.

The full profile of the ion beam exiting the ellipse was determined by mounting
the TonCCD™ with the pixel axis parallel to the y-axis and sprayer. Ion intensity
profiles were taken in 0.5 mm increments across the x-axis as shown in Fig. 2.2.
This experiment, including the ionization, ion transport, and detection steps was
done in air without supplementary gas flow. The elliptical electrode and sprayer
were held at potentials of 4 and 5 kV, respectively, while the sprayer was 25 mm
from the opening plane of the ellipse (z = —25 mm). The instrument calibration
mixture was used as the spray solution in all cases.

2.2.3 Ion Transport Efficiency

The efficiency of ion transport achieved with the use of the elliptical electrode
assembly was explored by spraying a known amount of rhodamine B solution (1 mM)



2.2 Experimental 15

-2
-3
1200
-4
E 5 1000
E ., =
c 2
2 800 o
z 7 5 90°
e ]
— B 600 3
X 3
o :
400
[
-10
5
=1 200
12
0
-13 -

3 4 5 6 7 8 9 10 1
x-axis position (mm)

Fig. 2.2 Intensity profile of ion beam exiting ellipse in arrangement shown in Fig. 2.1, with the
grounded aluminum plate replaced by an IonCCD™ detector. Potentials on ellipse and sprayer
were 4 and 5 kV, respectively. Experimental setup for profiling experiment is shown in the right
segment of figure

at different distances from the counter electrode (grounded aluminum plate) with and
without the use of the elliptical electrode. The ions created were directed to and
collected on the grounded aluminum plate. The material deposited on a square 1 cm?
area corresponding to the most intense region of each deposited spot was redissolved
in 1:1 methanol:water (v:v) and the solutions were analyzed for concentration by UV—
Vis spectrophotometry, by employing standards of known concentration to construct
a calibration curve. Quantitation was based on maximum absorbance at a wavelength
of 551 nm where the molar absorptivity is 105,700 M~' cm™".

2.2.4 Ion Trajectory Simulation

Several simulations were performed using the SDS algorithm to determine the
trajectories of ions within the electrode and analyze the effect of varying potentials
applied to each component as well as the positioning of the nanoESI tip within the
electrode. The files used to generate the geometry for machining the electrode were
converted to potential array (PA) files using the SL Toolkit included with SIMION
8.0. These arrays were refined using the skipped point refining method to solve for
the electric field within the electrode. In each simulation the reduced mobility and
diameter of each ion was estimated via the SDS algorithm. 2D images of simulated
ion intensity at the deposition surface were constructed from simulation data using
custom Matlab programs developed for SIMION data analysis.
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2.2.5 Mass Spectrometer Interface

The electrodes were coupled to the atmospheric pressure inlet (API) of the mass
spectrometer by drilling a 2.36 mm hole through the aluminum plate and inserting
the 3.15 mm protrusion of the 2.28 mm outer diameter API capillary. The voltage
on the capillary, as set in the LTQ software, was 15 V and electrical contact caused
the potential on the aluminum plate to match this. Ions were sampled into the
vacuum system of the MS through combined effects of suction at the opening of the
API capillary as well as electrostatic focusing as a result of the potential applied to
the focusing electrode. It is important to note that because of the relatively large
area (1 sz) to which focused ions are directed, only a fraction of the ions
impinging on the aluminum plate are sampled by the MS. LTQ calibration mix
containing caffeine, MRFA peptide, and Ultramark 1621 was used as the spray
solution in all experiments. The dependence of mass spectral intensity on the
voltage applied to the different components was tested by scanning the potential of
the ellipse from 1 to 6 kV while the sprayer was held at a constant offset of +1 kV
in relation to the ellipse potential. The intensities of the protonated caffeine ion (m/z
195), MRFA peptide (m/z 524), and a peak from the Ultramark 1621 (m/z 1322)
were recorded as a function of the potential applied to the ellipse.

2.3 Results and Discussion

2.3.1 Focusing of Electrosprayed Ions

A 2D intensity map of ions impinging on the deposition surface was constructed
from intensity profiles (dN) at each position along the x-axis, shown in Fig. 2.2.
Potentials applied to the sprayer and electrode were 5 and 4 kV, respectively. The
resulting intensity plot indicates that the highest ion intensity occurs in the region
nearest the spray tip.

Cross-sections (through center of ellipse opening plane, parallel to the y-axis of
Fig. 2.2) of spatially resolved ion intensity were recorded using the TonCCD"™
while the elliptical electrode was held at a constant potential of 4 kV and the
sprayer was positioned 25 mm from the opening plane of the ellipse (z = —25 mm).
The spray potential was varied from 4.6 to 6 kV, corresponding to offset potentials
of 0.6-2 kV. While an increase in the offset potential increased the overall ion
intensity, this also had the effect of broadening the profile (i.e. widening the
deposition area). The broadening was likely due to the electrical fields created by
the potential difference of the spray tip from the ellipse. The asymmetric nature of
the ion beam was most likely the result of the orthogonal position of the sprayer
relative to the center axis of the ellipse. The spray was positioned in this manner so
that neutral droplets expelled from the spray tip would impinge on the electrode
wall rather than be accepted into the MS. The asymmetry is not observed when the
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spray direction is in-line with the center axis. The effect the offset voltage (spray
potential—ellipse potential) has on both the intensity and spatial distribution of ions
exiting the ellipse is shown in Fig. 2.3a.

If one considers the relationship between the maximum recorded intensity as a
fraction of the total intensity (I,.x/Iior) @s a function of the potential offset between
the spray tip and the focusing potential it is possible to develop a method of
quantifying the focal abilities of the electrode under different conditions. A plot of
this is shown in Fig. 2.3b. From the plot it is clearly evident that lowering the
potential offset of the spray tip from the focusing potential results in greatly
increased focal abilities. Additionally, the asymmetric nature of the ion distribution
is almost entirely eliminated at lower potentials compared to the distributions
obtained at higher offset potentials. While a smaller number of ions are created, the
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better focusing will allow a larger percentage of ions to be sampled by a mass
spectrometer, improving overall efficiency and reducing the sample volume needed
for analysis. This effect is likely due to the repulsive nature of ESI plume, which is
magnified at higher potentials as the density of charge increases at the spray tip.
The effect of a gas flow on the focal and transport properties of the device was
examined by subjecting the ions to a nitrogen flow from a compressed gas cylinder.
The pressure of the nitrogen line, as determined by the regulator, was approxi-
mately 5 psi and the interior of the device was assumed to be at atmospheric
pressure. Spatial ion distributions were recorded by the lonCCD™ at different offset
potentials while the ellipse potential was held constant in the same manner as
described earlier. Results of these experiments show an increased intensity and an
increased symmetry in the ion beam cross-section; however, the better focus at low
offset potentials was not observed. This effect is likely due to the transport of ions
and charged microdroplets from areas of low electric field strengths to those of
higher strength where they are more highly influenced by electrostatics.
Additionally, the removal of solvent vapor decreases its partial pressure within the
spray plume to afford more effective solvent evaporation according to Henry’s Law.

2.3.2 Simulated Ion Trajectories

A simulated map of the ion flux at the grounded deposition plate is shown in
Fig. 2.4. Each of the images in the figure show the predicted effect of altering the
potential applied to the spray emitter. From these results it is evident that altering
this potential is likely to have a noticeable effect on the resulting ion beam shape as
it exits the electrode. A range of different ion mobilities was explored via simu-
lation, each providing the same resulting intensity plots at the grounded plate. It is
important to note that these simulations do not attempt to predict the overall
intensity difference under these varied conditions. The total ion current is much
greater at higher emitter potentials so it is reasonably expected that the true current
at the surface would in fact be much greater in Fig. 2.4c when compared with
Fig. 2.4a.

While space charge plays a role in determining the trajectories of ions within the
electrode, the methods of incorporating space charge included with SIMION do not
effectively model the space charge interaction at ion sources. Because of this, these
effects were not included in the simulations of ion motion in the elliptical electrode.
Instead, ions were given an initial filled sphere distribution centered at different
locations relative to the nanoESI spray tip. This method allows for a qualitative
understanding of trajectories ions undergo in the elliptical electrode to aid in the
improvement of electrode designs.

The simulated contour plots of ion intensity when the spray emitter is set 1 kV
above that of the elliptical electrode appear to mimic the shape of the experimen-
tally mapped ion intensity (to a limited extent) as measured with the lonCCD™
detector. As the spray potential is raised (in relation to the focusing potential), this
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Fig. 2.4 Contour plots of simulated ion intensity at the ground plate of the ellipse for sprayer
potentials of a 6, b 6.5, and ¢ 7 kV. Ellipse potential was 5 kV in all cases. Ions were given a
filled-sphere initial distribution with radius of 1 cm, centered 0.5 cm below the axis of the ellipse,
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to the center of ellipse opening plane
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correlation no longer holds, yet the experimentally observed result of a broadened
ion beam is apparent. One likely reason for this disagreement between experiment
and simulation is that the phenomenon of charged droplet trajectories from a spray
tip is not well modeled with the SIMION-SDS model. The effects of droplet
evaporation, droplet breakup, and the differing velocities of droplets ejected from
the tip in the range of potentials studied are not considered. The use of the
SIMION-SDS algorithm did however, allow for a qualitative study and under-
standing of ion behavior inside the elliptical electrode.

2.3.3 Ion Transport Efficiency

The overall efficiency of ionization by nanoESI and ion/charged droplet transport to
a collector surface was measured with and without using the elliptical focusing
electrode through the deposition of the dye rhodamine B. The sprayer was 17 mm
from the grounded aluminum collection plate (15 mm from the opening plane of the
ellipse) in both experiments while voltages of 4 and 5.5 kV were applied to the
ellipse and sprayer (1.5 kV difference) in the experiment with the focusing elec-
trode and a spray potential of 1.5 kV was used without the ellipsoidal lens.
Rhodamine B was diluted in 4:1 methanol:water (60 pL, 1 mM) and sprayed at a
grounded aluminum plate. Following the deposition, the resulting material on a
1 cm? area on the grounded aluminum collection surface, (centered on the depo-
sition area), was redissolved in 1:1 methanol:water (v:v), diluted to a known vol-
ume and analyzed for concentration by UV-Vis spectrophotometry. Around 15 %
of the thodamine B in the spray solution was deposited in the 1 cm? collection area
using nanoESI without the elliptical electrode. With the elliptical electrode and
using the same sprayer to counter electrode distance, the entire visible spot was
confined within the 1 cm? collection area. Measurement of the concentration of the
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Scheme 2.1 Rhodamine B species in solution at low pH /, moderate pH 2, and high pH 3

dye taken up in a fixed volume of solvent showed that the contents of this spot
corresponded to 70 % of the theoretical yield. These results show that the elliptical
electrode is able to concentrate ions/charged droplets into the deposition area to
produce a four-fold increase in ion intensity when compared to nanoESI without the
use of a focusing electrode. The 1 cm” collection area was chosen to represent
applications in ambient surface preparation techniques. It is not representative of
applications in which ion transfer into a mass spectrometer from an atmospheric
pressure ion source is of interest; in such cases the sprayer would be placed closer to
a much smaller entrance capillary.

It should be noted that the 70 % efficiency value measured includes both ion-
ization and transport to the collector surface and both processes individually must
therefore be highly efficient. Attempts to draw distinctions between dry ion, sol-
vated ion, and charged droplet focusing were not made, as these are all instances of
charged particle focusing which was the objective of the experiment; however, it
does seem to be important to determine the significance of the transport of analyte
in the form of charged droplets. To make this distinction, the above deposition
experiments were repeated using a rhodamine B solution doped with ammonium
hydroxide, to give a pH of approximately 9 (0.148 M NH4OH). Rhodamine B
exists in three different forms which depend on the solution pH, as shown in
Scheme 2.1 [31].

Atlow pH (—1 to 0) form 1 is favored, but in a solution of moderate pH (1-3), as
is found in the spray solution absent a pH modifier, the cation 2 can be assumed. In
a solution of higher pH the zwitterion (3) will be the favored form. Although
droplet desolvation during drying in air will result in a lowered pH, this is assumed
to contribute minor changes to the form of rhodamine B as the change is rarely
more than 2 pH units [32]. Because of this it is assumed the deposition at low to
moderate pH involves ionic species while at high pH the zwitterion should domi-
nate. The deposition of the basic ammonium solution showed a deposition effi-
ciency of 10 % when compared to theoretical yield (with the use of the elliptical
electrode). These results are indicative of the large role played by solution phase
ions in the conveyance of chemical species by electrospray, as the zwitterion (3) is
effectively neutral, limiting transport to a mechanism associated with charged
droplets and incidental neutral collisions.
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2.3.4 Mass Spectrometer Interface

The transport of ions from the elliptical lens to the MS was investigated by com-
paring the ion signal recorded by the MS using the elliptical electrode to the
intensities recorded by nanoESI without the electrode but with the same tip to inlet
distance. When the elliptical electrode was used potentials of 3 and 4 kV were
supplied to the ellipse and sprayer, respectively, while the spray tip was 22 mm
from the MS inlet. For the study of intensities without the use of the ellipse, the
sprayer was again positioned 22 mm from the inlet and was shielded from air
currents that might disrupt the signal intensity. The potential applied to the sprayer
in this case was 1 kV to match the offset potential used when the elliptical electrode
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Fig. 2.6 a Spectrum recorded for LTQ calibration solution using the elliptical electrode with
potentials of 6 and 5 kV applied to the sprayer and ellipse, respectively and b spectrum taken for
LTQ calibration solution without the use of the focusing electrode at a spray potential of 1 kV. The
spray tip to inlet distance was 22 and 3.3 mm in a and b, respectively

was employed. Figure 2.5b shows the result of these experiments by plotting a
chromatogram of several ions characteristic of the calibration solution.

The results shown in Fig. 2.5a clearly indicate that increasing the potential of the
electrode and sprayer results in an increased number of ions delivered to the mass
spectrometer. With the larger ion (m/z 1322), the intensity increase is not as dra-
matic. As larger ions are less mobile than their smaller counterparts, they are
transported to the inlet at a slower rate so that less signal is observed. The result is
an increased sensitivity for smaller ions when using the elliptical electrode. Up to an
100 fold enhancement of ion signal was achieved with the use of the elliptical
electrode at distances of several centimeters. It must be noted that intensities higher
than those obtained with the elliptical electrode are possible through the use of
nanoESI alone. This is accomplished by placing the spray tip in close proximity (2—
5 mm) to the inlet; however, this does not always allow for sufficient evaporation of
solvent and the spectra obtained are remarkably different in regards to relative ion
intensity. Additionally, operation in this manner has the potential to introduce a
large amount of contamination on the inlet of the mass spectrometer, manifested as
carryover between experiments. One exemplary result of the use of the elliptical
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electrode was a 4-fold increase in the signal to noise ratio for the detection of
MRFA peptide (m/z 524) over that achieved even at optimum proximity for
nanoESI without the focusing electrode (Fig. 2.6).

The congested appearance of the m/z 150-300 range in Fig. 2.6a also supports
the conjecture of a mobility dependent ion delivery when using the ellipsoidal
electrode as these ions are the same as those seen in low abundance in Fig. 2.6b.
A spray distance of several centimeters is impractical for normal nanoESI analysis,
but this distance allows for the inclusion of additional sprayers at different distances
when the objective of the experiment is to obtain large ion currents. Such cases
include ion soft landing, surface modification using ions under ambient conditions,
as well as the exploration of novel chemistry observed in ambient ion-molecule
reactions in which higher yields remain an issue for practical use.

2.4 Conclusions

In this study simple DC-only potentials were applied to an ellipsoidal focusing
element to focus organic ions generated by nanoESI in air. The ion focusing
depends on the voltage of the elliptical electrode, that of the ion source, and the
distance between the source and the MS aperture. Focusing improved signal in
experiments representative of two scenarios: (i) atmospheric pressure surface
modification of a relatively large surface area using an ion beams and (ii) ion
introduction into a mass spectrometer from a sprayer placed at a fixed and relatively
large distance from the inlet. In the first type of experiment an ion transport effi-
ciency of 70 % and a stable signal was achieved relative to ca. 15 % without
focusing. In the second type of experiment the relative intensity for the peptide
MRFA was four times larger at 22 mm with the focusing lens than it was at 3.3 mm
without focusing. Simulations of ion motion matched experiments reasonably well
in consideration of the simplified simulation environment employed.
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Chapter 3
Ion Manipulation in Air Using a System
of Curved 3D Printed Plastic Electrodes

3.1 Introduction

Mass spectrometry (MS) is arguably one of the most widely used scientific tools
with applications ranging from complex mixture analysis [1, 2] to molecular
biology [3] and even large-scale purification and materials preparation [4, 5].
Because the fundamental basis for MS relies on a low number of collisions, the
operation of a mass spectrometer requires the establishment of a low pressure
environment. The first forms of mass spectrometry required that ions be produced
within the vacuum system of the instrument, greatly limiting the range of com-
pounds that could be analyzed and the throughput of analysis. This problem was
largely solved with the development of atmospheric pressure interfaces (APIs),
which allowed for ions to be generated at atmospheric pressure, removed from the
vacuum system necessary for mass analysis. As a direct result, ambient ionization
methods were born. Ambient ionization methods allowed for a sample to be directly
interrogated with little-to-no sample preparation [6]. While ambient ionization
provides a means of sampling, the ions produced must still undergo transfer,
focusing and analysis under vacuum conditions. This is problematic as vacuum
pumps are perhaps the greatest barrier to overcome in the development of miniature
MS systems due to both their size and the amount of power required for their
operation, which limits their practical use in a number of application areas [7].

Another method of analyzing gas-phase ions, which doesn’t necessitate the use
of a vacuum system is Ion mobility spectrometry (IMS). IMS is often coupled to
MS platforms as a means to achieve another dimension of separation [8]. In IMS
ions are separated based on their interaction with a background gas in combination
with electric fields [9]. IMS instruments are typically operated at pressures much
higher than that of an MS system, including atmospheric pressure; however, in
order to attain acceptable resolution it is necessary to establish laminar gas flow
throughout the analysis region as well as maintain a highly uniform pressure,
temperature, and gas composition.

© Springer International Publishing AG 2017 25
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In their current forms, both MS and IMS share commonalities in regards to the
creation of ions in the ambient environment and their subsequent transfer into an
analysis region in which pressure, temperature, and humidity are well regulated.
The spatial control of ions under vacuum is a mature subject and is employed in a
wide range of instruments which includes MS and IMS systems as well as electron
microscopes, particle accelerators, as well as a variety of surface analysis and
modification methodologies [10, 11]. Yet, the control of ions at or near atmospheric
pressure is much less developed, despite the rich chemistry accessible at these more
manageable conditions. In recent years there have been a number of publications
highlighting the unique reactivity of gaseous ions under ambient conditions and
their use in the preparation of surfaces [12—15]. The manipulation and control of
these ions is crucial if they are to be utilized to full potential.

The aim of this work is to perform all of the relevant tasks required for an MS or
IMS system by demonstrating the generation and transfer of ions, their subsequent
focusing, ion/molecule reactions in the gas-phase, separation of ions, and finally to
detect ions; all performed in the ambient environment. Furthermore, all of these
demonstrations are shown using plastic electrodes produced via rapid prototyping.
Of which any lab equipped with a low-cost FDM 3D printer is capable of pro-
ducing. In some experiments the device is used to prepare ions for subsequent
analysis by a mass spectrometer while in other cases the electrodes are operated
independently as a reactor/analysis system.

3.2 [Experimental

3.2.1 Production and Focusing of Ions in Air

Gas phase ions are commonly produced through the use of electrospray ionization
(ESD). In brief, the principle of ESI is based on the principle that upon desolvation,
electrosprayed droplets produce ions of organic molecules with very little, if any
fragmentation [16]. Current MS and IMS instruments rely heavily on the use of ESI
as a method of producing ions from aqueous solutions, especially in the field of
proteomics. In additions to these roles, ESI is the basis for a number of ambient
ionization sources including: desorption electrospray ionization (DESI), laser
ablation electrospray ionization (LAESI), extractive electrospray ionization (EESI),
paper spray ionization (PS), etc. [6]. Perhaps one of the most profound caveats of
this otherwise robust ion source is the inherent low ionization efficiency. This, in
combination with the dispersive nature of an ESI plume typically results in all but a
miniscule portion of generated ions lost to the surrounding environment. As a result
a very small fraction of ions are available for analysis in MS experiments [17]. The
overall effect is a decrease in analytical sensitivity and inefficient product collection
in preparative experiments such as ion soft landing [18, 19].
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(b)

Fig. 3.1 3D printed electrode assembly interfaced with inlet of MS (a); cutaway rendering of
assembly with overlaid ion trajectories shown in red (b); Surface plot of electric field magnitude
overlaid with electric field streamlines (green traces) originating in a 10 mm diameter sphere
centered in Egyyce, 11 mm distant from the nanoESI spray tip (c). Potentials applied to electrodes
are identical to those given in Fig. 3.5a, ¢

While it is only ions that produce the signals measured in MS and IMS, the
presence of adventitious neutrals can produce undesirable effects in both instances.
Neutral species place a larger load on the vacuum system (notably evaporating
solvent droplets) and may undergo reactions with the ions of interest to produce
unexpected species that complicate analysis [20]. Additionally, in the case of ion
soft-landing, neutral impingement on the deposition surface negates the highly
discriminatory nature of the ion selection prior to the surface collision.

In an attempt to address sensitivity and neutral transmission complications, a
curved electrode system was constructed from a conductive polymer using a fused
deposition modelling (FDM) 3D printer. The assembly is composed of a cylindrical
source electrode region (Egyyce) With an inner diameter (ID) of 20 mm and a length
of 30 mm, proceeded by 3 curved electrodes (E,) with an ID of 15 mm and a swept
angle of 45° around a 15 mm radius of curvature. All electrodes are separated by
3 mm with spacers printed in either acrylonitrile butadiene styrene (ABS) or
polylactic acid (PLA). The design of this electrode assembly is such that ions
produced via ESI within the source region are focused into a well-defined spot at
the deposition surface. This is achieved through the application of appropriate
potentials to separate electrode components. A direct line-of-sight from the ion
source to the deposition surface is avoided by the curved design, as such, neutral
solvent droplets are blocked from contaminating the deposition surface or the API
of a mass spectrometer. The device is shown in Fig. 3.1 interfaced with the inlet of
a mass spectrometer and is accompanied by a cutaway rendering which displays an
overlay of simulated ion trajectories. The low-cost, wide availability, an
ever-expanding selection of materials, and the rapid manner of production makes
FDM the ideal manufacturing strategy by which parts such as these are produced.
The entire assembly discussed in this chapter was constructed in under 3 h,
including spacers and electrode components.
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3.2.2 Simulations of Ion Motion

Simulations of ion trajectories within the device were performed with SIMION 8.0
(Scientific Instrument Services) and the included statistical diffusion simulation
(SDS) algorithm [21]. At atmospheric pressure, it is not computationally efficient
to utilize traditional hard-sphere collision models as the mean free path in air
is ~ 67 nm [22]. Instead, the SDS algorithm calculates ion motion based on ion
mobility and a simulated diffusion in the form of “jumps” in a random direction at
each time step, the magnitude of which is determined based on collision statistics
[21]. A more detailed discussion of ion trajectory simulation at atmospheric pressure
is given in Sect. 1.3. The workflow from design to simulation was inherently sim-
plified through the use of the SL toolkit included with SIMION. Within the SL
toolkit the user may import geometry in the form of stereolithography (.stl) files. The
surface mesh defined by the .stl files is read by the SL tookit and used to generate
potential array points. Through the use of a Runge Kutta iterative method, these
points are used to solve for a scalable electric field, the basis of the simulation
environment in SIMION. Because .stl is the native file format accepted by most
software packages to prepare files for 3D printing, the same files may be used for
both electrode production and trajectory simulation.

3.2.3 Imaging of Focused Ion Stream

The ability to generate, transmit, focus, and detect ions in air with the curved
polymeric electrode system was demonstrated by spraying a mixture of tetraalky-
lammonium (TAA) bromide salts (10 uM in acetonitrile) from a nanoESI emitter
into the source region (Egqyce) Of the curved electrode. Images of ion intensity at the
exit region of the curved electrode system were reconstructed from data obtained by
scanning an TonCCD™ detector (OI Analytical, AL, USA) across the exit orifice of
the final electrode. In brief, the TonCCD™ was mounted onto a computer con-
trolled moving stage and the detector slit was scanned across the exit of the last
electrode at a fixed rate of 0.1 mm/s with the detector integration time set to
100 ms. An illustration of this process is shown in Fig. 3.2.

Throughout this process a potential of 10 V was applied to the IonCC
housing. The application of this potential establishes a mild electric field in the
space between the electrically floated detector array and the aluminum enclosure
(0.711 mm). As a consequence ions are drawn to the detector surface which results
in the observation of a more intense signal. A Matlab script was used to extract
individual scans taken during the acquisition period and reconstruct these into 2D
images of ion intensity on the basis of detector integration time and the moving
stage velocity. These values were used to calculate position along the scan axis
(Y(v)) for each detection cycle of the IonCCD™.

DTM
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Fig. 3.2 Diagram illustrating 0 Pixel Axis

how TonCCD™ data was 0 >
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ion intensity from individual
integration time steps. The
detector slit is indicated by the
blue transparent box

=
=
]
]
]
]
]
1
]
]
]
]
]
]
1
]
1
1
]
]
]
1
]
]
]
]
1
]
1
]
]
]

1mm

Scan Axis

V(mm/s)

Y(t)=Vxt
v t = time (s) at start of ionCCD integration

v

3.2.4 Ion Transfer Efficiency

An experimental examination of ion transmission through the electrode system was
performed by spraying a mixture of 10 uM tetrapropyl-, tetrabutyl-, tetrahexyl-, and
tetradodecylammonium bromide in ACN through a pulled nanoESI emitter (5 pm
tip) into the source region (Egyc.) Of the device shown in Fig. 3.1b, c. A Keithley
6487 picoammeter was used to monitor the current impinging on an aluminum slide
(Tsurface)s positioned 1 mm from the exit of E3. The current measured at this surface
was compared to the total spray current (Igpr.y). The magnitude of I, was
determined by monitoring the voltage drop across a 4.7 MQ resistor connected in
series between the spray tip and high voltage source and calculating the current
passing through the resistor from this value and the resistance, as determined by
Ohm’s Law. Unless otherwise noted, the spray tip was inserted 1 cm into Eqyce
and potentials applied to each electrode were identical to those given in Fig. 3.5a-c.

3.2.5 Ion/Molecule Reactions

Ton/molecule reactions (IMR) have been shown to have great analytical utility,
especially in the case of structural elucidation [23-25]. IMRs in the gas phase offer
several benefits compared to their solution counterparts. Very little neutral reagent
is required for an IMR and often the headspace vapor is sufficient to generate
measurable product. Reaction rates and efficiencies are also inherently high for
most IMRs, meaning that analytes in trace quantities will still form a detectable
product [24]. This is especially true for IMRs performed at atmospheric pressure in
IMS instruments, as the number of collisions per second is dramatically increased in
comparison to the same reaction performed in an ion trap under vacuum [26].
However, the lack of straightforward identification of products in IMS generally
requires the use of tandem IMS-MS instrumentation [26]. Often, significant
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Fig. 3.3 Cutaway view of
modified electrode system
showing opening for neutral
vapor introduction

modification to MS instruments must be made in order to perform ion/molecule
reactions, which can be costly and time-consuming. The coupling of IMS to MS
instruments suffers from similar drawbacks.

As a proof-of-concept demonstration of an ion-molecule reaction performed
with the plastic electrode system in air. Protonated tert-butylamine and cyclo-
hexylamine ions were generated by nanoESI from 10 ppm solutions in methanol.
As these ions passed through the electrode system they were exposed to the vapor
emanating from cotton swab saturated with a solution of 1000 pg/mL dimethyl
methylphosphonate (DMMP) in the last region (E3) of the electrode system shown
in Fig. 3.3. In order to introduce DMMP vapor, the final electrode was replaced
with an electrode having a hole through which the cotton swab could be inserted.
A depiction of this is shown in Fig. 3.1a, however it should be noted that for IMR
experiments the electrodes were arranged such that the final electrode (E;) con-
tained the hole and not E, as shown in Fig. 3.la. Accurate positioning of the
electrodes was performed by mounting the assembly to a 3 axis moving stage such
that the exiting ions were sampled with the API of an LTQ linear ion trap (Thermo).

3.2.6 Separation of Ions in Air

The most common method of sorting ions in the gas-phase is on the basis of their
mass-to-charge ratio (m/z) such as that performed in MS experiments. Alternatively,
they may be separation based on an interaction with a background gas in the
presence of well-defined electric fields as is done in IMS instruments. Separation
based on m/z necessitates the use of a vacuum system, whereas a laminar flowing
gas is used in the instance of an ion mobility separation performed at atmospheric
pressure.
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In an effort to demonstrate a simplified separation of ions in air without the use
of a vacuum or a flowing gas, pulsed voltages were employed with the electrode
system as a means to inject ions into the curved ion path and effect a separation of
tetraalkylammonium (TAA) cations. Controlled injection of ions into the turning
electrodes was accomplished by modifying the electrode system to include a region
separated by two stainless steel woven wire meshes separated by 3 mm (ion
injection region) as is shown in Fig. 3.4. A solution of 10 uM each of tetrapropyl-,
tetrabutyl-, tetrahexyl-, and tetradodecylammonium bromide in ACN was sprayed
with a nanoESI emitter into Egoy.c.. A floated high voltage pulse (2530 V high,
2480 V low) was applied to the mesh directly after the source region with the
second mesh held flush to the opening of the first curved electrode to facilitate
electrical contact with E;. A pulse width of 50 ms with a repetition rate of 1 Hz was
used for ion injection. Potentials applied to the nanoESI electrode, E¢yyces E1, Eo,
and E5 were 4.50, 3.20, 2.50, 2.33, and 1.45 kV, respectively. Injected ion packets
were sampled and analyzed by positioning the API of the MS to accept ions exiting
E;. The LTQ was operated with an injection time of 10 ms, giving an approximate
repetition rate of 10 Hz.

A comparison of simulated ion separation under nearly identical conditions was
also carried out. Because SIMION is ineffective at modeling ion behavior at ion
sources, all ions were initiated within a uniform distribution between the mesh
electrodes compromising the injection region. Initially the voltage on the mesh
nearest the ion source was set to the high value used for injection (2530 V) for
50 ms, after this time it was lowered to match that used experimentally following an
injection cycle (2480 V) for the remainder of the simulation. This approach does
not accurately model the experimental ion distribution between the mesh electrodes
during the injection, but is used for the purposes of simplification so that arrival
times of ions at the detector (a mass spectrometer in this case) can be approximated
to determine if simulation values are in rough agreement with experimental data.

Fig. 3.4 Electrode system
modified to allow
time-resolved injection into
the curved electrode region.
An image of the mesh used is
shown inset
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3.3 Results and Discussion

3.3.1 Ambient Ion Focusing

When appropriate DC potentials are applied to the individual components of the
electrode assembly, a strong focusing effect is observed. A similar effect has been
previously observed in experiments in which a spray was generated within an
ellipsoidal cavity held at kV potentials, positioned near a grounded surface [27].
The observation of this effect is due to the propensity of ions at atmospheric
pressure to follow electric field streamlines when no external pneumatic forces are
applied. This is illustrated through a comparison of predicted ion trajectories as
shown in Fig. 3.1b and a plot of electric field streamlines originating in same region
ions were initialized (Fig. 3.1c). As stated previously, the curvature of the ion path
greatly reduces the probability of neutral transmission by avoiding line-of-sight
from the sprayer to the detection/deposition surface. Such a geometry is difficult to
machine by traditional subtractive manufacturing techniques, yet its production is
trivial through additive manufacturing methods such as FDM.

A comparison of the experimentally measured ion intensity (reconstructed
intensity plots) at the deposition surface and simulated ion distributions under
identical conditions are shown in Fig. 3.5. The similarity between simulation results
and experimental measurements show the predictive power of SIMION-SDS. The
elongation seen in the reconstructed intensity plots as compared to the simulated 2D
ion distribution at the electrode exit is likely a result of both the gap between
aluminum housing and the detector surface as well as the width of the pixel array
(1 mm). Specifically, elongation along the pixel axis may be the result of ion
diffusion during transit of the 0.711 mm gap between the housing and detector
surface. This is negated slightly by the application of a potential to the housing, but
cannot be eliminated in entirety. Additionally, there are undoubtedly artifacts
introduced by the width of the pixels (1 mm) which would contribute to the
observed elongation along the scan axis in the reconstructed intensity map. As an
example, with a scan rate of 0.1 mm/s and integration time of 100 ms, the detector
moves approximately 0.1 mm during a detection cycle, which is only 10 % of the
pixel width. Thus the intensity at each position along the scan axis includes the
entirety of ions exiting the electrode £500 um from the assigned position, Y(t).
Moreover, the true distribution of ions near the emitter tip is unknown and cannot
be accurately modeled without complex treatment. In order to simplify the simu-
lation ions were initiated with 3D Gaussian distribution (Oyy, = 5 mm) in the
source region and space-charge effects were not accounted for throughout ion
transit. Gas velocity throughout the ion path was assumed to be static (no local gas
flow). In spite of the simplified consideration of simulation conditions, ion inten-
sities as simulated at the detection surface are in good agreement with experimental
results, which highlights the utility of the SIMION-SDS algorithm in predicting the
performance of the 3D printed polymeric electrodes.
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Fig. 3.5 Experimental (a—b) and simulated (c—d) tetraalkylammonium ion intensity at deposition
surface for different electrode potentials. In (a) and (¢) potentials on electrodes E;, E,, and E; were
2.90, 2.60, and 1.80 kV, respectively; In (b) and (d) potentials on electrodes E;, E,, and E; were
2.95, 2.12, and 1.77 kV, respectively. In each case Egyyce Was set to 3.00 kV and spray potential
was set at 4.65 kV

3.3.2 Ion Transfer Efficiency

The fraction of ions which traverse the entire device varies greatly, with a large
dependence on the potentials applied to the electrodes in addition to the spray
emitter. A summary of the results of transmission efficiency experiments is shown
in Table 3.1.

Under most the most common operating conditions, such as those give in
Fig. 3.5a, ¢, 1-10 % of the total spray current is transmitted to the detection surface.
It is possible to increase transmission efficiency by iteratively tuning the potentials
on each electrode as well as the spray tip. With the tip position maintained in the
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Table 3.1 Efficiencies of ion transfer from spray tip to deposition surface under typical operating
conditions. Potentials applied to Egyyce, E1, E2, and E3 are identical to Fig. 3.5a-c. Spray voltage
is given as the difference of potential applied to the Egyy e and nanoESI spray tip

Spray voltage (kV) Tsource (NA) Tsurface (NA) Transmission efficiency (%)
0.750 3.52 0.28 7.8
1.00 19.65 0.50 2.5
1.25 37.99 0.67 1.8
1.50 56.56 0.75 1.3
1.65 67.70 0.87 1.3

same position as the data collected in Table 3.1 (inserted 1 cm into Egyyree) it was
possible to transmit 11 % of an 11.10 nA current through the device. To achieve
this, potentials of 3.89, 3.00, 2.64, 1.89, and 1.37 kV were applied to the spray tip,
Esource> E1, E», and Ej, respectively. While the ion distribution at the surface was
not mapped under these conditions, simulations show a significant increase in spot
size at the detection surface. By further adjustment of potentials and inserting the
nanoESI emitter further into Egy.ce (approximately 10 mm distant from the opening
of E;) a 55 % transmission of a 4.01 nA spray current was achieved. Potentials
applied to the spray tip, Eources E1, Eo, and E5 were 3.65, 2.50, 1.76, and 1.27 kV,
respectively.

Simulations were used as the primary tool in determining where ion losses might
occur within the devices. Under typical operating conditions as shown in Fig. 3.5a-c,
a simulation was performed in which the ions were originated uniformly within a
cylindrical volume extending from the tip of a nanoESI emitter (inserted 1 cm into
Egource as is visible in Fig. 3.1c) to the exit of Eyee. From this simulation an
“acceptance volume” (defined as the volume within the source capable of trans-
mitting ions to the deposition surface) was determined. The transmission efficiency
was also calculated from the simulated trajectories of 4 x 10* ions (10* each of
tetrapropyl-, tetrabutyl-, tetrahexyl-, and tetradodecylammonium cations) distributed
uniformly within the cylindrical volume. The resulting acceptance volume is shown
in Fig. 3.6a along with a plot of origin locations of all ions within acceptance volume
in Fig. 3.6b. Electrode points and resulting deposition spot are shown as well.

From the calculated volumes of the ion origins and resulting acceptance volume
a maximum transfer efficiency from ions originating only within Eg,. can be
calculated as 40.5 %. This number assumes that ion generation occurs only within
Egource Which is not representative of the dynamic nature of spray ionization in
which gas phase ions may be released from droplets projected beyond the confines
of Egource- A qualitative examination of simulated ion trajectories suggests that the
majority of losses occurs to the walls of E,,. With minor losses to the walls of E;.
Ton losses within electrodes E;—E; are assumed to be minimal and the transmission
efficiency of more than 50 % achieved by positioning the spray tip within 10 mm of
the entrance of E; supports this reasoning. It is expected that with further opti-
mization of the size and shape of electrodes, transmission efficiency may be
increased significantly.
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Fig. 3.6 Volume encompassing ion origin locations represented by green mesh, and acceptance
volume represented by red mesh (a); 3D scatter plot showing origin location of ions within
acceptance volume (red points), electrode points (blue), and resulting deposition spot (black) (b).
Potentials applied to emitter and electrodes are identical to Fig. 3.5a-c

3.3.3 Ion/Molecule Reactions

When performing ion/molecule reactions within the final electrode the ion beam
exiting the electrode structure was precisely aligned with the inlet of the MS. Once
this alignment condition was established it was observed that the signal recorded by
the mass spectrometer was largely independent of the position of the nanoESI spray
tip within E,.. This was realized by repositioning the spray tip with the 3 axis
moving stage while recording MS spectra. Other than cases in which the spray tip
was removed from Eg,,... or moved to within 1-2 mm of the electrode walls, MS
spectra and intensities remained unchanged. This effect has potential utility in
decoupling spray position from recorded intensities to improve reproducibility
when changing spray tips.

Mass spectra of the ion/molecule reactions between protonated cyclohexylamine
and tert-butylamine ions with DMMP vapor as sampled from the final region of the
polymeric electrode assembly are shown in Fig. 3.7. Similar IMRs using analogs of
DMMP have previously been demonstrated for the identification of amino func-
tionalities in a Fourier transform ion cyclotron resonance (FT-ICR) mass spec-
trometer [28]. These reactions highlight the potential usefulness of ion manipulation
outside the mass spectrometer in exploring ion/molecule reactions for functional
group identification. The ability to perform and interrogate these reactions outside
the MS may allow for a condition in which an ion separation is performed at
atmospheric pressure after a reaction has taken place to identify the presence of a
target compound in the analyte mixture.
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Fig. 3.7 Mass spectra showing reaction of protonated cyclohexylamine with DMMP vapor
(a) and tert-butylamine with DMMP vapor (b)

3.3.4 Separation of Ions in Air

The time-resolved separation of TAA cations was demonstrated in the manner out-
lined in Sect. 3.2.6. The results of these scans are shown in Fig. 3.8a. Because ion
injection into the trap of the MS was not synchronized with injection into the curved
electrode system, the comparison between detection times on the LTQ mass spec-
trometer to simulation results is only a qualitative measure of the observed separation
effect on the same time scale as that observed experimentally. Simulation results
shown in Fig. 3.8b suggest that a time resolved separation of m/z 691 and m/z 354
from the lower mass TAA cations should be evident in the mass spectra. The
observed results show that this is indeed the case, confirming simulation results.
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Fig. 3.8 Spectra of tetraalkylammonium cations from consecutive MS scans (a); Simulated time
of flight distribution for tetraalkylammonium cation mixture transmitted through printed electrode
assembly (b)
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This proof-of-concept demonstration shows the ability to separate gas-phase ions
in air and is meant to highlight a potential use of the 3D printed electrodes as a
better resolved separation is surely possible through optimization of applied
potentials, ion injection parameters, and electrode geometries.

3.4 Conclusions

Through the use of commonly available, and inexpensive additive manufacturing
methods, a system of small plastic electrodes was developed with unique appli-
cations in fields relating to mass spectrometry and ion mobility. In particular, the
ability of such a system to focus, transport, and even separate ions using only the
electric fields was shown. Additionally, the apparatus was used as a reaction vessel
to perform ion-molecule reactions, which were subsequently analyzed by a mass
spectrometer. The only forces acting on the ions are their initial energies associated
with sprayed droplets—which are not pneumatically assisted—and the forces due to
the static electric fields. It is also noted that the degree of solvation of the ions (if
any) remains unknown. The modest separation of ions demonstrated in the simple,
low-cost system suggests that through optimization, a device may be constructed in
which ions may be purified through soft-landing or directly analyzed, all without
the constraints of a vacuum system or well defined gas flow. Moreover, the
detection and two dimensional profiling of the ion beam under ambient conditions,
combined with the low cost of electrode production, may pave the way for distinct
surface patterning with unorthodox electrode geometries.
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Chapter 4
3D Printed Annular Focusing Ambient Ion
Mobility Spectrometer

4.1 Introduction

From its beginnings as ‘“Plasma Chromatography™” for the analysis of trace
organic molecules [1-4], to applications in security for the detection of explosives
[5-7] and chemical warfare agents [8—10], and more recent applications in struc-
tural analysis of biomolecules [11-14], ion mobility spectrometry (IMS) has been
demonstrated as a powerful analytical tool. The utility of IMS lies largely in its
ability to distinguish structural and conformational differences between ion popu-
lations and the rapid manner in which ions may be separated from complex mix-
tures [15]. This utility is further enhanced through the coupling of IMS with MS,
for enriched information output [16, 17]. One particular advantage of IMS is the
wide range of pressure regimes under which it may be operated, ranging
from <1 Torr to atmospheric pressure conditions [18].

There are several different embodiments of IMS, each of which separates
gas-phase ions based on their electrophoretic mobility through a drift gas [19].
High-field asymmetric ion mobility spectrometry (FAIMS) [10, 20] and differential
mobility analysis (DMA) [21, 22] are two techniques normally performed under
atmospheric pressure that provide a continuously filtered stream of
mobility-selected ions. In both FAIMS and DMA ions are carried by a laminar flow
of drift gas between parallel plate electrodes, often constructed as a set of coaxial
cylinders [23, 24]. The distinction between FAIMS and DMA lies in the electric
field applied to the electrodes. Additionally, the separation between electrode plates
is typically no larger than 2 mm in FAIMS instruments, whereas typical separation
between plates within DMA instruments is much larger.

Separation in FAIMS is achieved by applying an asymmetric waveform (peak
voltages over a single period must be opposite, but unequal in magnitude), to one
electrode while a compensation voltage (CV) is applied to the opposite electrode
[20]. The asymmetry of the waveform must be such that the high field portion is
significantly greater than the low field and an integration of the waveform over one
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period is equal to zero [25]. As ions are carried by the drift gas through the analysis
region, they are separated based on differences in mobility under high- and
low-field conditions. Through selection of an appropriate CV, a particular ion will
achieve a balanced condition and exhibit a stable trajectory through the entirety of
the device and will be detected.

DMA employs a similar configuration of parallel plate electrodes, but rather than
a waveform, a DC voltage is applied to one electrode while the other is grounded.
Ions are introduced into the analyzer region through a narrow opening in the
grounded outer plate and are carried by a laminar flow of gas, between the parallel
electrodes [26]. Throughout this transit ions migrate toward the inner electrode at
different velocities, depending on the mobility of the ion in the carrier gas and the
voltage applied to the electrode. Ions are sampled downstream of the gas flow
through a slit (detector region) in the inner electrode. Only ions with a particular
velocity will be sampled through this slit, their identities dependent on gas velocity
and electric field strength as ions are effectively separated spatially within the DMA
[24]. Because of this, the linear distance between the ion introduction region and the
detector region is of critical importance in determining the collisional cross-section
of a sampled ion, a property directly related to the ion’s size and conformation.
Spectra are collected by scanning the applied potential on the central electrode.

Unlike DMA and FAIMS, drift tube ion mobility spectrometry (DT-IMS) sep-
arates a packet of ions temporally as they traverse a drift region [18]. The drift
region is normally composed of a series of axially aligned, open-ring electrodes, to
which a DC potential gradient is applied, thus creating a near-uniform electric field
extending along the length of the drift tube. Drift tubes have also been constructed
using monolithic resistive glass cylinders [27], rather than stacked rings. Upon
injection into the drift region, ions are propelled along the length of the drift tube by
the electric field. Ions traverse the length of the drift tube at different velocities,
determined by their mobility in the drift gas [28], and are detected in a time resolved
fashion, to construct an ion mobility spectrum.

More recently, travelling wave ion mobility spectrometry (TW-IMS) [29] which
uses a stacked ring configuration similar to DT-IMS, has seen widespread adoption.
In TW-IMS, a confining RF voltage is applied 180° out of phase to adjacent
electrodes onto which voltage pulses are superimposed in a step-wise serial manner
to generate potential “waves”, thus propelling ions along the drift tube where they
are separated temporally [30]. Unlike other IMS approaches mentioned, TW-IMS is
restricted to operation at pressures around 0.1-3 Torr [29, 31]. TW-IMS allows for
high duty cycles and relative ease in coupling with MS instruments [29], but is
electronically complex compared to DT-IMS.

As previously stated, one of the main advantages of IMS techniques is the ability
to relate IMS spectra to conformation and size of ions. In the case of FAIMS, this
relation is only known empirically due to the complex behavior of ions in a rapidly
changing electric field. On the other hand, DMA is routinely used to size aerosol
particles as the separation parameters can be directly correlated to size so long as
the gas flow is well controlled and the electric field is well-defined [32]; however,
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due to Brownian motion, resolution is relatively poor for ions smaller than ~ 10
nm, even in specially designed analyzers [24].

Collisional cross section (CCS) measurements, a property directly correlated to
an ion’s size and conformation, are often performed by DT-IMS as the velocity of
an ion in a uniform electric field in the presence of a drift gas is well established
[28, 33]. TW-IMS instruments may also be used to measure CCS, however the
relationship of ion velocity to CCS is not as straightforward as in DT-IMS. Because
of this, CCS standards of known mobility must be used to calibrate CCS mea-
surement by TW-IMS instruments [34, 35].

The simplicity of DT-IMS instrumentation, combined with its wide operational
pressure regime make it a good candidate in the analysis of size and conformation at
a number of different conditions. In light of this, an effort was undertaken to
construct a 3D printable, plastic DT-IMS for operation at ambient conditions that
was easily interfaced with nanoESI. The drift tube employs a novel electrode
geometry which serves to focus nanoelectrosprayed ions into an annulus, while
simultaneously blocking the transmission of neutral droplets, without the use of
supplementary gas flow or heating. SIMION-SDS simulations were used to explore
electrode geometries and the results compared with experimental data. This
approach is demonstrated as a viable rapid, low-cost alternative to traditional
manufacture of IMS drift cells.

4.2 Experimental

4.2.1 Ion Trajectory Simulations

SIMION-SDS simulations were used as the primary tool for exploring different
electrode configurations and dimensions. For a detailed discussion of the SDS
algorithm within the SIMION environment, see Sect. 1.3. Electrode geometries
were constructed in the script-based geometry (.GEM) file format such that the
density of the potential array points and electrode dimensions could be varied
parametrically. Through the use of the GEM format it was possible to simplify the
simulation environment to be cylindrically symmetric, thus solutions to the electric
fields and resulting trajectory simulations were reduced in computational com-
plexity. Simplification of the electrode geometry in such a manner does not allow
for perfect representation of the true experimental setup, but serves to explore the
feasibility of different electrode dimensions.

Unless otherwise stated, simulations used a potential array grid unit
(GU) density of 0.04 mm/GU and a trajectory quality setting of zero. This means
that time steps within the simulation are fixed such that integration steps occur over
the distance of one GU. All simulations were performed neglecting the effects of
space-charge. The reduced mobilities (K() and masses of, tetrabutyl-, tetrahexyl-,
tetraoctyl-, and tetradodecylammonium cations were specified within the simulation
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environment and the effective diameter of each was estimated from this data by the
SDS algorithm. Each simulation was performed at atmospheric pressure (760 Torr)
in air at 25 °C with no bulk gas flow.

4.2.2 Device Design and Construction

4.2.2.1 Description of Device

A cross-section of the full 3D printed IMS device is shown Fig. 4.1. In brief, the
device consists of 3 regions: the source region (section (a), highlighted in orange),
the ion injection region (section (b), highlighted in blue), and the drift region
(section (c), highlighted in green). The source region consists of an 3D printed open
outer cylinder with an inner diameter of 30 mm and a neutral blocking disk with an
outer diameter of 15 mm and a thickness of 1.6 mm. Like the drift rings discussed
in the following paragraph, this central disc is connected to the outer walls of the
cylinder by 3 filaments, each 0.7 mm wide. A nanoESI tip is placed within the open
end of the source region and for most experiments was located 5-15 mm distant
from the neutral blocking disk.

The injection region is composed of a ring electrode and a stainless steel mesh
held in contact with a ring electrode identical to the drift rings and is separated from
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Fig. 4.1 Cross-section view of 3D printed IMS showing the source regions (a), injection region
(b), and drift region (c). The injection waveform is shown in the bottom-left of the figure



4.2 Experimental 43

Fig. 4.2 Top-down view of
drift ring electrode design

30 mm

the first electrode of the drift region by a 0.96 mm thick PLA spacer ring.
A top-down view which highlights the design features of the drift ring electrodes is
shown in Fig. 4.2.

The drift region consists of a series of 30 identical open rings with an inner
diameter of 30 mm for a total drift length of 75.84 mm. Each drift ring has a central
coaxial disc with an outer diameter of 15 mm. The central discs are connected to
the outer rings by 3 filaments 0.7 mm wide. A stainless steel mesh is held flush with
the opening of each end of the drift region. These meshes serve to limit electric field
perturbations from the injection waveform and to shield the detector from image
current arising due to approaching ion packets. A Faraday plate detector consisting
of a copper disc was placed 1.6 mm distant from the final mesh.

All stainless steel meshes, including that used in the injection region, were
purchased as sheets from E-Fab (Santa Clara, CA, USA). Each mesh is 80 pm thick
and contains 500 pm wide hexagonal openings with 76 um webbing (69% open).
The meshes were cut by hand to appropriate shapes using a normal pair of scissors.

Drift rings, stainless steel meshes, and the source electrode are all held in a 3D
printed housing made of polylactide (PLA). The design of the housing is such that
electrodes are held at defined spacing (0.96 mm) for an electrode pitch of 2.56 mm.
The incorporation of spacers in the structure of the housing simplifies the con-
struction of the device and reduces multiplicative errors from individual spacer
height variations. The Faraday plate detector is separated from the terminal mesh of
the drift region by a PLA spacer and is held in place by a screw-on conductive
plastic piece. This piece is grounded to electrically shield the Faraday plate.

The rounded-rectangular portion of the electrode (see Fig. 4.2) is designed to
slide into slots within the housing for a secure fit. The rectangular extension seen in
the lower portion of the figure extends through the housing and has a small
cylindrical opening, into which header pins are inserted for electrical connections to
different components of the IMS. An image of a single ring electrode inserted into
one side of the PLA/PHA housing is shown in the right image of Fig. 4.3.
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Fig. 4.3 IMS assembly with electrical connections to electrodes through header insertion (leff)
and electrode housing showing integrated spacers and method of electrode insertion (right).
Electrical connections made with header are indicated by the white arrow

4.2.2.2 3D Printed Components

All electrodes (other than the stainless steel meshes) and housing components were
first modeled in Autodesk Inventor, exported in .stl format and 3D printed by fused
deposition modeling (FDM). See Sect. 1.4 for details of the FDM process.
Electrodes were printed in a polyethylene terephthalate glycol copolymer (PETG)
sold under the name 3DXNano ESD PETG (3DXTech, MI, USA). The filament
contains a dispersion of multi-walled carbon nanotubes (MWCNTs) which serve to
provide a slight conductivity to the PETG. According to the manufacturer, surface
conductivity of the final 3D printed components generally falls in the range of 10"—
10° Q/square. This range of conductivity is normally associated with materials
made for applications in which electrostatic discharging (ESD) is a necessity.
Electrodes were printed on a modified Makerfarm Prusa i3v (Makerfarm, UT,
USA). The modifications were made to improve print quality and to permit
direct-drive extrusion with an E3D v5 all-metal hot end (E3D, Oxfordshire, UK).
For the manufacture of electrodes, the hot end was fit with a 0.25 mm brass nozzle.
All non-conductive components were printed in a polylactide/polyhydrox-
yalkanoate (PLA/PHA) blend (Colorfabb, Venlo, Netherlands) on the same
Makerfarm Prusa i3v. All housing and non-conductive components were printed
using a 0.4 mm nozzle.

G-code was generated from .stl files in Slic3r version 1.2.9. General slicer
settings for conductive PETG components were: 0.16 mm layer heights, 3
perimeters loops, 20% hexagonal infill, 250 °C extrusion temperature, and 80 °C
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bed temperature. All parts printed in PLA/PHA were printed at 0.2 mm layer
height, 3 perimeters, 25% rectilinear infill, 195 °C extrusion temperature, and
70 °C bed temperature. Both materials were printed onto a glass bed coated with a
layer of polyimide tape that was wiped clean with acetone to remove oils and any
other contaminants.

4.2.2.3 Electronics

Electrical contact to individual electrodes is accomplished by inserting the pins of a
0.100 inch (2.56 mm) pitch header into holes in the tabs extending through the
housing. A picture of this connection is shown in the left image of Fig. 4.3. The
potential on the source electrode (Egyuee) 1s controlled by a Spellman SL10 high
voltage power supply (Spellman High Voltage, NY, USA).

Ion injection into the drift region is facilitated by the application of a floated
high voltage pulse to the injection mesh/electrode. The high and low levels of the
pulse are controlled by a homebuilt high voltage power supply, connected to a
GHTS 60 A push-pull switching unit (Behlke, MA, USA). Timing of the injection
pulses was controlled by a DG535 digital delay/pulse generator (Stanford Research
Systems, Inc., CA, USA). The voltage gradient within the drift region of the IMS is
supplied by connecting electrodes to different probe points along a resistor chain
constructed from 1.0 MQ precision resistors (TE Connectivity, PA, USA). The
voltage at each end along the resistor chain (Vgigmiga and Vasow in Fig. 4.1) is
controlled by a homebuilt high voltage power supply. The resistor chain and high
voltage lines are housed in a 3D printed PLA/PHA housing with MHV connections
for input voltages. The entire drift tube assembly, with associated electronics is
shown in the left image of Fig. 4.3.

The Faraday plate at the terminus of the drift region is connected to a Keithley
428 current amplifier (Keithley Instruments, OH, USA) and the inverting output is
recorded on Tektronix TDS 2024C 4-channel oscilloscope (Tektronix, OR, USA).
Signal acquisition on the oscilloscope is triggered on the injection pulse.

4.2.2.4 Operational Parameters of 3D Printed IMS

Control of the IMS makes use of 5 different voltage inputs and timed square wave
pulses for ion injection. In each experiment performed with the 3D printed IMS,
potentials applied to the emitter (Vpay), focusing electrode (Vegeys), first drift ring
(Variftmicn), and final drift ring (Vi ow) were 4500, 2500, 2000, and 300 V,
respectively. During ion injection pulses the voltage on the injection electrode was
either 50 or 100 V, relative to Vgpmigu. At all other times the voltage of this
electrode was —25 V, relative to Vinmigh (Vbiock)- For all experiments, ions were
gated into the drift tube at a repetition rate of 10 Hz.



46 4 3D Printed Annular Focusing Ambient Ion Mobility Spectrometer

4.2.3 Ion Deposition Image Collection

An IonCCD™ detector (OI Analytical, AL, USA) was used to examine the profiles
of ion intensity on a deposition surface. In these cases, the lonCCD™ was mounted
onto an automated XY moving stage (Dover Motion, MA, USA). The stage was
then scanned at a fixed rate across the ion stream as it exited the electrodes. The
intensities from IonCCD™ line scans were then reconstructed into two dimensional
images of the ion plume at the deposition surface using a custom Matlab script. The
script considers both the timestamps from the individual detection periods and the
velocity of the moving stage when reconstructing an image. This process is illus-
trated in Fig. 3.2.

For experiments discussed in this chapter, the integration time of the lonCCD™
was set to 100 ms and the detector was scanned across the ion plume at a rate of
0.5 mm/s. Examination of the annular focusing effects within the source region uses
neat acetonitrile (ACN) as the spray solution. In other cases, a 10 uM equimolar
mixture of, tetrabutyl- (TBAB), tetrahexyl- (THAB), tetraoctyl- (TOAB), and
tetradodecylammonium bromide (TDDAB) in ACN was used as the spray solution.
For IMS separation, an 2 mM equimolar mixture of TBAB, THAB, TOAB, and
TDDAB in ACN was used as the spray solvent.

4.2.4 Ion Transmission Efficiency

An evaluation of the efficiency of ion transfer from the nanoESI spray tip to the
deposition surface is performed in a manner similar to that discussed in Sect. 3.2.4.
Briefly, a 4.7 MQ resistor is placed in series with the nanoESI spray tip and the
voltage drop across this resistor is used to calculate the total spray current using
Ohm’s Law. This is compared to readings taken simultaneously at the deposition
surface with a Keithley 6487 picoammeter (Keithley Instruments, OH, USA).

4.3 Results and Discussion

4.3.1 Annular Ion Focusing

The exploration in the use of concentric cylindrical electrodes is the result of
experimental observations made during experiments with the ellipsoidal electrode
design discussed in Chap. 2 [36]. By placing a series of open cylindrical electrodes
inside the elliptical assembly and appropriately adjusting the potentials applied to
each component, a condition was established in which an electrosprayed dye was
deposited in an annulus with very narrow line-width. Traditional machining of such
a device is a fairly complex and costly endeavor, as such, experimental tests of this
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effect were not performed for some time. With the addition of a 3D printer to the
laboratory and the development of methods for constructing suitable ion lenses
through FDM methods [37], the exploration of this annular focusing effect through
experiment became a trivial manner.

Initial explorations of electrode configurations were explored with
SIMION-SDS simulations to gain a better understanding of the geometries neces-
sary to generate the annular focusing effect. The electrode configurations considered
for testing were limited to those that would be most accurately produced by FDM
manufacturing methods. Despite the many advantages of additive manufacturing
techniques such as FDM, there are limitations that must be considered.
Because FDM relies on the sequential deposition of layered materials, there must be
a surface on which to extrude subsequent layers. As such, overhanging structures
must either be minimized in the design, or a support material printed underneath
that is later removed (a strategy which introduces extra dimensional errors). In light
of this, only electrode designs that could be manufactured without support material
were tested in simulations before device manufacture.

The final electrode design consists of an outer cylinder with a coaxial disc placed
flush with the exit plane of the cylinder. Ultimately, this was used as the source
region of the IMS and its dimensions are detailed in Fig. 4.1. Simulations of the
annular focusing effect were performed in which a potential of 1.5 kV was applied
to the outer cylinder and central disc, and ions deposition location was monitored
on a grounded, flat electrode located 1.6 mm distant from the opening plane of the
focusing electrode. The resultant simulated ion trajectories and final deposition
locations of protonated ACN ions that were originated from different points within
the focusing electrode are shown in Fig. 4.4.

From the simulations shown in Fig. 4.4 it is evident that the points of origin have
an impact on the focal distribution of the ion cloud within the apparatus. This is not
problematic in the current embodiment of the system as ions are not generated
within the entire volume of the electrode. Instead, ions originate from the tip of the
nanoESI emitter, which is placed at a desired location within the cylindrical lens.
This setup does not produce a true point-source for the generation of ions due to the
initial expansion of the ESI plume and subsequent ionization events from progeny
droplets; however, ion origins are still confined to a limited volume within the
electrode. An important result of these simulations is the apparent ability to focus
ions into an annulus with a line width of approximately 200 pm, even in the case
when ions are originated across the entire 15 mm radius of the cylindrical elec-
trode, ~1 cm distant from the central disc. Additionally, ions originating near the
center of the electrode, 1 mm from this disc, are also drawn into this annulus rather
than colliding with electrode. These points are of important note when considering
the placement of a nanoESI emitter within the apparatus for the generation of ions.

These focal effects were experimentally verified by electrospraying ACN from a
nanoESI emitter placed within a 3D printed electrode as previously described. Maps
of ion intensity at the exit plane of the electrode were reconstructed from lonCCD™
scans as described in Sect. 4.2.3. A range of potentials were applied to the focusing
apparatus and the spray emitter to determine the effects of each on the final focus
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Fig. 4.4 Trajectories of protonated ACN ions from different origins (leff) and radial deposition
profiles from different ion origin locations (right). The dashed line denotes the axis of cylindrical
symmetry within the simulation environment

and intensity of the ions exiting the focusing electrode. During these experiments
the tip of the nanoESI emitter was placed coaxially within the outer cylindrical
electrode and the tip was held 10 mm distant from the central disc. This placement
was chosen based on the previously discussed simulation results. An illustration of
the setup is shown inset of Fig. 4.5b. For imaging experiments, the silver disc (inset
Fig. 4.5b) is replaced with an IonCCD™ detector mounted on a
computer-controlled moving platform. It is important to note the presence of the
0.7 mm wide filaments connecting the central disc to the outer cylinder. These are
necessary for manufacture of the electrodes and to assure uniform potential
application to each component (the outer cylinder and coaxial disc). Simulations did
not take these into account as the model was simplified to maintain axial symmetry.

In order to better characterize the annular focus, the reconstructed 2D images of
ion intensity were subject to additional processing. Briefly, the intensity maps were
converted to grayscale images and a threshold was applied at 40% of the maximum
image intensity. A scatter plot was generated with each point corresponding to the
location of a pixel whose value was above the 40% threshold and the data was then
fit to a circle using a Landau-Smith algorithm [38]. The circular fit was then used to
center all data from the original reconstructed image and intensities were normal-
ized by subtracting the minimum intensity from each pixel within the original data.
A representative centered and normalized image is shown in Fig. 4.5b. A table of
position data was then constructed such that the intensity value in each pixel was
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Fig. 4.5 Ion intensity map of annularly focused ions following image centering and normalization
for an emitter potential of 3.0 kV and focusing potential of 1.5 kV (a), radial distribution of
focused ions under different emitter and focusing voltages (b). Potentials applied to nanoESI
emitter and focusing electrode are denoted in the legend of (b). Values are given as spray/focusing
potential, where spray potential is relative to focusing potential (i.e. in the case of 0.25 kV/1.0,
1.25 kV was applied to emitter and 1.0 kV was applied to focusing electrode). In each case ions
were generated by nanoESI of ACN solution

taken as the number of individual points at the corresponding location within the
centered image. This table of position information was then transformed to polar
coordinates and a histogram of radial deposition locations was constructed for each
data set. The radial distribution of ions under different spray and focusing potentials
is shown in Fig. 4.5a.

These results clearly illustrate the annular focusing, predicted by simulations.
Through a comparison of the simulation results of ion origins, shown in the lower
right portion of Fig. 4.4, it is expected that ions are indeed originating entirely from
the central portion of the electrode and expansion of the ion plume is not deleterious
to ion focusing. A contributing factor may be the initial dispersion of the ion plume
into an annulus, thus spreading the generated charge over a larger volume, limiting
the effects of space charge.

4.3.2 Annularly Focused Ion Mobility Spectrometer

The ability to focus electrosprayed ions into an annulus at atmospheric pressure,
opens up the opportunity for a unique design of ion mobility drift tube which uses
the same configuration of inner and outer electrodes throughout the drift region.
One such advantage of this design is the ability to first focus ions into a region of
uniform electric field (a necessity for optimal IMS separations) before injection into
the drift cell, thus limiting the peak broadening associated with edge-effects in
traditional drift tube design [27, 39]. Furthermore, the low cost associated with
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FDM manufacture of the device components and wide availability of materials have
the potential to expand the use of IMS instrumentation of this nature to laboratories
otherwise unable to utilize such characterization methods. With these advantages in
mind, the design detailed in Sect. 4.2.2 was constructed and the performance tested.

In general, ion separation within a DT-IMS involves 4 steps: (1) the production
of gas-phase ions in the source region, (2) an injection of an ion packet into the drift
region, (3) separation of the ions by a uniform electric field as they traverse a drift
tube, and (4) the detection of separated ion packets. For these experiments, nanoESI
was chosen as the means to generate ions as it is easily coupled with the annular
focusing electrode and the annular focusing effect was well characterized. Injection
of ion packets into the drift region was accomplished by applying a high voltage
pulse to the injection mesh as illustrated in the lower left portion of Fig. 4.1. Upon
passing the mesh at the entrance to the drift tube (see Fig. 4.1), ion packets are
propelled along the drift tube at different rates, depending on their mobility within
the drift gas and the strength of the electric field. The strength of the electric field is
determined by the voltages applied first and final ring of the drift tube. Voltages
applied to each section of the device are detailed in Sect. 4.2.2.4. Finally, separated
ion packets pass through the mesh on the exit of the drift tube and produce a current
on a Faraday plate electrode. For all IMS experiments discussed herein, an electric
field strength of 226 V/cm was employed. A 2 mM equimolar mixture of TAA-Br
salts in ACN was used to test the performance of the 3D printed IMS as TAA
cations are often used as ion mobility standards. Their frequent use is the result of a
low propensity to form clusters under a variety of conditions [40].

In traditional DT-IMS instruments, the time-scale for ion injection has been
shown to have a noticeable effect on resolving power [27, 41]. Typically, DT-IMS
instruments operated at atmospheric pressure employ an injection time ranging
from 0.10 up to 1.0 ms. Increasing injection time has been shown to increase
sensitivity, but the ability to separate peaks is degraded. Ion injection periods
ranging from 0.3 to 1.0 ms were tested with the 3D printed IMS and the resulting
spectra are shown in Fig. 4.6. In Fig. 4.6 the peaks correspond to TBAB, THAB,
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TOAB, and TDDAB cations, as labeled from left to right. 0.3 ms was the smallest
time-scale tested for ion injection as no peak for the TDDAB cation was detected
with the use of a 50 V injection potential. These results show the large sensitivity
increases for longer injection times and the expected broadening associated with the
sensitivity gain.

The performance of IMS instruments is often stated with respect to resolving
power (Rp) [39]. R;, is calculated from the drift time (ty) and full width of the peak
at half maximum (FWHM) using Eq. 4.1:

R, —_ "
P FWHM

(4.1)

From the results shown in Fig. 4.6 the R, for the tetrabutylammonium peak at an
injection time period of 500 ps is calculated to be 25. Using an atmospheric
pressure IMS of similar dimensions and operating conditions, Hill et al. measured
R, values ranging from 15 to 30 for methy tert-butyl ether (MTBE) ions when
injection time periods were in the range of 300-500 ps [41]. This comparison
shows that measured R, from the 3D printed IMS are in the range achievable by
traditional DT-IMS, and are in fact slight better than those attainable by most
field-portable IMS instruments [42].

Another operational parameter effecting DT-IMS performance is the injection
voltage for gating ions into the drift cell. Most commonly, ion gating in DT-IMS
instruments is accomplished using a series of electrically isolated parallel wires, in
the form of a Bradbury-Nielson [43], or Tyndall [44] shutter. When closed, inter-
digitated wires have opposing potentials applied, thus ions are drawn to the wires
rather than passing through. Ions are gated through the shutter by applying
matching potentials to opposing wires, thus ions pass through as there is no electric
field orthogonal to that supplied by the drift cell. An alternative manner of gating
ions into a drift cell is the use of two parallel mesh electrodes [45]. In this case, ions
are gated into the drift cell by increasing the potential on the back mesh, such that
ions are pushed through openings in the mesh held flush with the drift cell.
Alternatively, the potential on the first drift ring and mesh is briefly lowered,
allowing ions to pass. In practice, this type of ion gate is much easier to construct
and is more mechanically durable that ion shutters utilizing wires. There is however
a trade-off with respect to efficiency. The openings in the mesh must be selected to
balance transmission efficiency with durability as well as electrical shielding of the
drift cell from perturbations by injection voltages.

Due to simplicity in construction, two parallel meshes were used to form the
injection region in the 3D printed IMS as detailed in Sect. 4.2.2. In practice, it was
found that optimal performance of the 3D printed IMS was using injection voltages
in the range of 50-100 V. Beyond 100 V, no significant improvement in sensitivity
was found. The resulting IMS spectra of the 2 mM equimolar TAA mix for dif-
ferent injection voltages and time periods is shown in Fig. 4.7. From these results it
would initially appear that ion arrival times are altered by the injection time period;
however, this is likely an artifact of detector timing. The start time of spectral
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collection is triggered on the rising-edge of the injection pulse, rather than centered
on the injection waveform. A close comparison of the data in Fig. 4.7 verifies this
phenomenon as peaks for the TAA cations are shifted by ~0.3 ms when com-
paring 1.0-0.5 ms injection, consistent with the previously stated hypothesis.

Another interesting trend observed is the decrease in intensities for longer drift
times. This can partially be explained by peak broadening, however integration
under each respective peak gives a decrease of 76, 71, and 56% for the THAB,
TOAB, and TDDAB peak, respectively, from the total area under the peak from
TBAB. Likely, the largest contributing factor to the decrease in intensity is the
mobility of each cation. The less mobile cations (cations emerging at longer time
scales) are not injected as efficiently by the method used herein. Because the ions
must travel the separation distance between the two mesh electrodes, more of the
ions with higher mobilities are injected than those displaying lower mobilities. This
discrepancy can possibly be reduced in future instrument designs, by decreasing the
distance between the injection mesh and the mesh held flush with the drift tube
entrance.

The resolution of a DT-IMS is also affected by processes occurring within the
drift cell itself. As an ion cloud traverses a drift cell, it is subject to expansion in
both axial and radial directions by way of diffusion and space-charge effects.
Space-charge effects can be mediated slightly by decreasing the injection time, but
not without a loss of sensitivity. To combat the effect of axial expansion from both
diffusion and space charge, higher electric field strengths can be used as this
decreases the residency time within the drift cell. This is only effective to a certain
extent as detailed by Siems et al. [39]. Radial expansion of the ion plume is also
partially responsible for peak broadening within drift cell instruments. This is due to
the non-uniformity of the electric field near the walls of the cell [39]. Previous work
by Fernadez et al. has demonstrated that ion expansion within a 30 mm wide drift
tube, in which ions produced by a corona discharge were gated into the drift tube
and expanded radially ~2x along the 26 cm long drift region [27]. With the
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traditional open-ring drift cell design, the influence of this is often reduced by using
wider diameter drift rings and restricting ion injection to the center of the device.

Previous results suggest that the use of the annular focusing source under
operational parameters herein should limit ion injection to a line width of
~500 pm, centered between the outer and central rings of the drift cell in the 3D
printed IMS. To investigate the radial expansion of ions along the drift cell, an
intensity map of ions exiting the drift cell was taken by removing the Faraday plate
detector and scanning an lonCCD™ detector across the exit mesh of the drift cell as
previously described. A solution of 10 uM of the same TAA mixture in ACN was
used as the spray solvent and ions were continuously gated (ion gate held open at
50 V) into the drift cell. The resulting ion intensity map is shown in Fig. 4.8. From
this image it is evident ions are rapidly expanding radially during drift cell transit.
This image also illustrates the limited ion transmission by the 69% open stainless
steel mesh, which likely decreases sensitivity significantly.

4.3.3 Ion Transmission Efficiency

The efficiency of ion transmission for both the annular focusing electrode, and the
entire 3D printed IMS was investigated as described in Sect. 4.2.4. The total
transmission efficiency of the annular focusing electrode for a range of deposition
currents (varied by altering spray potential) under 3 different focusing potentials is
shown in Fig. 4.9. A comparison of the data in Fig. 4.9 to that of Fig. 4.5 shows
that up to 80% of nanoESI spray current can be deposited into a ~20 mm wide
annulus with a line width of ~200 pm. Transmission efficiency of the 3D printed
IMS under typical operating conditions was generally in the range of 0.8-1%.
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As previously mentioned, this is likely due to large losses on the 3 stainless steel
meshes, as well as minor losses to the walls of the drift tube from radial expansion
of the ion plume.

4.4 Conclusions

A novel form of atmospheric pressure ion focusing was demonstrated in which up
to 80% of electrosprayed ions from a nanoESI emitter are focused into an annulus
with a line width of less than 200 pm FWHM. The annular focusing source was
integrated with a fully 3D printable DT-IMS incorporating concentric ring elec-
trodes operated at ambient pressure with no supplementary gas flow. A separation
of electrosprayed TAA cations was demonstrated with a resolving power compa-
rable to traditionally manufactured atmospheric pressure DT-IMS instruments. All
mechanical components were manufactured by FDM, making this a low-cost,
readily accessible means of constructing an IMS.

The ability to separate an electrosprayed mixture under ambient pressure and
temperature may prove to be a valuable tool in the study of accelerated reaction in
electrosprayed droplets. Normally, IMS instruments employ a desolvation region
when coupled with electrospray sources, thus allowing for studies on the confor-
mation and size of solvent-free ions. In the case of accelerated reactions in elec-
trosprayed droplets [46, 47], it is of interest to study solvated ions and measure the
properties of droplets with sizes too small to measure using techniques such as
phase-Doppler anemometry (PDA). In such cases, it may be necessary to “freeze”
droplets in their current state for analysis, by carrying out IMS separations in
solvent-saturated vapors. Because of the inherent low-cost and speed at which the
3D printed instrument can be made, replacing IMS components that may become
damaged by long-term and repeated solvent exposure is very economical (the
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typical cost of FDM feedstock is typically less than $0.05/g). Additionally, a wide
variety of thermoplastic feedstocks are available for purchase, and many more in
development, thus material can be selected based on the application.

In light of these potential applications, there remains a significant amount of
work to be done, towards understanding IMS separations occurring under such
unique conditions. A good understanding of the fundamentals of ion migration
through these complex media under electric fields is necessary to infer physical
properties from the measured data. Moreover, improvements in the separation
power and sensitivity of this type of ion mobility drift cell must be made in order to
further the usefulness of this design. In particular, transmission efficiency may be
improved by taking better advantage of the annular focusing nature of the source
region. In the current design, the greatest sensitivity in IMS separations was
accomplished with the least amount of annular focusing. This is likely the result of
the stainless steel meshes, as ions have a larger probability to pass through the mesh
openings when spread over a large area. This effect may be mitigated by replacing
the mesh with an electrode containing a single open slit, in the form of a ring. By
precisely aligning this slit with the focal region a larger injection efficiency is
expected. Furthermore, ions would be restricted to injection only in the most uni-
form region of the electric field, thus simultaneously improving the resolution of ion
separation.
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Chapter 5
Outlook and Future Directions

5.1 3D Printing in the Scientific Laboratory

5.1.1 Overview of FDM Printers and Components

While a brief introduction to the FDM process was provided in Sect. 1.4, a more
detailed overview of the components, kinematics, and figures of merit of different
types of 3D printers is warranted. In general, a 3D printer must include: (i) a
platform on which the object is to be built, (ii) a means of additive delivery of
material in a controlled manner, and (iii) accurate and precise control of positioning
in at least 3 axes. These requirements can be addressed by several approaches with
trade-offs in cost and performance. For the sake of brevity, only FDM printers will
be covered within this chapter.

The build-surface provides the literal base on which any 3D printed part is
manufactured. Though not required for some materials, this platform is most-often
temperature controlled with typical settings ranging from 45 to 120 °C depending
on the material being printed. Heating of the platform improves adhesion to the
surface as well as promotes even cooling of the part throughout the process, thus
limiting warping of the part. Perhaps the simplest and most common method of
providing heat to the platform is through resistive heating by passing a relatively
high current through a series of copper traces on a printed circuit board (PCB) [1].
Providing heat in this manner allows for the use of DC voltages and current control
via a circuit employing a MOSFET as a switch. This type of heating is most
effective over build areas smaller than 200 x 200 cm. Larger platforms necessitate
the use of heating pads which run off of AC voltages to provide much faster heating
times (even for very large build surfaces) but must be controlled by a solid state
relay (SSR) and are inherently more dangerous as the voltage range in which they
operate is potentially fatal if mishandled.

As previously stated, a heated build surface is not always necessary; however,
there are 2 main requirements for any surface on which plastic will be deposited for
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a 3D printed part. First, the surface must be flat to ensure that the thickness of
material deposition on the first layer is consistent. Flatness is most easily realized by
printing onto a sheet of glass. A typical arrangement is to stack the glass on top of
the heater, often with an aluminum sheet in between to distribute heat more evenly.
Second, the plastic to be deposited must adhere to the surface throughout the entire
print, yet still allow for object to be removed from the bed upon completion. The
use of a heated bed has an advantage in this respect, as adhesion is stronger at a
correctly selected temperature and contraction of the bed upon cooling allows for
the part to be removed with relative ease. Because not all plastic adheres well to
glass alone, the surface is often coated with polyvinyl alcohol (PVA) based glues,
acetone/ABS slurries, blue painters tape, and even hairspray. Recently there have
been a number of products marketed specifically for bed treatment that are com-
patible with most commonly used plastics. These include BuildTak (an
adhesive-backed, textured plastic sheet), 3D-EEZ, and polyetherimide (PEI) sheets,
to name a few. There is no one-size-fits-all solution for bed treatment, and as such
empirical testing is the normal approach for finding the correct solution for new
materials. For applications of 3D printing specifically within the fields of chemistry
it is important to consider the contaminants that may be introduced by different bed
treatments and select an appropriate method, accordingly.

The precise delivery and deposition of material in FDM 3D printers is a con-
certed effort that relies on 2 components, the extruder and hot end. Extruders form
the basis for volumetric material delivery by pushing a plastic filament of known
diameter into the hot end. Within the hot end, the plastic is melted in a controlled
zone (the melt zone) immediately prior to deposition through the nozzle orifice. The
width of the orifice, the vertical positioning of the nozzle, movement speed, and the
volumetric delivery of material all serve to define the layer height and extrusion
width of the line of plastic that is extruded. As the extruder is responsible for
controlling the rate at which material is delivered, this is perhaps the most critical
aspect of achieving dimensionally accurate parts (aside from positioning error). The
most common method of controlling the flow rate is to push a plastic filament of
known diameter with a drive gear (or set of drive gears), the rotation of which is
controlled by a stepper motor. There are a multitude of extruders and drive gear
designs to select from and an ideal extruder grips the filament as well as possible
while avoiding deformation, provides high torque, and allows the plastic filament to
be pushed at a relatively fast linear speed.

The second component responsible for material deposition is often referred to as
the hot end, due to its use of heat to transform the solid plastic feedstock into a
free-flowing material that will bond to the previous layer upon exiting the nozzle.
There are many different hot end assemblies available for purchase, but each
functions in a nearly identical manner. In general, the plastic filament is pushed
along a straight cylindrical channel capped with a metal nozzle. Heating of the
filament is restricted to the region closest to the nozzle in order to limit expansion of
the plastic in the constrained channel and to better control the flow of liquid from
the nozzle (limit the melt zone). Some hot ends are specifically designed with a
longer than average melt zone in order to achieve faster print speeds. Thermal
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conductivity of most plastics is generally quite low so careful control of print
speeds and temperatures is necessary to achieve consistent quality within a 3D
printed object.

There are 2 common ways of arranging an extruder and hot end in order to
deliver plastic to the build surface: direct-drive, and the so-called Bowden
arrangement. In a direct-drive setup the drive gears are located as close to the
entrance of the hot end assembly as possible so as to eliminate backlash when
performing retraction and prime movements. This makes for very short retraction
distances and time periods and allow for the filament to be fully constrained from
the time it enters the drive gears of the extruder and is melted by the hot end. The
adverse effect arising from this particular arrangement is the amount of weight this
adds to the print head, thus slowing the maximum effective print speed and
acceleration that can be used for positioning. This is particularly troublesome for
printers with large build volumes as longer belts introduce more play into the
system. The Bowden arrangement allows for a much lower print head weight by
locating the extruder in a stationary position, distal from the other moving com-
ponents of the system. In a Bowden extruder the filament is fed into a hollow tube
with an inner diameter closely matching that of the filament and the other end is
coupled to the hot end. As a trade-off, Bowden extrusion systems exhibit much
more backlash due to the tension of the tube, play within tube coupling compo-
nents, and slight mismatch of filament and tube diameter. Because of this, Bowden
extruders are more difficult to calibrate in order to maximize print quality.

Along with precise material delivery, accurate and precise positioning of the
deposited plastic is critical to the production of a 3D printed object with good
dimensional tolerance. There are a number of different kinematic systems employed
in 3D printers, and a full discussion of this is beyond the scope of the present text as
most of these systems are well-known and employed in a variety of robotic systems.
For the purpose of this discussion it is sufficient to note that most, if not all, proven
FDM systems rely on stepper motors, timing belts, and pulleys to realize computer
numerical control (CNC) of the deposition of plastic in FDM.

5.1.2 Notable Applications of FDM

The recent boom experienced in the 3D printing industry, namely that of FDM
technology, provides an opportunity for research laboratories to harness the capa-
bilities of these methods. The low entry cost, combined with cheap and widely
available materials makes this an appealing tool for a variety of different uses. The
majority of the work discussed in this dissertation has dealt with the application of
FDM to the control of ions under atmospheric pressures, yet it is imperative to
consider other ways in which additive manufacturing can influence work performed
in research laboratories. While not discussed within the context of this work 3D
printed components have filled vital roles within the entire scope of my research
interests. Any scientific laboratory is stocked with specialized equipment and
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instrumentation. Such instruments often require home-built fittings, brackets, etc.
that may be produced cheaply and on-demand by additive manufacture. However,
many scientific applications involve exposure of parts to extreme conditions such as
temperature fluctuations, tissue growth media, solvent systems, and even ionizing
radiation, conditions not often suitable for traditional thermoplastics.

With the consumer and hobbyist adoption of FDM 3D printing technology a new
market has been realized for production and distribution of unique and specialized
materials that are available at relatively low cost. Furthermore, there are
open-source filament extruders that can be purchased/built which allow for the
production of materials that are not available for purchase [2].

Thermoplastic elastomers (TPE) describe a fairly broad range of materials that
are most generally referred to as “flexible” materials, due to their elastomeric
properties. Because of their inherent flexibility, TPE materials are particularly
well-suited for tissue engineering applications where connectivity must be retained
while the material undergoes stress and displacement. Several cases have been
demonstrated in which a printed TPE scaffold was used as a support structure for
tissue growth [3-5].

The production of application-derived materials suitable as feedstock for FDM is
not always straightforward, often requiring extensive testing and modification for
optimal performance. Because of this, it is often more feasible to simply modify the
surface of a traditional thermoplastic for compatibility with its planned usage.
Surface modification to achieve biocompatibility of 3D printed ABS (one of the
most common and versatile FDM feedstocks) was recently demonstrated by
McCollough et al. Through surface treatment of printed ABS they were able to
reduce non-specific protein binding as well as increase biocompatibility [6]. These
modifications serve to improve the performance of 3D printed microfluidic devices,
a field which has shown rapid growth in recent years [7]. These 2 examples
highlight just some of the possibilities that FDM can provide in the development of
new medical devices and diagnostic platforms.

Another challenge faced in the manufacture of parts by FDM is the geometric
constraints regarding free-hanging artifacts, otherwise known as overhangs. These
features lack the base on which a layer of plastic can be deposited and therefore
support structures can be employed. Support structures can be printed to simply
break away from the part once completed, but this can leave undesirable surface
artifacts. Alternatively, through the use of dissolvable support material, such as PVA
the support structures can be easily removed by soaking the object in a solvent [8§].

5.2 Ion Focusing at Atmospheric Pressure

The work presented in chapters two through four of this dissertation show examples
of different ways in which ions may be manipulated in the air at atmospheric
pressures. As discussed in Sects. 1.1 and 1.3, the motion of ions under these
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conditions is complicated as the result of collisions, droplet desolvation, and
space-charge effects. As such, control of the ions’ trajectories requires a
non-traditional approach. I have sought to explore a combined tactic of simulations
and experiments with rapid prototyping that may be applied to gain an under-
standing of how unconventional electrode geometries can be used to facilitate
control of ion clouds generated by electrospray. These experiments serve only as
proof-of-concepts, as more effort must be given to optimize geometries, and gain a
better understanding of the phenomena in general. Notably, plastic electrodes
produced in this manner have high porosity thus solvent adsorption onto walls and
resulting plastic solvation effects must be considered. This is especially important if
these electrodes are to be used for long-term applications.

Perhaps the most profound effect discovered by these methods is the annular
focusing of electrosprayed ions as discussed in Chap. 4. Compared to the use of the
more conventional open-channel electrodes, this design is highly efficient at spa-
tially focusing ions, while blocking the passage of large solvent droplets. In order
for the annular focused ions to be detected by MS an efficient method of intro-
ducing annular ion clouds into a vacuum system must be developed. Perhaps the
most probable method of doing so is by employing an MS inlet in the form of a
conical slit, this concept is shown in Fig. 5.1. Experiments with this design must be
done to verify that gas flow in this type of vacuum system interface would generate
sufficient drag forces to carry ions into the reduced pressure environment. The
converging nature of this design, coupled with the large pressure drop across the
system makes estimating the flow from first principles or numerically, both chal-
lenging approaches. Empirical exploration of this type of inlet system is relatively
straightforward, so long as it is possible to effectively manufacture a design of
this type.

Fig. 5.1 Concept design of (a) (b)
an alternative atmospheric
pressure interface for
coupling with an annularly
focusing ion source a and a
cross-section of the concept
inlet b
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5.3 Ambient Ion Mobility Spectrometry

While differential mobility analysis (DMA), field asymmetric waveform ion
mobility spectrometry (FAIMS), and traditional embodiments of drift tube ion
mobility spectrometry (DT-IMS) are capable of operation at atmospheric pressure,
in current forms, each has limitations if considered for ambient analysis of droplets
and solvated ions. In this case, ambient means droplets and ions in a stable equi-
librium with their environment, that is, no significant evaporation or ongoing
desolvation. The analysis of droplets and ions in this state is of critical importance
in understanding the factors contributing to accelerated reactions and general ion
formation occurring within an electrospray plume. Tandem DMA is the most
obvious method of performing such analysis as this has previously been demon-
strated for studies on aerosol growth and nucleation [9, 10]. DMA measurements
have even been used to study the ion evaporation model (IEM) within electro-
sprayed droplets <3 nm [11, 12]; however these studies are limited by the range of
the DMA which must be designed for measurements within specific particle sizes.
Additionally, tandem DMA instruments in particular are instrumentally complex in
nature, require precise control of gas flow, and the fundamentals of aerosol transfer
within and between individual DMAs must be well understood to interpret the
results of such experiments.

The disposability and cost-effectiveness of instruments employing 3D printed
components makes them amenable to use in harsh environments such
solvent-saturated gas environments necessary to halt the evaporation of droplets.
Through extensions of the work presented in this dissertation it is hoped that new,
relatively low cost, and modular instrumentation will be developed to allow for
analysis of solvated clusters and nanometer size droplets to be measured in a rapid
and ambient manner. From these measurements it may be possible to gain a better
understanding of reaction acceleration within electrosprayed droplets.
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