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Abstract

The coupling of ion mobility spectrometry (IMS) and laser-induced fluorescence spectroscopy
(LIF) at atmospheric pressure was realized in this work. The construction of a module based drift
tube enabled the use of different ionization techniques, as well as the implementation of a laser
induced fluorescence detection system and a Faraday plate detector. With the analysis of the
ionized dye Rhodamine 6G the system was characterized. For this, a “homemade” electrospray
ionization source was used as ion source. At a distance of approximately 9 mm from the ESI tip to
the drift tube entrance, a high desolvation rate of gaseous Rhodamine 6G was observed. The length
of the drift tube was 3.2 cm. The drift time resolved laser induced fluorescence analysis of ions at
ambient conditions on the example of dye Rhodamine 6G was investigated in a simplified IMS

drift cell of open design.

Continuous wave radiation at a wavelength of 447 nm and 462 nm was used for excitation. The
maxima of the fluorescence were observed at A = 505 nm. The drift time resolved fluorescence
emission was monitored by a spectrograph in combination with a gated intensified charge coupled

device.

The dependencies of Rhodamine 6G fluorescence intensities (continuous ion flow) on the electric
fields of both the ion gate field and the drift field were determined at the exit of the 32 mm long
drift cell. With increasing gate voltage, the signal intensity decreased. With an electrospray flow
rate of 300 nL min™! and a laser diode with 462 nm used as excitation source, a gate voltage of >
50 V was required to block or deflect fluorescent ions of Rhodamine 6G in the drift cell. The
increase of the fluorescence intensity was proportional to the electric field strength in the range of

510 - 638 Vcm'.

Drift time dependent (pulsed ion flow) LIF analysis was performed under optimized conditions
(462 nm, ESI flow rate 300 nL min"!, gate voltage 80 V, ICCD integration time: 100 ps). The drift
time spectra produced with both, the Faraday plate detector and the laser induced fluorescence
detector showed the same trends. Significantly smaller FWHM were found with the LIF detector

as compared to that found with the electrometer.

Based on the findings of the experiments with Rhodamine 6G, the experimental setup for PAH
analysis was designed and developed. A unidirectional flow, closed, heated (up to 200° C) drift
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tube (length: 16.8 cm) ion mobility spectrometer with photoionization source (VUV Kr, 10.0/10.6
eV) was implemented in a pulsed laser induced fluorescence detection system. With this setup it
was possible to investigate the dependence of the fluorescence intensity of selected PAH
(continuous ion introduction) on the experimental parameters such as: PID-lamp current, ion gate

voltage, electric field strength in the drift tube.

The fluorescence intensity was dependent on the PID lamp current. The rise of both the
fluorescence intensity and the continuous ion current with the increase of the PID lamp current was
observed. The simultaneous decrease of both the total ion current and the fluorescence intensity
with the increase of the ion gate voltage was monitored. The generated by photoionization ions
could be transported through the drift region and detected with the laser induced fluorescence
monitoring system. The LIF signal intensities increased proportional to the drift field strength in

the range of 157 — 265 V cm’.
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Zusammenfassung

Im Rahmen der Arbeit wurde die Kopplung der lonenmobilititsspektrometrie (IMS) und der Laser-
induzierten Fluoreszenzspektroskopie (LIF) unter Atmospharendruck realisiert. Die Konstruktion
einer modulartig aufgebauten offenen Driftrohre ermdglicht die flexible Anpassung an
unterschiedliche Ionenquellen sowie an die LIF-Zelle und Faraday-Platte als Detektionssysteme.
Anhand der Analyse des ionisierten Farbstoffs Rhodamin 6G in der Gasphase konnte das System
charakterisiert werden. Fiir diese Untersuchungen wurde eine ,homemade® ESI-Einheit als
Ionenquelle eingesetzt. Eine ausreichend hohe Rate desolvatisierter Rhodamin 6G-lonen wurde
mit einer Distanz von 9 mm zwischen ESI-Spitze und Eingang der Driftrohre erreicht. Die Lange

der Driftrohre betrdgt 3,2 cm.

Die Anregung der Rhodamin 6G-lonen in der Gasphase erfolgte mit kontinuierlicher Strahlung bei
den Wellenldngen A = 447 nm und A = 462 nm. Die maximale Intensitdt der Fluoreszenzstrahlung
wurde bei A = 505 nm gemessen. Die driftzeitaufgeloste Fluoreszenz wurde mittels eines

Spektrographen in Kombination mit einer ICCD-Kamera detektiert.

Untersuchungen zur Abhingigkeit der Fluoreszenzintensitét bei kontinuierlichem Ioneneintrag von
der Gitterspannung und der Driftspannung zeigen, dass mit ansteigender Gitterspannung die
Signalintensitit abféllt. Bei einer Flussrate von 300 nL min™! und einer Anregungswellenlinge von
A =462 nm muss die Gitterspannung grofler als 50 V sein, um den generierten Rhodamin 6G-
Ionenstrom zu sperren. Bei den genannten Bedingungen verhélt sich die Fluoreszenzintensitét

proportional zur elektrischen Feldstirke in der Driftrohre (510 — 638 V cm™).

Im gepulsten Betrieb wurde die driftzeitaufgeldste LIF-Analyse unter optimierten Bedingungen (A
= 462 nm, ESI-Flussrate: 300 nL min!, Gitterspannung: 80 V, ICCD-Integrationszeit: 100 us)
durchgefiihrt. Der Vergleich mit Driftzeitspektren, die mittels Faradayplatten-Detektion erhalten
wurden, zeigt, dass die Halbwertsbreiten der LIF-generierten Signale signifikant geringer sind, als

die mit der Faradayplatten-Detektion generierten Signale.

Die so gewonnenen Erkenntnisse fithrten zur Entwicklung und Konstruktion des experimentellen
Aufbaus fiir die Detektion von polykondensierten aromatischen Kohlenwasserstoffen (PAH). Fiir
die Untersuchungen wurde eine beheizbare (bis zu T = 200 °C) Driftrohre (Lange: 16.8 cm) mit
einer Photoionisationsquelle (VUV Kr, 10.0/10.6 eV) entwickelt. In das geschlossene
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Ionenmobilitdtsspektrometer wurde ein gepulstes LIF-System integriert. Mit diesem Aufbau war
es moglich, die Abhingigkeit der Fluoreszenzintensitit ausgewidhlter PAHs (kontinuierlicher
Ionenstrom) von experimentellen Parametern, wie z.B. Lampenstrom (PID), Gitterspannung,
elektrische Feldstiarke in der Driftrohre, zu untersuchen. Mit zunehmendem Lampenstrom steigen
die Fluoreszenzintensitit sowie der kontinuierliche lonenstrom. Mit steigender Gitterspannung
nehmen die Fluoreszenzintensitdit sowie der kontinuierliche Ionenstrom ab. Die
Fluoreszenzintensitit verhalt sich proportional zur elektrischen Feldstirke in der Driftréhre (157 —

265V em™).
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General introduction

1 General introduction

The Ton Mobility Spectrometry (IMS) has shown to be a sensitive analytical method, but the
specific information obtained about the analytes is limited. Because IMS is a gas-phase separation
technique it is often compared to mass spectrometry (MS). This is unfortunate because when IMS
resolution is compared in MS terms, the instruments have a peak position to peak width ratio of
around 30.! The resolution of commercial available IMS instruments is lower in comparison to e.g.
gas-chromatographic techniques. In chromatographic terms, the plate number of IMS instruments
is around 5000." Therefore, the Laser Induced Fluorescence (LIF) is a promising technique that can
enhance both, the resolution and the sensitivity of IMS instruments. The LIF provides an
orthogonal arrangement to IMS. The detection of ions in IMS instruments is conducted with high-
gain transimpedance amplifiers. The bandwidth of such operational amplifiers is inversely
proportional to the gain and therefore physically limited. The optical-electronic detection is known
to be fast up to femtoseconds and there are no limits of amplification due to electronic amplifier.
Additionally, emission spectra of the separated ions are obtained by LIF at different excitation

wavelengths.

This work demonstrates the feasibility of the coupling of two orthogonal methods, namely drift
tube ion mobility spectrometry and laser induced fluorescence spectroscopy. The capability of Ion
Mobility Spectrometry with Laser Induced Fluorescence detection (IMS-LIF) is investigated on
example of the dye of Rhodamine 6G and polycyclic aromatic hydrocarbons (PAH).

1.1 Principle of Ion Mobility Spectrometry

The motion of ions in gases, described by Albritton and McDaniel was further investigated by
Karasek and was called plasma chromatography.? However, the main working principle of a
plasma chromatograph described by Albritton, McDaniel, and Karasek can still be found in state
of the art IMS instruments. The main principle is the separation and detection of gaseous organics
in form of ions at ambient conditions. The stand-alone IMS instruments are powerful for the rapid
and sensitive detection of different substances, acting as a chemical sensor. The technique is
advantageous due to its simplicity. Since IMS can work at ambient pressure, high vacuum systems
(e.g. used in mass spectrometry) are not necessary. The analysis is typically performed within the

time range from several milliseconds (ms) up to several tens of ms resulting in so-called drift time
1



General introduction

spectra. Compared to capillary gas chromatography, the separation takes place on a much shorter
time scale. Ion mobility spectra are generated by the detection of ion swarms drifting through a
bath gas under the influence of an electrical field. After the gaseous sample introduction and
ionization, ion injection takes place periodically through a shutter with pulse widths from 50 up to
1000 ps. The ion swarms drift in a gaseous atmosphere (typically nitrogen or ambient air) towards
a faraday plate detector driven by voltage gradient. The velocity of the ion swarms can be correlated
with their molecular structure, mass, charge, and collision cross section. These parameters can be
calculated from the size, mass, charge, position of charge and charge distribution.> Due to the
differences in these parameters the ion swarms have characteristic drift velocities providing the
separation of charged particles.* The drift velocity is proportional to the electric field strength (E)

and called ion mobility coefficient K:
K= v, E" [em™1Vs™1]] (1)

The ion mobility coefficient normalized to ambient conditions with a pressure of 760 Torr (1 atm)

and a temperature of 273 K (25° C) is called reduced ion mobility coefficient Ko:

= ()

Determination of the chemical identity requires the precise assignment of ion swarm velocities
(mobility). The identity of mono- and diatomic gases in pure ,,bath gases‘ to mobility coefficients
were performed under subambient conditions.’ Based on these works the ion mobility coefficient

was determined as:
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K- 3e(21r)%(1 + a)

T )
16N (ukTof )20 (Tefs)

where e is the elementary charge; N (number of density) is the numerical parameter for the gas
density of the used neutral (drift) gas in number of molecules per cm?; a is the correction factor; u
is the reduced mass of the ions and the used drift gas molecules; Tes is the effective temperature of
the ion in K, (the thermal energy and the received energy from the electric field), and Qep(Tep) is

the collision cross section in nm? at 74

IMS can be used as a pre separation step prior to mass spectrometry. The separation based on size
and the subsequent analysis based on mass gives two-dimensional data for each ion. The ratio of

the collision cross section to the charge €/z is used instead of the mass/charge ratio m/z:

[)_0265(n)1/2<1+1)1/2tdE760 T e ,
z kT m M L P 273N, “)

where Q is the collision cross section in AZ, z is the number of charges of the ion, & is the Boltzmann
constant, 7 is the temperature of the buffer gas, m is the mass of the ion, M is the mass of the buffer
gas molecules, 7, is the drift time of the ion in milliseconds, E is the electrical field in the ion
mobility drift tube, L is the length of the drift tube in cm, P is the pressure of the buffer gas (in torr)
in the drift region, e is the electron charge, and N, is the number density under standard temperature

and pressure conditions.

1.2 Ion Mobility Spectrometry Instrumentation

An Ton Mobility Spectrometer consists of three main parts, namely (1) inlet, (2) drift tube, and (3)
detector. Each of main parts consists of two or more components: (1) the inlet consists of a sample
inlet system and an ionization source; (2) the drift tube consists of an ion injection system, drift
rings, and insulator rings; (3) the detector consists of a faraday plate detector and an aperture grid.

In the following each of these components will be presented in details.
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1.2.1 Sample inlet

Numerous sample inlet constructions are described in the literature. The focus lies on the transfer
of the sample into the gas phase (if needed) and the efficient transport to the ionization region of
the IMS inlet. Solid, liquid, and gaseous samples can be analyzed using suitable systems for IMS.
Solid samples can be thermally desorbed, pyrolized or laser ablated prior to the transfer to the ion
source. Introduction of analytes from the liquid phase can be conducted directly using a sample
wire, membranes, solid phase micro extraction (SPME), electrospray- or coronaspray ionization,
or liquid chromatography. The gaseous sample introduction can be realized directly, through
membranes or with a gas chromatograph. The introduction for samples of different aggregate form

for IMS analysis is described below in details.
1.2.1.1 Solid samples

Solid samples need to be vaporized or require sample preparation. Either a solid sample is collected
from a surface that can be heated to vaporize the sample’ or the particulate solids get collected
from various surfaces with a tube containing a collection mesh and a pump drawing the particulates
into the tube.® In both cases, heat is applied to the collected material to desorb and/or vaporize the
solid sample. During the heating program the carrier gas transports the sample to the ionization
source. Another approach is the ablation and ionization with a pulsed laser (266 nm) focused on

the solid sample surface (¢ 0.2 mm, 6mJ/pulse).’
1.2.1.2 Liquid samples

Liquid samples need to be vaporized or the analyte of interest is extracted from the solution. A well
applied method is the permeation tube'? inlet since it is an accepted method for the calibration of
instruments that detect or sense gases.!! The permeation tube method for liquid sample introduction
in IMS instruments is suitable for alkanes and aromatic compounds.'? Headspace sample
introduction of aliphatic and aromatic amines has been proven by means of IMS.!3 A typical
analytical method to analyze the dissolved compounds of interest is the solid phase extraction of
analytes from liquid solution. For example, aqueous solutions of diazepam and cocaine have been

extracted by means of solid phase microextraction (SPME) prior to IMS analysis.'*

The development of alternative ion sources including electrospray and coronaspray, led to the

extension of analytes accessible by IMS. Electrospray ionization is the direct ionization from liquid
4
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solution and is therefore a useful method for sample introduction in mass- or ion mobility
spectrometers. Electrospray ionization firstly implemented by Dole!® has been used by several
groups as ion source for IMS instruments. The miniaturization of ESI (nano-ESI) was described
by Wilm and Mann.'® The main advantage of nano-ESI as compared to ESI was improved due to
lower sample volumes. Liquid chromatography-nESI-IMS was used for analysis of active

pharmaceutical ingredients .7
1.2.1.3 Gaseous samples

Since the linear range is limited for commonly used radioactive ion sources, dilution methods may
be used to reduce the sample concentration in the carrier gas stream.'® Using purge vessels and
glass flasks, dilutions of volatile organic compounds in the gas phase can be realized by means of
adjustment of gas flows entering the inlet of an IMS instrument.!® Headspace analysis require the
sample handling at a constant temperature as well as temperature controlled injector and transfer
line for the vapor phase.?? Other gas inlet systems use direct injections with a syringe, a syringe

' which is often equipped with a pump for continuous

pump or a membrane inlet system?
recirculation of air or other gas of interest. Commercially available IMS instruments are often
equipped with a gas chromatograph as pre separation system. Attempts to couple gas
chromatography to a bidirectional gas flow IMS were only marginally successful.! An interesting
approach was the implementation of an unidirectional gas flow to reduce the amount of neutrals
swept into the drift region.? In this study the IMS was used as a detector for two-dimensional gas

chromatography (GC-IMS). The received signals were analyzed by both, a retention time and a

drift time.
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Ionization sources
1.2.1.4 Radioactive sources

Most of plasma chromatographs or ion mobility spectrometers use **Ni foil as ionization source.
3Ni and Tritium (*H) are most commonly used B-emitters. *Ni emits high energy electrons which
lose their energy by collisions with drift gas molecules. In nitrogen drift gas, the initially formed

N" initiates a series of reactions resulting in reactant ion positive (RIP) formation:>

. No+ ¢ - No™ + 2¢e

2. N2"+2N» - Ns"+Na

3. N4a"+H0 - H20" +2 N

4. H.O"+ HxO - H;O0" + OH

5. H3O"+ H.0 + N» BN H'(H:20), + N
6. H'(H:O)i + H:0+ N2 — H'(H20)a + N

The number of water molecules clustered with the proton (Eq. 6) is determined by the concentration
of water molecules in the gas phase, the temperature, and the field strength. Another reactive ion

(H20),NO" can be formed by the following reactions:?*

1. No"+0 - NO"+ N
2. NO" +yH,0 + No» — (H20)yNO* + N

The H*(H20)n can undergo proton transfer reactions with impurities of high proton affinity e.g

ammonia. Origin of the ammonia can be contaminations of the drift gas or outgassing of the used

materials.
1. NHz + H(H20)n - NH4" + nH,O
2. NH4" + H20 + N> — (HO)NH4+" + N»
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Oy clustered with water has been shown to be the negative reactant ion when ionization is
performed in presence of oxygen traces.?® Since the electron affinity of chloride ions is greater than

of oxygen, charge transfer from oxygen ion to chlorine neutrals is possible.
1.2.1.5 Photoionization

Excited gases can emit a short-wavelength high frequency irradiation. Tanaka und Zelikoff?¢
showed the spectral bands emitted by excited rare gases; for example 123.9 nm und 116.9 nm for
krypton. These values are equivalent to 10.0 eV and 10.6 eV. There is a difference between direct
current glow discharge (DC) and radio frequency alternating current (RF) gas discharge lamps. In
the case of DC-discharge the lamp emits continuously, whereas in the case of the RF-discharge the
operating current for excitation and the lamp emission are pulsed within the radio frequency range.
The natural resonance frequency of the gas in the lamp is excited by the glow discharge, resulting
in very stable, precise photon energy within vacuum ultraviolet range. The Photoionization
discharge lamps (PID-lamps) are frequently used in analytical chemistry, e.g in gas
chromatography detectors?’, for the mobile detection of volatile organic compounds (VOC) in the
atmosphere?®, in instruments for the high performance liquid chromatography (HPLC) coupled to
tandem mass spectrometry.?’ Additionally, the dopant-assisted photoionization may improve the

sensitivity of the detector and the whole method.*°
1.2.1.6 Principle of APPI/ DA-APPI

When the ionization potential (IP) of a compound M is smaller than the energy of the absorbed

radiation, an electron is removed from M resulting in formation of radical-cation
M+hv- M

Radical-cations have a free unpaired electron, tending to form bonds with surrounding molecules

such as abstracted hydrogen from organic molecules.

M* +RH - MH + R™
M* +H - MH*

The radical cation in turn can recombine with free electrons and may return to its neutral state
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M*+e - M

Using dopant-assisted photoionization, a supporting compound with appropriate IP gets ionized

and can ionize the compound of interest (Dip > Mip)
D+hv-o>Dt+e”
D*+M->D+M*"

The dopant can react with other dopant molecules via protonation. The dopants provide H and are

signed as minus (-) H.
Dt +D - DH* +[D—H]

This has been shown on example of acetone.’! When the proton affinity (PA) of the analyte is

higher than the PA of the protonated dopant, proton transfer reactions can occur.
DH*+M - D+ MH™

IMS with photoionization has been used to determine methyl-tert-butyl ether, benzene, toluene and
m-xylene in water.>?> Dopant assisted photoionization IMS in negative mode using acetone and
toluene as dopants has been shown to ionize explosives®. Ionization proceeds via formation of

hydrated COs clusters in the presence of ~300 mg/L CO; in purified air.

In case of the analysis of aldehydes and poly-condensed nitrogen containing heterocyclic

compounds the photoionization mechanism is not completely understood.**

However, photoionization of aromatic compounds is well suited. The photoionization is favored

due to the good charge stabilization by aromatic compounds and proceeds via n-electron systems.3?
1.2.1.7 Electrospray ionization

Gas-phase ion mobility spectrometer has first been coupled to ESI by Chapman 1937.3¢ Because
of the insufficient ion’s desolvation the ESI was found to be useful only for mass spectrometry
applications. Attempts to overcome the problem were made by several authors using heated
nitrogen as drift gas with an unidirectional flow to increase desolvation efficiency,?’ cooling of the
electrospray needle to prevent solvent evaporation in the capillary*® and additional heated gas flows

in the desolvation region.?? Liquid chromatography effluents (with flow rates up to 200uL min™)
8
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were introduced in an IMS by means of ESI using a t-cylindrical inlet called orthogonal
electrostatic ion-deflection device.*® Due to this inlet system, spectra were less affected by solvent
drops generated by the ESI used at continuous sample flow mode. This mode is typical for liquid
chromatography (LC). Improved ESI-IMS design enable the analysis of amines, narcotics,

pesticides and neurolepticals.3% 40

1.2.2 Ion injection

The first pulsed introductions of charged particles into electric fields have been described by
Cravath.*! The same experimental setup has been used by Bradbury and Nielsen, to determine the
mobility of electrons in hydrogen.*? These publications are fundamental for the usage of ion gates
in commercially available IMS coupled with time of flight mass spectrometers (IMS-TOF-MS).
An ion shutter according to Bradbury and Nielsen consists of two sets of thin wires in an
interdigitated arrangement close to each other. The wires are typically of about 0.05 mm diameter
and placed in a distance of about 0.5 mm between the wires centers. The two wire sets are placed
in a drift tube perpendicularly to the electric field gradient and are electrically insulated from
neighboring ring electrodes. When a potential is applied between two wire sets a closing electric
field is generated between the wires. The direction of the closing field is perpendicular to the drift
field. Therefore, it is required that one wire set is always held at a potential suited to the electric
field gradient generated by the voltage divider. The ion gate setup according to Bradbury and
Nielsen are used for pulsed ion injection in TOF-MS.** Tadjimukhamedov investigated the electric
fields in the drift tube as well as between the gate wires and compared the required ratios between
these electric fields according to simulations and experimental data.** The deviations between
simulations and experimental data were explained by the complicated fabrication of ideal working

ion gates.

The switching electronics for the ion injection into a drift tube usually require custom electronics.
The injection systems used in ion mobility spectrometry are described below.

1.2.2.1 Bradbury-Nielsen-Gate (BNG)

An ion shutter built according to the design of Bradbury and Nielsen. It consists of two wire sets
separated in a non-conductive frame in one plane. This part of an IMS provides periodically

working pulsed ion injection into the drift region of an IMS. It transmits small portions of ions
9
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when the potential difference between the grid wires is zero and deflects the ions when the potential
difference between the grid wires is applied. Mechanical and electrical isolation especially at high
temperatures is difficult due to thermal expansion of the used materials. Wires can be bonded to

ceramic frames with high temperature epoxies.*
1.2.2.2  Tyndall-Powell-Gate

An ion gate built according to Tyndall and Powell. It consists of two grids with parallel wires
placed in separate planes within a distance range of 0.01 — 1 mm to each other. The wires of the
grids are arranged in a parallel and interdigitated pattern. The advantage of this ion gate type is the
appropriate manufacturing procedure. The main disadvantage is the limited permeability of ions.
The permeability of ions is limited by the distance of the two wire sets arranged in the axial plane

of the IMS.46

The permeability of BNG is usually higher compared to the Tyndall-Powell design. The ions

swarms generated with a BNG are usually sharper than those generated with a Tyndall-Powell gate.
1.2.2.3 lon grid function

“The grid is “on” (ions are transmitted) when the two wire sets are at equal potentials corresponding
to the uniform drift-field potential at the location of the grid, and the grid is “off” (ions are not
transmitted), when the two sets of wires are at differential potential equally displaced above and
below the uniform drift-field potential at the location of the grid. In the “on” condition ions are
conducted through the grid, but in the “off” condition ions are not conducted through the grid. The
grid is driven by a square pulse generator coupled with opto-isolator circuitry to the high-voltage

supply biasing the cell.”*

The voltage difference between the wires establishes an electric field
across the drift tube to draw the ions to the wire surfaces, resulting in neutralization of the ions.
When the electric field is removed the ions can pass through the grids and ion mobility spectra can
be recorded. After a short period of time (typically 100-400 ps) the electric field between the wires
is established again and ions are hindered from passing the ion shutter. The example of the voltage
control arrangement is shown in Figure 1. There are two possibilities to switch the ion grid. The

first possibility is when one wire set is held at constant potential while the other wire set is pulsed

from high to low potential. Alternatively, in “off” mode both of wire sets are at potentials equally

10
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displaced above and below the uniform drift-field potential at the location of the grid (Vref+AV;

Vref-AV) and in “on” mode the common gradient potential is applied to the wire sets (Vref).

Bradbury Nielson Design Tyndall Powell Design  (a)
\,(l \[l
V, V,

[ JoN Nel Nel NoN NeN Ne .. .. 8 0 & 8

Grid 1 Symmetric Waveforms (b)
- Ion Injection +AV
] 1 Vet
-AV
Grid 2
Moving Grid Unsymmetric Waveforms
/ lon Injection
Grid 2 .
— — Vref

Time

Figure 1 Designs of ion shutters with Bradbury—Nielsen on left and Tyndall-Powell on right with
end view and side view (a). Two waveform plans (b); a waveform is applied to each grid. A voltage
difference on adjacent wires creates an electric field, and ions are drawn to wires and collide.
Resultant neutrals are swept with drift gas from the analyzer. In each plan, wires are brought to a
common potential, which is referenced to the voltage divider of the drift tube.*’
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1.2.2.4 Gridless methods for ion injection

The presence of wires inside the cross section of the drift tube drastically complicates the
manufacturing of IMS instruments. To overcome these problems other injection methods are
proposed e.g. field switching method, mechanical ion injection as well as injections with pulsed

ionization source (pulsed corona discharge, xenon-flash lamps, and pulsed laser systems).*®

1.2.3 Drift Rings

The central component of ion mobility spectrometer is the tubular arrangement of rings forming a
drift tube that is supported by other components including the power supplies, shutter controllers,
heaters, detector electronics and gas flows. The design of the drift tube separated in sections, e.g.
ion source, drift and detection region, is found in almost every classical drift tube ion mobility
spectrometer. A stacked tube of an alternating arrangement of conductive and non-conductive rings
is the mostly used design for IMS devices with a linear voltage gradient. McDaniel’s design of a
research grade IMS was based on stacked rings and become the first IMS with a convenient vapor
sample inlet.2> 4’ The stacked ring design was further improved for the coupling of capillary gas
chromatography with IMS. The diffusion of neutrals into the IMS and the sample residence time
in the ion source and reaction region were reduced by construction of a pneumatically “tight” drift
tube and an unidirectional gas flow, respectively.?? The electric field within the drift region is
linear, uniform, and within the range of several 100 V cm™'. However, the electric field straight in
the source, reaction and shutter regions can be different to that in the drift region. The homogeneity
of the electric field and the effects of drift tube designs (including the source, shutter, and housing
components) can be modeled by computer based simulations.’® The influence of the thickness of
drift rings and insulator rings on the homogeneity of the electric field has been investigated by Liu

et al.>!

It was found that the homogeneity decreases with increase of the drift rings thickness.
Therefore, the drift rings should be infinitely thin. However, the ring thickness is limited by
electrical connections and the design of the voltage divider attached to the drift rings. The
construction of drift region with rings of very small thickness becomes inconvenient. The
compromise is a drift ring with a thin inner electrode part of ~ 1 mm thickness and an outer
electrode part of several mm thicknesses to provide an appropriate electrical contact. The insulators

can be designed in an interlocking design as shown by Gormally and Philipps.>?> Spangler et al.

used a thick film resistor ink layer inside a ceramic tube to provide a total resistivity of 10-20 MQ.>3

12
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A comparable technology uses the monolithic resistive glass tube producing a radial homogeneity

of the electric fields across the tube.’*
1.2.4 Ion detection
1.2.4.1 Faraday plate detector

The Faraday cup is the most common ion detector for the detection of ion currents at vacuum.
Under vacuum conditions, the energy of ions that hit the plate is high enough to knock the
secondary ions or electrons out from the metal surface of the Faraday cup, resulting in decreased
ion detection efficiency. To avoid the loss of charged species, the detector has a cup shape to trap
the secondary ions and electrons. . At ambient pressure conditions, the energy of the ions is not
sufficient to produce secondary ions and the ions can be collected by a flat plate. This fact makes
the detector construction and interfacing to the drift tube much easier. When positively charged
ions arrive at the detector, electrons from the Faraday plate will be shifted to the detector surface
to compensate the positive charge of the ions. This induces a current that will be registered by the
electrometer. Because the charged ion swarm produces the electric field, this current may be
generated even before the ions arrive at the Faraday plate surface. This results in an earlier response
of the electrometer leading to the peak fronting. Therefore, the recorded signals may have a broader
peak shape resulting in decreased resolving power. This effect can be avoided by utilization of an
aperture grid that prevents the detection of induced charge from ions approaching the detector
surface. An aperture grid can be placed in front of the Faraday plate to shield the detector plate
from the field induced by approaching ions. In the ideal assembly, the Faraday plate is placed
closely between the aperture grid (0.5 — 2 mm distance'®) and the last ring electrode representing
the terminal electrode for the drift gradient. The aperture grid and the last electrode are placed at
electrical potential above and below the Faraday plate, respectively. The voltage bias is chosen so
that a field of 300-600 V ¢cm! is established between the aperture grid and the Faraday plate. When
ions pass the aperture grid, the aperture grid and the terminal electrode focus the approaching ions
onto the Faraday plate. The combination of aperture grid and the detector plate can act as a
capacitor. Therefore, a ballast capacitor is added between the aperture grid and the ground potential.
This capacitor serves as a source of electrons for the aperture grid. The role of capacitor is to drain
the induced current to ground.>> Spangler described the effects of ionic charge induced current

detection in lon mobility spectrometers:
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Figure 2 Tonic charges at different detector designs. Adapted from >3 (top figure) Illustration of an
ion pulse approaching and hitting the detector of an IMS. The ionic charge induces surface charge
on the faraday plate. Electron flow occurs before and after the ion injection hits the faraday plate.
(bottom figure) An aperture grid shields the faraday plate from induced charge. A capacitor is used
as electron source for the aperture grid
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1.2.4.2 Transimpedance amplifier

The detector plate is typically coupled to the inverting input of an operational amplifier. The
collision of ions on the detector plate results in a current flow within the range of 101 — 10-'! A
that is amplified and converted to voltages within the range of 1 — 10 V.!® The commercially
available Faraday cups are adjusted to the demands of the mass spectrometery. Ion beams in a mass
spectrometer can be as low as a few fA (1 fA = 6.242 ions s™!), hence an amplification of 10° — 10'?
is necessary. The large feedback resistance required for this gain produces a slow signal

accompanied by a high electronic noise.*

For ambient pressure applications, only Faraday plate detectors are commonly used, limited by
thermal  (Johnson) noise from the connected electronic of the instrument.
The two commonly used detectors in low pressure or vacuum conditions are the continuous dynode
electron multipliers and the multichannel plate detector. The detectors are frequently used in mass

analyzers. A selection of ion mobility analyzers coupled to mass spectrometry is described below.

1.2.4.3 IMS-MS

The first investigation of ions drifting in a low electric field at “low” pressures (0.7 torr) by means
of magnetic sector mass spectrometry were reported by McDaniel et al 1962.5¢ The first drift-tube-
IMS-time-of-flight mass spectrometry (TOF-MS) coupling has been reported by McKnight et al.>’
Quadrupole Instruments have been employed as IMS detector by Albritton and McDaniel.?* 38 The
objective of these first mass-spectrometric to drift tube IMS couplings was the investigation of ion-
molecule reactions in specified buffer gas conditions. The first step towards IMS-TOF-MS analysis
was the investigation of ion families with multiple charging. IMS spectra are typically recorded on
the millisecond time range while mass spectra are usually recorded in microseconds. The drift field
used in IMS for accurate calculations of collision cross sections is usually <10 Td to be within the
low field conditions. At these conditions the ion mobility is proportional to the electric field
strength. The resolving power of an IMS is dependent of the number of collisions. That is why
instruments working at reduced pressure have an increased drift tube length. Due to the higher

radial diffusion of the ions at atmospheric pressure a larger inner diameter of the drift tube is
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required. This increases the size and complexity of the instrument. The advantage of low pressure

systems is the possible use of ion trap injection and ion focusing devices e.g. ion funnels.

The first ambient pressure ion mobility drift tube was interfaced to an MS by Cohen.*’ During the
following development of IMS as an analytical tool, drift tubes at ambient pressure have been
interfaced to a variety of MS. The most frequently used mass spectrometer is the quadrupole mass
spectrometer which was firstly interfaced to ambient pressure drift tube IMS instruments by
Karasek in cooperation with Franklin GNO corporation.”® IMS-quadrupole MS can provide a
sensitive and mass selective method for the detection of single compounds or target compounds in
complex mixtures. With huge effort ESI-IMS has been coupled to high resolution ambient pressure
IMS36-37. 3840 and initially evaluated by the orthogonal TOF-MS detection.®® Recently, ambient
pressure drift tubes have been coupled to TOF-MS as commercially available instrument (also
known as IM-MS).%! This instrument was used for identification and quantification of specific
metabolites (here: E.coli digest with > 100 metabolites detected by IM-MS in seconds).®?> The
interfacing between drift tube and MS can be complicated due to the need of ion guide systems that

focus selected ions into the mass spectrometer.

Trapping mass spectrometers do not require the pinhole but the so-called two ion gate system needs

to be used to select specific mobilities in the trap.

Differential mobility spectrometry (DMS) and field asymmetric IMS (FAIMS) are used as pre-

filters for ions in atmospheric pressure ionization mass spectrometry.®3

1.2.4.4 Optical Detection

An alternative approach for the detection of gas phase ions at ambient pressure is the charged
particle detector in form of a modified charge coupled device®*. The CCD is modified by replacing
the photosensitive layer by a metal-oxide semiconductor capacitor®. The pixel well is designed to

hold up to 1x10° electrons producing a maximum voltage of 2 V yielding 2 pV/e .

The presented study starts with the laser induced fluorescence detection of gaseous ions at

atmospheric pressure. This novel detection system for ion mobility instruments could pose another

16



General introduction

dimension by means of spectral information and is potentially able to detect ions on a faster time-

regime than the transimpedance amplifiers used in IMS.

1.3 Excursion - Laser Induced Fluorescence Emission

Since nothing has been published of the combination of laser induced fluorescence with drift tube

IMS the principles of LIF are brought in the framework.

Fluorescence is the emission of one or more photons by molecules or atoms activated by
electromagnetic irradiation. The activating photons with a frequency v will get absorbed when the
energy of the photon (E = h v) corresponds to the atom’s excitation energy. The energy is
transferred to one of the atom’s electrons and the energy excess is dissipated by the emission of
another photon of the same or different frequency. The processes occurring from absorption to

emission can be given in the Jablonski scheme.

A [
¥ S __é__ ..............
. ¥ -~ >»- Internal Conversion
é (}1{}]2 S_I]
- Vibrational Relaxation ~————— S T,
S 5 (>101 s
M r
L J Yy T c
Intersystem A, P R SRR
gﬂ Crossing E. T
'g Absorption (105— 10" s :
S8 T Phosphorescence
hv (105-10%s7") UO==10%
Intersystem
hy' Crossing hv"
(102 =10* s
[ [
SU g ..... % W S!}
' 7 N \

Figure 3 Jablonski scheme from®’

In the diagram, the electronic singlet and triplet states are drawn in two columns. The vibrational
sublevels are shown schematically as well. In the ground state the molecule is on the lowest
vibrational level of So. The degree of the absorbed energy determines the population of the

vibrational levels of S; or S,. Vibrational relaxation is the transition from an energy level higher
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than the lowest vibrational level of the first electronic state S1 to the 0 vibrational level of S1. This
can occur in solution within a time scale of 10" — 10-!'! s. Internal Conversion is the transition
(non-radiative with the same electron spin multiplicity) from higher singlet excited states than S1
towards the 0 vibrational level of the singlet S1 state. The internal conversion from S1 to SO can
occur, but due to the larger energy gap compared to the transition from S2 to S1, this is likely
competed with the emission of fluorescence and intersystem crossing to triplet states from which
phosphorescence is possibly emitted when returning to the ground state. The intersystem crossing
is a non-radiative transition between two energetically equivalent vibrational levels of different
electron spin multiplicity. For example, the transition from the 0 vibrational level of S1 to higher
vibrational levels of T1 (intersystem crossing) can compete with the transition to the ground state
with the emission of fluorescence. The fluorescence process is dependent on fluorescence lifetime
and the quantum yield. The emission of fluorescence occurs within 10 seconds and the lifetime is

defined as

1

T=——
ke + Kny

)

Where kr is rate constant for the transition from S1 to SO and the ki is the rate constant for the
overall non radiative transitions such as IC, ISC, etc. The quantum yield is the ratio of the number

of photons emitted to the number of photons absorbed.

photons emitted

(6)

~ photons absorbed

Fluorescence emission occurs from the lowest vibrational level of S1. After emission the molecule
returns to the ground state and the energy is lost to the environment/surroundings. This energy loss
is observed in the Stokes shift, representing the gap between the absorption (excitation) maximum

and fluorescence emission maximum.

In laser induced fluorescence spectroscopy, the molecule absorbs monochromatic, polarized,
coherent light. A selection of systems for light amplification by stimulated emission of radiation

(LASER) is presented in the following.
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1.3.1 Laser Diodes

Laser diodes use microscopic chips of Gallium-Arsenide or other semiconductors to generate
coherent light. The energy gaps between the conduction and the valence band electrons are
responsible for the mechanisms of laser action. A laser beam exits the edge of the processed laser

diode chip. Most of the laser diodes are also called Fabry-Perot diode lasers.
1.3.2 Pulsed Laser Systems

The shortening of the emission duration can lead to an increased level of power. The realization of

that is performed with so-called quality-switches (Q-switches).

Using the laser for fluorescence spectroscopy (e.g. detection of fluorescence lifetimes) the exact

pulse of the laser light can be synchronized with a light detection system.
1.3.3 LIF detection of ions in the gas phase

The LIF provides an orthogonal to IMS second dimension of separation/detection. The
investigation of gaseous ions by laser induced fluorescence has been performed for several
compounds in the past years. A lot of effort has been put into the design and development of
different systems to investigate the optical properties of anorganic and organic ions. Laser induced
fluorescence of nitrogen cations has been performed firstly in 1975 by Engelking and Smith.® LIF
emission spectra of CO* and CO?" were reported shortly afterwards.”® The fluorescence emission
of fluorinated benzene cations followed a few years later.”! However these techniques did not use
mass selective methods for the investigation of gaseous ions by LIF. The fluorescence spectrum of
mass selected CD™ ions was initially possible in a cylindrical radio frequency quadrupole ion trap.”?
In an ion trap of the same principle (Langmuir) ion-molecule reactions of No* with Ar and N> have
been studied.” LIF of gas-phase penning trapped organic ions have firstly been investigated by
Wang et al.”* The setup included a Penning trap and a Nd:YAG pumped dye laser to excite ionized
hexafluorobenzene. The same group determined the fluorescence lifetimes of pentafluorobenzene
and trifluorobenzene radical cations respectively’”> followed by wavelength resolved LIF for
trifluorobenzene.’® The LIF of gas phase radical cations of the Xanthene dye Rhodamine 640 was

firstly determined in a linear quadrupole ion trap, designed by Friedrich et al.”’
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The group of Khoury et al. detected the gaseous ionic fluorescence of the organic dyes Rhodamine
640 (Rhodamine 101) and Alexa Fluor 350 in a Paul trap.”® The photo fragmentation rate was

investigated by the temporal decay of the fluorescence emission.

The first systematic study of dispersed (wavelength resolved) fluorescence spectra of Rhodamine
ions in the gas phase has been presented by Forbes et al.”’ The previous observed blue shift’® of
the emitted fluorescence light from solution to the gas phase has been shown on three Rhodamine

dyes. All three protonated dyes showed smaller stokes shifts in the gas phase than in solution.

Gas-phase conformational changes were the most motivating reasons for the fundamental studies
of the fluorescence emission of the ions mentioned above. A trend can be seen from complicated
instrumentation (e.g. ion sources, ion traps, fast single photon detection, and so on) to miniaturized

systems. This includes the fluorescence detection of the ions at atmospheric pressure.

In conclusion, the discovery of fluorescence emission detection of ions, gives rise to the
implementation of gas phase separation systems. The fast separation in drift tube ion mobility
spectrometry exploits the ionized state of the molecule and provides analytical information via
drift-time measurements. Here, drift tube ion mobility spectrometry demonstrates a method, where

ions can be separated at atmospheric pressure by their collision cross section to charge ratio.

The coupling of ion mobility based systems with LIF is so far scarcely described in literature. The
drift field LIF coupling was used for investigation of the vibronic excitation mechanisms of N»*
.80 Recently, a LIF signal has been recorded in so called “action spectroscopy”. The LIF was
analyzed in trapping mass spectrometer after isolation of ions with differential mobility analyzer.?!
The analytes were Rhodamine 6G and the green fluorescent Protein also known as ,,GFP*. Ions
were generated with different methods (high vacuum/ambient) and were stored in traps prior to
fluorescence spectroscopy and mass spectrometry.®> Competing attempts were shown by Chingin
et al. with the investigation of gaseous Rhodamine 6G ions at ambient conditions.®3 In this work,
the IMS contributes with the availability to separate ions in the gas phase and benefits from LIF
providing spectral information. The detection of ions in IMS instruments is conducted with high-
gain transimpedance amplifiers. The bandwidth of such operational amplifiers is inversely
proportional to the gain and therefore physically limited. Special suppression circuitry in

transimpedance amplifiers and short ion injection times ~10us can enhance the resolution and
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signal to noise ratio during signal recording in IMS.8* The Optical detection is known to work down

to the femtosecond regime and can potentially overcome the limits of amplification electronics.

21



Aims

2  Aims

Secondary electron multiplier (SEM), microchannel plate (MCP) and Faraday plate are commonly
used detectors for ion mobility based separation systems. However, Faraday plate is not selective
and SEM/MCP detectors are cost intensive as well as scarcely field deployable. The interest in
new, complementary/alternative detection systems for drift tube ion mobility spectrometry has
grown in recent years. The use of optical detectors is promising for detection of ions due to the
additional information obtained (e.g. wavelength and lifetime of fluorescence). The drift time
resolved laser induced fluorescence detection (LIF) in drift tube spectrometers has hitherto not

been reported in the literature.

Firstly, the proof of principle of drift tube ion mobility spectrometry and fluorescence detection
has to be realized on the example of Xanthene dye ionized by electrospray ionization. For this
purpose, high numbers of ions should be generated and efficiently transported into the drift region.
To generate drift time resolved fluorescence spectra, the ions need to be injected into the drift field
region in form of short swarms. This can be realized by the use of ion shutter according to Bradbury
and Nielsen which allow high permeability of ions. The design and development of the ion shutter
as well as the influence of the gate field on the ion transmission should be investigated. The pulse
of the injection needs to be synchronized with an optical detection system that consists of an
excitation source and a fluorescence detector. Since the peak width is expected to be in the range
of hundreds-of-milliseconds a faster sampling rate and thus shorter integration time are needed.
Spectrograph in combination with a gated intensified charge coupled device (ICCD) can overcome

both problems.

With this setup the influence of the main parameters can be investigated. The influence of the
electric field strength on signal parameters (intensity, full width at half maximum (FWHM), drift
time) analyzed with both the fluorescence detector and electrometer have to be investigated. The

dependence of the ion transmission on the perpendicular ion gate field should also be investigated.

After proof of principle measurements, a suitable experimental setup for the analysis of PAH
should be developed. Due to the non-efficient ionization of PAH with ESI, the photoionization
technique should be used. This method is known for efficient ionization of aromatic compounds.
An efficient photoionization of PAH requires a pure and dry atmosphere. Therefore, a closed drift

tube ion mobility spectrometer with unidirectional flow design will be constructed.
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To avoid condensation of PAH, the ion mobility spectrometer should be heated. To achieve higher
resolution, the drift length will be increased. To enable the simultaneous analysis by means of LIF

and electrometer detectors, a LIF cell should be integrated into the ion mobility spectrometer.

With the modified experimental setup, the relationship between intensity, FWHM, drift time of the
signal and the electric field strength with both the fluorescence detector and electrometer should
be investigated. The required lamp discharge current for efficient ion generation should be

determined.
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3 Method development for drift tube ion mobility spectrometry in

combination with laser induced fluorescence detection

The following section describes the instrumentation for the IMS-LIF coupling performed in this
study. Firstly, the ionization sources (PI, ESI) are presented. Secondly a detailed description of the
IMS components is described. A third section introduces two laser excitation sources (laser diode
and Nd:YAG pulsed laser system) used in this work. The fourth section explains the principle of
the ICCD camera. Lastly, the experimental setups with both the continuous excitation source and

the pulsed laser system are shown.

3.1 Hardware and Electronics

This part focusses on the development and implementation of the material and electronics that are
required for the coupling of drift tube IMS and LIF. The central components of the drift tube ion
mobility spectrometer are not commercially available separately. Many commercially available
solutions exist, using drift tube IMS as detection system but the drift tubes are always mechanically
integrated to the sample introduction system. Commercially available components do not meet the
requirements, such as: the implementation of a single ion gate between an ion source of interest,
the mechanical integration of optical components into ion optics working at atmospheric pressure,
the Faraday plate detector with aperture and additional integration in commercially available
transimpedance amplifiers. The principle of ion injection and drift tube design is not standardized
yet. Hence, the manufacturers use in-house methods for the construction of ion gates, drift tubes
and Faraday plate detectors. The idea of fluorescence detection of moving ions in an electric field
has not been performed yet. The experimental execution of this coupling requires a high degree of

mechanical flexibility.

The IMS-LIF coupling is investigated on the design and development of a drift tube ion mobility
spectrometer equipped with a fluorescence detection system located at the Faraday plate detector.
The components are introduced in the following section and divided into: ion sources, drift tube
design and the setup of special components (e.g.: ion gate, aperture grid, important electronic

circuits), laser induced fluorescence system (e.g.: laser, [ICCD camera)
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3.2 Ion sources

3.2.1 Photoionization

The ion generation in an IMS is conventionally performed by corona discharge ionization or via j3-
emitters in form of ®*Ni and Tritium (*H). The interest in non-radiative ion sources is still high,
since licensing procedures and the transfer of analyzers with radioactive sources is strictly limited.
The photoionization discharge (PID) lamps are often used to increase the selectivity for organic
compounds such as aromatics, hydrocarbons and alcohols. Additionally, the lamps represent a
ready to use ion source that continuously emits photons of high energy. Two geometries of
photoionization sources for ion mobility are described in the literature. The perpendicular
arrangement of the source window simplifies the mechanical implementation into the ionization
region of the drift tube. However, the photoionization source should emit inside the electric field
to enhance the ion transmission towards the mobility analyzer. Hence, between the perpendicular
positioning of the source, an electric field needs to be established forcing ions towards the ion gate
and consecutively into the mobility drift tube. A so-called repeller was added to the drift tube on
which the highest drift potential is applied. A detailed description is shown in Figure 4. The electric
field applied to the repeller and drift tube forces ions to move towards the ion gate where the initial

process of pulsed ion injection for mobility based separation takes place.
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Figure 4 Perpendicular design of the photoionization source for gas-chromatography ion mobility
spectrometry from Baim et al.??

The axial design was reported with lower detection limits compared to the side-mount design.®> In
case of on axis mounted lamp, the ion source irradiates a higher volume, leading to a higher
ionization yield. The ion gate positioning close to the photoionization region can be
disadvantageous due to the ionization of sample molecules behind the gate.3¢ The literature shows
an increasing trend of the adaption of axial mounted photo ionization sources in ion mobility
spectrometers.33 83 87 Efficient transfer of the ions generated by photoionization of sample
molecules, requires an electric field between the repeller electrode and the first ring electrode of a
drift tube. The high electric field strength with low voltage consumption can be achieved with a
close positioning of the electrode towards the drift cell entrance. It was shown that the penetration
of UV photons can occur to distances of 2 cm when using pure nitrogen as both, drift and carrier
gas.?? Using air containing oxygen instead, resulted in quenching of the photons within the first

millimeters from the source window.8%

An improved design for the atmospheric pressure photoionization was developed by Tabrizchi et

al.3%® The PID lamp was mounted axially and was separated from the IMS inlet region by a metal
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disk. The metal disk fulfills two tasks. One is the extraction of ionized sample molecules from the
source region by applying a high voltage between the lamp head and the metal disk. Second, the
metal disk divides the source region from the IMS inlet region and connects the two regions by a
centered hole. The idea of using the PID lamp electrodes as drift electrodes increases the

complexity of the required electronic circuits.

The setup of an ion mobility spectrometer with a PID ion source is presented. The simple way of
non-radioactive ion generation is the photoionization of volatile organic vapor. The photoionization
source chamber was designed to fit in a unidirectional flow IMS. The PID ion source consists of a
Heraeus PKS 106 vacuum ultraviolet photoionization discharge lamp. The PID lamp is sealed
concentrically onto the ionization chamber with a conical shell of ~0.13 mL volume. The sealing
is realized with the ion source lamp cover that consists of a metal spring, an electrode terminal and
a cover that is mounted onto the ionization source head. The lamp socket represents both, the first
ring electrode of the mobility spectrometer and the PID lamp anode. The lamp socket is attached
to the electrode terminal via a copper connector and a metal spring. This assembly is diagonally
inserted in the lamp cover. The sample can be introduced into the ionization chamber via holes and
gas tight screw fittings. A second hole serves the purpose of dopant introduction into the ionization
chamber. At the tip of the conical shell, the ionized sample molecules exit through a 1 mm opening.
This opening is surrounded by an extraction ring electrode acting as the interface between the ion
source chamber and the IMS inlet. The drift gas passes in a unidirectional flow against the ion flow
and exits through holes in the extraction electrode and the photoionization source head respectively.

A side view of the technical drawing of the ion source assembly is shown in the following drawing.
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Figure 5 Technical drawing of the photoionization source assembly side view. Printed with the
permission of the mechanical workshop TGM University Duisburg-Essen
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The technical drawing of the photoionization source head is shown below.
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Figure 6 Technical drawing of the photoionization source head. Printed with the permission of the
mechanical workshop TGM University Duisburg-Essen. Material: polyether ether ketone (PEEK);

Macor™
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3.2.2 Electrospray ionization

In order to provide the ionization of polar compounds, the second ionization source used in this
work is the electrospray ionization. When a high voltage potential is applied to an aqueous solution
with ionic components or to a conducting surface that is in contact with this solution, it comes to a
charge separation at the capillary tip. The cations accumulate on the surface of the solution and get
pulled towards the counter electrode (e.g. the entrance of a mass spectrometer - in this case the
IMS entrance). The transfer of dissolved analytes from solution into the gas phase occurs with two
characteristic phenomena. First, with a threshold level of the electric field strength called
electrospray onset®® the formation of the characteristic Taylor cone® takes place. Secondly when
the Taylor cone is stable (cone jet mode) the liquid filament (jet) emits small droplets in form of a
spray (plume). The addition of organic modifiers (e.g. Methanol or Acetonitrile) decreases the
surface tension and lower field strengths are required to perform the spray process. In the negative

mode (Solution/capillary on negative potential), undesired corona discharges can occur.””

Reduction_l

Oxidation
Electrons
——
? 9 FD% Electrons
High-Voltage
Power Supply

Figure 7 Schematic of the positive mode of electrospray ionization where TDC is the total droplet
current. The droplets emitted from the Taylor cone merge into a fine spray towards the counter
electrode °!
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The electrospray ion source used in this work consists of the parts from the commercially available
nano-spray ion source (nano ESI v 1.0, 2009, Thermo Scientific, Waltham, USA). A scheme of the

microcross connection interface is shown below.

High voltage terminal

Liquid junction

Liquid flow connection

Electrospray emitter

| Opportunity for split line
or pressure regulation

Figure 8 Schematic of the electrospray interface build up from an Upchurch scientific micro cross
union (part. No. P-887). The inner bore diameter is 0.152 mm. The high voltage terminal is made
from a titanium rod and is directly connected to the liquid inside the cross union.
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A simple approach of an ESI-IMS setup is the positioning of the electrospray emitter in front of
the IMS entrance (first ring electrode) in a close distance to the ion gate. The electrospray emitter
tip potential and the IMS drift potential must be variable since stable spray generation strongly
depends on the electric field strength between the electrospray emitter tip and its counter electrode.
Hence, the electrospray voltage must always be several kV (e.g. 2-5 kV) higher or lower (positive

or negative mode) than the IMS entrance potential.

3.3 Drift tube design

A homogeneous electric field inside a drift tube can be established by applying a voltage on a
stacked tube of ring electrodes, separated by an insulation material. The ring shape has been
investigated and optimized with computer based simulations by means of conducting material
thickness and outer diameter®'. The thickness of the insulation rings was also investigated by means

306,51 The final remarks of both authors, Liu and Eiceman was that the field

of field homogeneity.
definition throughout the drift tube is more important than the overall electric field strength in a
stacked ring drift tube design. Especially the three regions of the ion source, the shutter field and
the aperture grid to detector region need to be defined carefully by means of spacing and field
definition. Non-homogeneous electric fields may arise from this regions or fields external to the
drift tube. In general, a higher homogeneity is achieved with decreasing thickness of the drift ring
electrodes. However, the electrical connection of resistors to thin electrodes is limited. The
limitation can be overcome by the geometrical change of the inner ring shape. The ring can be
designed with a sufficient thickness on the outer ring, while the wall thickness of the inner ring can
be kept at a fixed value of 1 mm. Considering the geometry of the insulation ring, the inner and
outer diameter was chosen to have the same diameters as the drift ring electrode (25 and 40 mm,
respectively). The thickness of the insulation rings was chosen to be 8 mm. The width of 8 mm
was shown to perform best in the drift region without significant changes before and after computer
based simulated field optimization.>! Additionally, the thickness 8 mm poses a sufficient width for
the implementation of the ion shutter grid and aperture grid assembly, respectively. An
interlocking geometry was chosen to align both, the drift ring electrodes and the insulation

electrodes in a tubular arrangement.
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i

Figure 9 Drift ring electrode with an inner thickness of 1 mm and the outer thickness of 5 mm. The
M3 thread is for the mechanical integration of voltage terminals. All dimensions in mm. Material:
stainless steel
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Figure 10 Technical drawing of the insulation ring. The diameter 30 mm f7 indicates a technical
fit for the machinable ceramic material (Macor™) inside the drift ring electrode. The fit is
approximately chosen so that material is not affected when the materials are expanding due to
temperature increase. All dimensions in mm. Material: Macor™

The proposed shape of the rings for the construction of a drift tube has also been described in the

literature.>2
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The creation of an orthogonal field to deflect or block ion passage into the drift region is
accomplished by the biasing of two parallel wire sets located in one plane perpendicular to the flow
of the molecular ion beam. Such an arrangement is called a Bradbury-Nielsen gate (BNG). The

manufacturing of a BNG can be performed by etching*3¢: %2

or weaving®3. The weaving method is
potentially able to produce a research grade BNG.** The principle of the weaving method consists
of the wrapping of a defined wire around two screws located in parallel in a defined distance. The
thread spacing of the screws determines the distance between the wires. After the wrapping, one
side/layer of the wrapped wire (above or below the screws) is glued between two ceramic rings.
Then separation (weaving) of two wire sets is performed manually. The mechanical integration of
the two wire sets is achieved by twisting and fixation of the wires as electrodes. A research grade
IMS requires temperature stability, electrical insulation and chemical inertness at the same time.
Additionally, since the wire arrangement serves as electrodes, the wire material needs to be
conductive (e.g. made from metal) and the wire holder has to be made from an insulator. The
expansion of material with increasing temperatures complicates the technical layout of a BNG. In
this instance, the dimension of the wires must be very stable at various temperatures. Invar was
used as wire material of choice because of the low expansion property. Invar is an alloy with a
coefficient of expansion of 1.3 x 10 K'! in the range of 0-100 ° C, compared to stainless steel that
is 1.3 x 103 K'1.° The adhesive used for the wire fixation should have equal properties such as
temperature stability and high electrical insulation. Ceramic cements are made from inorganic
powders (e.g. Si02, ZrO2) and some of them were intended to join ceramics and make electrical

insulation coatings.

3.4 Manufacturing ion gate according to Bradbury and Nielsen using the weaving method

Two ceramic rings were designed to fit between two drift ring electrodes. The thickness of one ring
is specified to be half the thickness of an insulation ring. The inner and outer diameters are identical
to the insulation ring. For the housing of the wires after separation, a groove is inserted in a close

distance to the wire plane.
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Figure 11 Technical drawing of the gate ring. All dimensions in mm
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A winding tool consists of two brass screws mounted in a frame (Figure 12 (1)). The diameter of
the screws is 40 mm. The screws have a thread spacing of 0.3 mm. Invar wire (0.008 mm diameter)
was wrapped around the screws in every second thread, until a 26 mm wide area is wound. The
gate half is put on a raised platform and the assembly of the screws mounted in the frame with the
wound wire is slided over one gate ring (Figure 12 (2)). The cement (Polytec Resbond 940) is
prepared according to the manufacturers application guide. In general, a thin layer between the gate
rings is required and excessive adhesive should be removed. A dispenser tool such as disposable
syringes was used for the application of the cement. The wires quickly mount after applying the
ceramic adhesive, since it dries fast. The wires wound at the top should rest on the grooved side of
the gate ring with a slight tension. The second gate ring is aligned quickly after the adhesive
application with the grooved side facing down. With applied weight on top (Figure 12 (2)), the
cement is cured at ambient conditions for 72 hours. After curing, insertion of a paper sheet in
between the two layers of wires simplifies the visibility of the gate wires. Take a wooden stick and
weave it between the wires so that the wires alternate between being above and below the stick
(Figure 12 (3)). Repeat the procedure with a second stick and weave in the opposite direction. This
procedure will result in the separation of four wire sets that are fixed on paper with the aid of
adhesive tape (Figure 12 (4+5)). After removing the wooden sticks, two of the four wire sets are
showing to the groove over which it lays when the wires are separated. The wires are pressed into
the grooves and twisted with silver plated high voltage (HV) lead wire forming the two gate leads
(Figure 12 (6+7)).
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Figure 12 Procedure of making a Bradbury Nielsen Gate. (1) Winding of wire around screws. (2)
Cementing the wires inbetween ion gate rings. (3) Weaving resulting in four wire sets. (4) Taping
the wire sets on paper. (5) Gate assembly with four wire sets. (6) Wire sets pressed into the groove
(7) Final assembly of the BNG.

The ion gate is also used as aperture grid when both wire sets are biased on the aperture grid
potential. The drift ring, the insulation ring and the ion gate can be used for various drift tube

lengths and designs (dual gate mode for example).

3.5 Transimpedance amplifier and detector assemblies

The detection of ions in an IMS is performed by transimpedance amplifiers. The used amplifier
in this work is a Femto DLPCA-200. The device can perform in two modes. One in H-mode
(high speed) with a gain up to 10! V A-! and second in L-mode (low noise) with a gain up to 10°
V AL, The rise and fall times differ significantly in the two working modes. Since ion mobility
injection times are in the range of several tens to a few hundreds of microseconds and the gain is
usually set to a value in the range of 10°-10'2V A-! low noise mode performing at a gain of 10°V
A! with a rise and fall time of 300 s is rather inconvenient.
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Figure 13 Variable gain low noise amplifier Femto DLPCA-200

The detector plate of an IMS is usually connected to the input of the transimpedance amplifier.
Shielding of this lead is important and is simplified with the coaxial cable Bajonett Neill-Conc
elman (BNC) connectors on the amplifier. The mechanical parts for the ion current detection is

designed with regard to the BNC connection standard.

In this work, two design concepts are developed for the integration of an optical detection system
in the detection region of a drift tube ion mobility spectrometer. One is an open stacked ring design
with an open end for the integration of a fluorescence emission detection system. Second a closed
unidirectional flow design is developed for the integration of both, photoionization and laser
induced fluorescence detection. For the ionization of dye molecules such as Rhodamine 6G ESI is
a favorable ion source, since the molecule is polar and ionic in solution. The open design setup was
kept simple without temperature controlling and without gas flows. Fluorescence experiments
require precision movements of excitation light source beams and that of the emission collection
optics, respectively. That is why the open cell design was placed on an optical bench and the
important features (electrospray emitter, excitation light source, emission collection optics) of the
experimental setup were kept modular by means of spatial positioning (e.g. placed on x-y-z

positioners).

The detector for the open cell design consists of a copper plate mounted in a modified BNC adapter
and an aperture grid glued between two Macor support pieces. The aperture grid was manufactured

by the winding method presented above. The adapter was modified, so that the aperture grid was
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placed in a small distance (0.5-1 mm) to the detector plate. The copper plate can be designed in
various diameters and lengths. A rather less mass used for the Faraday plate results in a reduced
capacitance. The limits are in the thickness of the terminal and the thickness of the plate. The Figure
14 shows the detector assembly in four parts. The plate shown in (1) is mounted into the modified
BNC connector Figure 14 (2). Invar wire (weaving method) is glued between two pieces of Macor

(3) serving as mountable aperture grid for the miniaturized detector for open drift cells (4). The

assembly of the detector for the open cell design is shown below.

Figure 14: Faraday plate detector assembly for the open drift cell design

40



Method development for drift tube ion mobility spectrometry in combination with laser induced
fluorescence detection

Basic technical drawings of an research grade IMS detector can be found in the supplemental

material of Eiceman et al.'$

This concept of stacked flanges provides diffusive gas flow for drift
gas and a Faraday plate detector with wire feed through connection. Additionally the detector

assembly is adapted to join the ion gate assembly.
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Explanation for the assembly of the IMS detector:
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Figure 15 Stepwise detector assembly for closed drift tube arrangements. (1) basic flange with drift
gas connector. (2) supporting electrode with diffusive drift gas outlet via 12 holes. (3) Last ring
electrode mounted on isolation flange. (4) Detector plate mounted on isolation flange with special
tool (5)+(6). (7)+(8) Plate detector with isolation flange assembly mounted on basic-flange. (9)
Assembly of the plate detector terminal shielding.

42



Method development for drift tube ion mobility spectrometry in combination with laser induced
fluorescence detection

3.6  Electronic circuitry for IMS

The general electronic circuitry for IMS electronics are described in the literature.*” Unfortunately
no generalization of drift tube designs exist, making every drift tube IMS a merge of unique
technical assemblies that requires adapted electronics. However, the basic principles of the
electronic circuits are highly similar in drift tube electronics. The electronics can be divided in four
parts: The source electronics (when using other than ®Ni), the voltage divider, the ion gate switch
and the aperture grid voltage and current regulation, respectively. The following section proposes
a circuit for the photoionization drift tube IMS. The number of drift electrodes is set to ten and can
be varied if necessary. However, the voltage divider needs to be adapted in the same way. The
capacitor C1 smooths the output signal of the transimpedance amplifier and has typical values of
100 nF. The capacitor C2 is added to the aperture grid to drain the induced current of the
approaching ion cloud to ground potential. The capacitor values are in the range of several pF. In
this work SuF are used specified up to a voltage of 1 kV. The voltage difference between the lamp
socket and the extraction electrode is discussed in the literature.33 8% 87 In general, a voltage drop
between 500 and 1000 Volts is required to transport the ions towards the IMS drift cell. In this
study, the value of the resistor between the PID lamp and the extraction electrode is set to 2.7 MQ.
A typical value of the aperture grid resistance against ground is 1/5%" of the resistance between two
neighboring drift ring electrodes (1MQ). At a high voltage value of 2.5 and 5 kV applied to the
circuit, the voltage drop between the PID lamp and the extraction electrode is 450 and 900 V,

respectively.
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Figure 16 Overview of the overall electronic circuit for a drift tube ion mobility spectrometer with
stacked ring design and Bradbury-Nielsen gate.

The essential components of this circuitry are the ion source electronics and the ion gate switch.

The circuitry is described in the following paragraphs.
3.6.1 Ion source electronics - PID lamp power supply

The ion source electronics need to be located in the electric field in a close distance to the drift tube
entrance to increase ion transmission. In the case of photoionization a separate high voltage is
required to supply the PID lamp current. In this work the lamp socket of the PID lamp is used as
first ring electrode (repeller) of the IMS. Therefore, galvanical isolation of the PID power supply
from the IMS drift voltage power supply is required. This can be achieved by DC-DC converters.
The PID lamp current can be monitored by the power supply, recommended from the PID lamp
manufacturer. This feature was also implemented in the circuit for the PID lamp power supply. The
LCD shows the PID lamp current in 4 digits (000.0) in the range of ~ 0.3-2 mA depending on the

resistance adjusted by the Potentiometer (0-1 MQ). The PID lamp socket can be connected to both,
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the PID lamp power supply and the high voltage power supply that is necessary for the generation

of the drift field. The circuit of the PID lamp power supply is shown below.
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Figure 17 Electronic circuit of the PID lamp power supply for the integration of PID lamps in drift

tube Ion mobility spectrometers

Since the high voltage power supply for the PID lamp is placed on a floating potential, the whole

unit is placed into an isolating case made of plastic. Also the switch button to ignite the lamp is

crafted from a rod, made of polyvinylchloride. The only piece of metal is the BNC socket providing

the two electrical connections for the PID lamp. This socket is put on the highest electric potential

when the PID lamp power supply unit is integrated into a drift tube PI-IMS. A photograph of the

mounted circuit in a case is shown below.
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Figure 18 PID power supply unit with open lid

3.6.2 Electrospray-ionization electronics

In the case of electrospray ionization the high voltage connection at the liquid junction must be
held at an appropriate potential over the highest drift tube potential to generate the electric field
between the electrospray emitter and the IMS drift tube entrance. Example: The electrospray is
generated when +3-5 kV are applied to the electrospray emitter in a defined distance to a counter
electrode. When the drift tube entrance ring is held at a potential of +5 kV the electrospray voltage

must be £8-10 kV to generate the electrospray.
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3.6.3 Ion gate shutter electronics

The description of the ion shutter electronics are not sufficiently described in the literature. The
most simple description is the “on” - “off” operation of the ion gate in dependence on the potentials
applied to the two wire sets required for a BNG.#” “On” means, when the wires are at equal potential
corresponding to the drift field potential at the location of the ion shutter. “Off” is the condition
when the two wire sets are equally displaced above and below the drift field potential at the location
of the ion shutter. The driver for the periodically operation of the “on” — “off”, is a square pulse
generator that needs to be decoupled from the high voltage circuitry with opto-isolation circuitry.
No standardized electronics for ion gates exist to operate an IMS. The following section describes

the circuitry required for the biasing of the ion gate wire sets relatively to the drift field potential.

The galvanical isolation of the bias potential from the high voltage potential is performed with
transformers. The transformer (230 V, 20 VA, see Figure 19) provides AC voltage that is converted
to a tunable DC voltage. This voltage needs to be placed on one wire set by means of the “on” -
“off” operation, while the other wire set is always held at the potential at the location of the ion
shutter. The voltage can be varied by the voltage regulator (TL 783). The isolation of the switching
circuitry is performed with a second transformer providing the supply voltage of approximately 7.5
V AC (see Figure 19) that is converted into a fixed +5.25 V DC (LP 317, see Figure 20) required
for the opto-isolation circuitry (the parts MAX 4429 and the HFBR 2528 require + 5V supply
voltage). The HFBR 2528 is the receiver of light pulses that determine the pulsed “on”-“off”
conditions for the ion gate. The light generation is performed via a second opto-isolated circuitry

that generates a light pulse from a transistor-transistor logic (TTL) square pulse. (Figure 21)
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Figure 21 Circuitry of the light pulse sender generated from a TTL-square pulse going into the
BNC input socket (BNC in)

The switching behavior of the opening (falling edge) and the closing (rising edge) were
investigated. For this reason, the two wire sets were connected to the ion gate voltage terminal and
the reference potential, respectively and the switching behavior was recorded with an passive probe

connected to these wires and to an oscilloscope.
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Figure 22: BNG opening (black points) and BNG closing (red points) times. The gate voltage was
setto 30 V

The electronics are switching the BNG voltage in appropriate timing. Falling times of ~ 20 ns and
rise times of ~ 125 ns, were determined respectively. Typical drift times are detected in the range
of several milliseconds to tenths of milliseconds with peak widths in the range of several hundreds
of us to ms. Hence, the developed electronics will provide sufficient sharp injection pulses for ion
mobility spectrometers. The shutter electronics for periodical ion injection can be implemented in

any ion mobility spectrometer with electrically working injection grids.
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3.7 Implementation of excitation light sources into the drift region of an ion mobility

spectrometer

The open drift cell design consists of the electrospray source, four drift rings, the ion gate, and the
miniaturized detector assembly. Between the last ring and the aperture grid, the excitation source
is coupled into the center axis of the drift cell assembly. As a general consideration, the excitation
of ions at atmospheric pressure requires monochromatic light with high intensity. A simple, low
cost and robust monochromatic light source with high intensity can be made from commercial
available high power laser diodes. Usually these diodes are available in standardized TO 56
housings. The number indicates the outer diameter of the housing of 5.6 mm. A small portion of

the supplied electrical power is converted into light and the remaining power is converted into heat.
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Figure 23 Laser diode principle

The ideal laser diode driver is a constant current source that is noiseless and delivers the exact
current that the diode needs to operate.”® The manufacturer often gives standard operating

conditions for the operating current.

52



Method development for drift tube ion mobility spectrometry in combination with laser induced
fluorescence detection

3.7.1 Continuous emitting excitation source for the analysis of fluorescent dye cations in the

gas phase

Two diodes (PL TB450B, Osram, Regensburg, Germany), (NUBMO7E, Nichia, Tokushima,
Japan) have been used in the experimental work. These diodes emit the light with maxima at 447
nm and 462 nm and with optical output power of 1.6 W and 3 W, respectively. In the example of
the PL TB450B laser diode, the diode is emitting 1.6 Watt of output power at an operating current
of 1.2 A. Therefore a constant current source was designed operating at approximately 1.2 A. The
voltage regulator LM 317 can be used as constant current source up to a maximum current of 1.5
A. When the wiring is correct, the circuit gives a constant current in dependence of the used
adjustment resistor. The excessive current is converted into heat via the heat sink of the LM 317.
The drop-out voltage of this integrated circuit is 1.25 V. Hence, for the required operating voltage
(4.8 V) of the laser diode, a minimum voltage of 6.05 V is required for operation. The laser diode
was mounted in a piece of aluminum to dissipate the excessive heat. This was facilitated with a
fan, mounted to the aluminum holder. Due to practical reasons, the circuit with its additional
heatsink is mounted on the cooled aluminum laser diode holder as well. Centered and in parallel
positioning in front of the laser diode, a triplet collimator lens (focal length = 16 mm) was mounted

to parallelize the emitted light. The complete assembly of laser diode is shown below.
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Figure 24 PL TB 450 B mounted in aluminum body. The constant current source is mounted with
the heatsink on the diode assembly. The fan is mounted on the backside of the assembly. The lens
system is mounted on rails to adjust the focusing point on the laser diode emitter.

54



Method development for drift tube ion mobility spectrometry in combination with laser induced
fluorescence detection

The developed assembly allows the simple integration of monochromatic light into an IMS. The
most important consideration is the dissipation of heat from the laser diode housing. With the
Aluminum profile the heat can be drained away via the high surface at reduced material weight.
The contact between the laser diode and the Aluminum housing is made with an adapted copper
component and thermal compound paste. The additional fan supports the heat dissipation. The
current flowing through the diode is constant. In the case of NUBMO7E, a laboratory power supply

is used with current limitation.
3.7.2 The coupling of IMS and LIF for the detection of PAHs

The determination of the fluorescence properties of polycyclic aromatic hydrocarbons in the gas
phase has been studied by many groups. Whitaker and Bushaw studied the collisional quenching
and quenching in the presence of oxygen of vapor phase pyrene.”” A frequency quadrupled
Nd:YAG laser was used in this study. Anthracene and fluoranthene were quantified in a mixture
by laser induced fluorescence detection.”® The fluorescence lifetimes of the two compounds were
reported from the same authors.”” A N»-Laser emitting at 337 nm was used in these studies. The
excitation and emission spectra as well as the fluorescence lifetimes of a broad range of particulate
PAH were studied by Niessner.'% A rather current study used a frequency quadrupled Nd:YAg
Laser for the online detection of PAH mixtures (up to four different PAH with a the use of a
reference mixture) in combustion gases. The 266 nm is a good compromise for the excitation of
PAH since this is a region where most of the PAH strongly absorb. The available lasers have a

short pulse width (in the range of 5-10 ns) that allows the study of fluorescence lifetimes.
3.7.3 Operating principle of a pulsed Nd:YAg laser

The photons for the stimulated emission of the laser medium are typically delivered from a xenon-
flash tube lamp, also called pump source. The neodymium ions in the YAG (Yttrium-Aluminium-
Garnet, Y3A15012) crystal (laser medium) act as a laser gain medium. In case of the Nd:YAG the
crystal is doped with ~0.7 % (weight) Nd** ions. The gain medium material has a major influence
of the wavelength of operation. The stimulated emission of light is the first process of the laser
mechanism. The return from an excited state into the ground state can be stimulated by the
influence of a light wave that meet the Bohr conditions of frequency. In general, a photon hits an

electron in the excited state that returns into a lower energetic state. Simultaneously a second
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photon of the same frequency and phase is formed. Hence, the light is amplified. The light source
must have a high radiation density and must emit in a suitable spectral range to excite the laser
medium. The amplification of light and therefore laser action requires the inversion of population
densities. In case of Nd:YAG lasers the used pumping sources consist of light sources (e.g.
continuous emitting light sources and flash lamps). The stimulated emission processes must
predominate to achieve laser emission. Hence, the factor of amplification (gain) must be high

enough, or the (laser) photons must pass the laser medium several times.

The general setup of a laser is a characteristic arrangement of the active (laser) medium with optical
elements such as mirrors, or prisms. A rod of the laser medium is placed in between two mirrors.

One of the mirrors is semitransparent for the output coupling of the laser emission.

The duration of the laser emission can be reduced which is of high interest in many applications.
With reducing of the emission duration the light power increases for a given pump energy. This
formation of a light pulse with high power is performed by the quality switch (Q-switch). The
standard pump pulse of a flash lamp in Nd:YAG lasers has duration of several 100 ps. The Q-
switch is located between the laser rod and the reflecting mirror. The Q-switch opens the optical
path of the resonator at the end of the pump pulse. This results in a high inversion and gives a short
light pulse of high power. The lifetime of the Nd:YAG excited state must be higher than the pump
pulse duration. The most frequently used Q-switches use Pockels-cells made from
Pottasiumdihydrogenphosphate (KDP) that changes the polarization of the laser emission under
the influence of an electric field. The 1064 nm laser line of the Nd:YAG is frequency doubled for
two times to generate the 266 nm. The principle of this procedure lies in the formation of the non-
linear component of the polarization processes in non-linear crystals. Many different non-linear
crystals exist. The most common material is Pottassiumdihydrogenphosphate (KDP) which is
transparent in the range of 200 — 1900 nm.’® The laser used in this study (Polaris, New wave
research, Fremont, CA, USA) has external triggering control and gives the user control over the

timing of the laser pulse.
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3.7.4 Spectrograph with Intensified charge coupled device camera (ICCD)

The detection of the fluorescence is performed with a spectrograph (Shamrock 3031, Belfast, North
Ireland) equipped with a grating of 149 lines mm™! and a blaze wavelength of 300 nm. This means
the grating has the maximum degree of reflection at 300 nm. The optical path is according to
Czerny and Turner. The detector consists of an intensified charge coupled device array (iStar
DH734-18U-03, Belfast, North Ireland) of 1024x1024 pixels with an effective pixel size of 13 um?.
The CCD can be cooled to reduce dark current. The integrated cooling system can reduce the dark
current to ~0.5 e pix”!' sec”!, specifications are as follows. The CCD intensifier consists of a photo
cathode (type W-AGT), an optical gate (min. optical gate width = 1.88 ns), a microchannel plate
(a max. MCP gain of 255 corresponds to ~600 counts photoelectron! and a phosphor screen
(Phosphor P43) located in front of the CCD array. The system is a wavelength resolving detector
with high sensitivity (MCP gain) and low shutter opening times (optical gate) for the observation

of fast light emission events (e.g. fluorescence lifetimes).

3.8 The experimental setup ESI-IMS-LIF using open drift cell design and high power laser

diode

The assembly of four drift ring electrodes and the ion gate assembly is placed in an optical bench.
The detector for the open drift cell design is aligned with the central axis of the drift cell and placed
10 mm behind the last ring electrode on a plate of polycarbonate. The blue laser diode assembly is
mounted on a X,y,z-manipulator table and was coupled orthogonally into the drift cell center
perpendicular 5 mm behind the last ring electrode. The drift lengths for the Faraday plate detection
and the LIF detection are 35 and 28 mm respectively. The electric field is generated with a high
voltage (ISEQ DPS 50205, Germany) applied to a series of 1 MQ resistors connected in series
between the ring electrodes (voltage divider). The voltage drop between the aperture grid is
generated with 200 kQ from the aperture grid to ground potential and the capacitor has 5 pF. The
electrospray emitter of the ion source is placed in front of the first ring electrode and can be adjusted
with another x,y,z-manipulator. The electrospray voltage is generated with a second high voltage
power supply (ISEQ DPS 50205, Germany) with a potential 1-3 kV higher than the drift potential.
A syringe pump (KD scientific) is used for the continuous infusion of Rhodamine 6G solution (500

uM in MeOH, 0.1% formic acid). Perpendicular to the drift cell and perpendicular to the laser
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beam, the collection optics are mounted to a x,y-manipulator. The collection optics consist of a
cylindrical lens (f= 40 mm) and a collimation lens (f= 75 mm F/6.8) in front of the collimation
optic (LLZ010, f = 19mm, F/1.7) for the quartz fibres (72 fibres LUV100/110/125u) with a
numerical aperture of 0.12 going to a rectangular profile (0.125 x 9 mm) into the entrance slit of
the spectrograph with ICCD detector. A detailed photograph of the drift cell is shown in Figure 25.
The connection of the voltage divider is according to the schematic in Figure 16. The electronics
for the Bradbury-Nielsen Gate are connected according to Figure 16, Figure 19, Figure 20, Figure
21.
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Figure 25 Experimental setup for ESI-IMS-LIF.

The experimental parameters affecting the laser induced fluorescence of a gaseous ionic dye is

subject of section 0 in this work.
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3.9 The experimental setup PI-IMS-LIF using closed unidirectional flow drift cell with pulsed

Nd:YAG laser

The implementation of IMS and LIF is an alternative approach for the detection of polycyclic
aromatic hydrocarbons (PAH) in waters. Sample introduction was performed with permeation
tubes filled with pure substances of PAH. The principle of the setup for the instrumental coupling

is shown in the schematic below.
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Figure 26 Scheme of the PI-IMS-LIF setup

The developed photoionization source was aligned with the extraction electrode and two drift ring
electrodes (separated with an isolation electrode) in front of a BNG ion gate and connected to a
drift tube made from a stack of drift ring electrodes (16 pieces) and insulation rings (15 pieces).
The detector for the closed cell design was equipped with a flow cell made from a-AlO3 placed
between the detector plate and the last ring electrode. The overall drift length from the ion gate
wire center of the gate to the detector plate is 16.33 mm + 1 mm. The thickness flow cell made of
aluminum oxide was 22.8 mm, with inner and outer diameter of 25 mm and 40 mm respectively.

The flow cell was further equipped with three holes, located in 90° angle to each other. Two plane
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quartz windows (A/4, 10 mm in diameter, 0.5 mm in thickness) in 180° to each other were coated
(anti-reflection coating in the range of 200-600 nm with Transmission > 97%). The third hole was
modified for the insertion of the optical fibre (light guide) of the spectrograph. An aperture grid
was implemented into this flow cell with the developed weaving method (see Figure 12). Two
windows were for the coupling and decoupling of the laser beam. The third window served for the
collection of the fluorescence. A photograph of the IMS-cuvette and the implementation with the

detector and the whole IMS is shown below.
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Figure 27 The LIF-detection assembly in the closed IMS. (1) LIF flow-through cuvette. (2) LIF-
cuvette with aperture grid. (3) Assembled detector. (4) LIF-cuvette placed on the detector. The
arrow marks the insertion direction of the optical fibre (light guide)

This design allows the analysis of the ion current by means of laser induced fluorescence
spectroscopy in front of the Faraday plate detector. The implementation of the flow cell cuvette,

the heated drift tube and heated photoionization source is described in seven steps in Figure 28.
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The detector with the LIF cuvette (1) is aligned with the stacked drift tube (2). An isolation layer
of Teflon (3) serves for electrical isolation of the heating mantle (3). The heating mantle encloses
the drift tube including the ion gate region and reaction region. The reaction region is interfaced to
the photoionization source via the extraction electrode seen in (4). (5) The Photoionization is
mounted on the top of the drift tube. (6) The source heating and compression flange are mounted.
This setup seals the drift tube with a drift gas leakage in the range of 1-10 %. The leakages were
only located at the cemented joints of the ion gate and aperture grid. (7) shows the whole PI-IMS-
LIF drift cell with mounted voltage divider.

Figure 28 Assembly of the PI-IMS-LIF cell

The principle of the electric field gradient creation and the ion gate switching was shown in section
(3.6). The voltage drop between the last ring electrode and the aperture grid was adjusted with a
resistor value of ~ 2.84 MQ. When the drift voltage of 5 kV is applied to the PID socket, the electric

field should be homogeneous and corresponds to an electric field gradient of ~264 V cm’!.
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The assembly is placed into an optical bench for precise adjustment of the optical paths of the

excitation and emission. A photograph of the drift cell with the excitation and emission optics

implemented into the drift cell is shown below.

Figure 29 Experimental setup PI-IMS-LIF. The laser beam path is animated as a blue line

The sample introduction was realized with heated modified injectors. The injectors were used
without liners as a closed vessel with gas inlet and outlet connections. The injectors were connected
with fused silica capillary to the inlet of the photo ionization source. Therefore, the IMS was further
equipped with gas flow connections to generate a unidirectional flow IMS. Nitrogen (99.999%
purity) was used as drift gas, carrier gas and additional dopant gas carrier gas. The drift gas flow
rate was in the range of 50 — 500 mL min! and was adjusted by mass flow controllers (Aalborg
GFC, Orangeburg, United States). The sample and carrier gas flow rates were also provided by
mass flow controllers with a working range of 1-10 mL min™!. Gaseous samples were provided into
the ionization source by desorption of solids (in permeation tubes placed in heated ovens. Two
sample introduction systems were connected to the ionization source. One was for the introduction
of sample and the other was for introduction of dopants. A schematic of the flow scheme and a

photograph of the injectors mounted to the photoionization source inlet is shown below.
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Figure 30 Schematic of the gas flow in the experimental setup (left). Photograph of the injectors
(right)

The function of the ion mobility spectrometer was proven on the analysis of selected polycyclic
aromatic hydrocarbons (PAH). A small portion of PAH in an open glass vial was placed into one
of the injectors. The injector, the ion source and the drift tube was cleaned by heating (~180 ° C
for two hours) before the next substance was put in the injector. The carrier gas was set to 10 mL
min-!. The drift gas was set to 500 mL min™!. The injector temperature, the source temperature and
the drift tube temperature were set to 80° C during the recording of drift time spectra. The electric
field gradient was 264 V cm'. The BNG was set to a closing voltage of 30 V with a pulse width of
200 ps. The aperture grid was held at ~ 32 V above ground. The amplifier was set to a gain of 10!
The trigger in the oscilloscope was set to the rising edge of the ion injection pulse. The resulting
oscillogram (16 averages, DC mode) has been recorded with a digital storing oscilloscope (Agilent
DSOX2022A, United States). The single drift time spectra of benzene (gas phase, AppliChem,
99+%), naphthalene, phenanthrene, pyrene (all from SigmaAldrich, 99%) are shown below.
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Figure 31 single drift time spectra of benzene and selected polycyclic hydrocarbons.

In Figure 31, the drift time spectra of the product ions from four aromatic compounds are shown.
The PAH were put as solids into the injector and no changes of the peak properties were observed
over time, as long as the analyte was present in the injector. With increasing number of condensed
rings, the drift time increases. This can be explained by the reduced mobility of higher condensed
polycyclic aromatic hydrocarbons. The reduced mobility is a result of the increase in collision cross
section. The collision cross section is increased due to the changes of molecule geometry with
increasing number of condensed rings. The advantage of the photoionization is the production of
either the molecular ion or the MH". The problem of the occurrence of multiple peaks after
chemical ionization is reduced. The trend of decreasing peak height with increased number of

condensed rings can be explained by the vapor pressure of the pure solids.
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The advantage of the experimental setup is, that the ion mobility based separation takes place with
the presence of the implemented flow cell that enables the probing of the ion packet in front of the

Faraday plate detection.

The investigation of the parameters affecting the laser induced fluorescence of PAH in this

experimental setup is subject of section 5 in this work.
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4 Drift time resolved fluorescence detection of gaseous ionic Rhodamine 6G

4.1 Introduction

Despite the fact that many investigations can be found about the different ionization and ion-
injection techniques, rather less is known about alternative detection systems. Most of the existing
IMS-analyzers use the principle of the Faraday plate with following signal amplification. However,
the amplifiers are limited due to the high feedback resistance of the operational amplifier, resulting
in a limited sampling rate over the drift time scale with a high electronic noise. The operation of
the amplifier for drift tube IMS has been improved by introduction of suppression circuitry,

however this method is physical limited.

The current work proposes laser induced fluorescence (LIF) as a complementary/alternative
detection system that is potentially faster than a conventional electrometer and provides additional

analytical information (e.g. fluorescence wavelength and lifetime).

In the present study, the feasibility of IMS with LIF detection was proven on example of the
fluorescence detection of gaseous ions at atmospheric pressure in a simple drift tube ion mobility

spectrometer.
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Figure 32 Schematic of the IMS-LIF instrument. Light emitted from laser induced fluorescence is
detected orthogonally to the ion drift direction

An ion mobility drift cell of open design was constructed in house. The drift tube consists of four
cylindrical electrodes in a stack. The neighboring electrodes were insulated by interlocking glass
ceramics (Macor) spacers of the same as electrodes diameter (8 mm thick). The drift electrodes
were constructed according to Gormally and Philipps®? with an inner diameter of 25 mm, an outer
diameter of 40 mm, outer thickness 5 mm, inner thickness 1 mm. The whole drift region is 32 mm
in length. An ion gate, constructed according to Bradbury and Nielsen, was placed between the
first and the second ring electrodes. The ion gate was made of two sets of gold-plated parallel wires
(Alloy 36 [1.3912], 80 um diameter) located 600 um from each other. The wires span a hole of 25
mm and are glued (Resbond 940, Polytec, Waldbronn, Germany) between two ceramic rings (O.D.
40 mm) of 4 mm thickness. The potential of the first set of wires corresponds to the potential of
the ion shutter position in the drift tube. The other set of wires has the same potential when shutter
is open (ions are transmitted) and higher potential when shutter is closed (ions are not transmitted).

The shutter transmits no ions when a voltage difference between the sets of wires is higher than
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+50 V. The electronic for the Bradbury Nielsen shutter was built in the electronics workshop of the
physical chemistry department at the University of Duisburg-Essen. The key component of the
Bradbury Neilson shutter electronic is a transformer providing a galvanic insulated AC voltage,
which is converted into a switching DC voltage. This voltage can be superimposed on the DC high
voltage potential corresponding to the Bradbury Neilson shutter position in the drift tube. The
switching frequency is provided by a pulse generator (Digital Storage Oscilloscope DSO-X 2022A,
Agilent Technologies, Santa Clara, CL, USA), determining the width and the length of the gate
pulse. The drift voltage applied to the first ring was provided by a variable high voltage power
supply (DPR 50 205 24 5 EPU, ISEQ, Germany) providing drift voltages up to 5 kV. An electric
field gradient within the IMS drift region was realized by connection of each two neighboring
cylindrical electrodes via 1 MQ resistors. The detection for the ion current is a Faraday plate
detector equipped with an aperture grid. The Faraday plate is made from a copper plate (4.6 mm
diameter, 0.3 mm thickness) and connected to the input of a transimpedance amplifier (Femto
DLPCA-200, Berlin, Germany). The amplifier is set to a gain of 10° V A-! at 7 kHz bandwidth. An
aperture grid, constructed in the same way as the Bradbury Nielsen shutter (wires of 5 mm
diameter), was placed in front of the Faraday plate in a distance of approximately 1 mm. A ballast
capacitor (5 puF, 1 kV) is added to the aperture grid circuit, as a ready source of electrons flowing
into the aperture grid. The capacitor drains the induced current by the approaching ion packets to
ground, which otherwise can disturb the ion-peak shape.’> The aperture grid is held at an

appropriate potential via a connection to ground potential over 200 kQ resistor.

The electrospray ion source was based on a nano-ESI platform (nano ESI v 1.0, 2009, Thermo
Scientific, Waltham, USA) consisting of a x,y,z-positioning system, and a liquid junction with
electrical connection. Stainless steel (I.D. 30pum, O.D. = 150um) and fused silica glass capillaries
(ID. = 50pum, O.D. = 150 um) were used as electrospray emitters. 100 and 500 uM solutions of
Rhodamine 6G (Thermo Fisher, Germany ) were prepared in Methanol (Fisher scientific, Bishop,
UK ) with 0.1% formic acid (98%, Merck, Germany) and introduced into the ion source via a gas
tight glass syringes (Hamilton, Switzerland) operated with a syringe pump (KDS Legato 210,
kdScientific, Holliston, USA). The solution was delivered through a needle (22S, Hamilton, USA)
connected to a PEEK capillary tubing (1/16” 300 pm, LC Packings, Netherlands) by a union
(PEEK, 1/16”, 300 um). The peek capillary was connected to the liquid junction of the electrospray

ion source platform. The voltage applied to the electrospray emitter was provided by a second high
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voltage power supply (T1 DP 050 205 EPU, ISEQ Germany) and was set to potential of 1-2 kV
above the first IMS ring electrode. When using electrospray emitter with an inner diameter of 30
um, a stable spray was observed at a flow rate of 300 nL min™! and an absolute potential of 3.33

kV.

Between the last electrode and the aperture grid (distance approximately 10 mm) (PL TB450B
(Osram, Regensburg, Germany) or NUBMO7E (Nichia, Tokushima, Japan) blue laser diode, was
coupled. These diodes emit the light with maxima at 447 nm and 462 nm and with optical output
power of 1.6 W and 3 W, respectively. The emitted light was directed orthogonally to the IMS drift
axis into the drift region, over a three lens system. The emitted fluorescence was collected in an
approximately 90° angle with a cylindrical lens (f = 40 mm) and a two lens collimation system
guiding the light into a UV-grade quartz optical fiber (numerical aperture is 0.12). The fluorescence
was analyzed by Shamrock spectrometer (SR-3031, Andor, Belfast, United Kingdom) with an
optical path according to Czerny and Turner and has a slit set to 100 um. The grating was 149 lines
mm'. The light detector was a gated intensified charge coupled device (ICCD) (iStar, DH734-
18U-03, Andor, Belfast, United Kingdom). The spectrograph was connected with an IMS over a
quartz glass fibre equipped with a three lens collimation system. The fluorescence emission was
filtered with a long pass filter (cut-on wavelength 470 nm when using the 450 nm laser diode and

cut-on wavelength of 490 nm when using the 462 nm diode) to block the scattered laser light.
4.2.1 Fluorescence of Rhodamine 6G cation in the gas phase

100 uM solution of Rhodamine 6G in MeOH (0.1 % formic acid) was sprayed through a 60 pum
(L.D.) stainless steel emitter at an ESI voltage of 3.8 kV and a flow rate of 2 uL min™'. The laser
(447 nm), mounted perpendicularly and centered to the electrospray axis was moved across the
electrospray emitter axis within the distance of 6 — 40 mm. Both, the exposure time and the gate
opening time of the ICCD were set to 0.1 s. The microchannel plate gain was set to a value of 50.

One hundred accumulations were recorded with Andor Solis software.
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4.2.2 Analysis of Rhodamine 6G cation in the gas phase by means of ion mobility

spectrometry and laser induced fluorescence

500 uM solution of Rhodamine 6G in MeOH (0.1 % formic acid) was electrosprayed at a flow rate
of 2 uL min! via a 30 pum stainless steel capillary. The ESI was mounted in front of the IMS
entrance in a distance of about 10 millimeters. The electrospray voltage was set to 3.5 kV and the

IMS voltage was set to 2.231 kV.

Laser induced fluorescence of R6G cations in the gas phase was analyzed behind the drift cell. In
this experimets, the switching electronics of the ion gate were turned off, so that ions continuously

pass the drift cell with a constant rate.

To investigate the influence of the shutter field on the Rhodamine 6G ion transmission,
fluorescence emission spectra were recorded at different shutter voltages. Shutter voltages were
varied within the range of 1.3 — 80 V. IMS spectra were recorded in pulsed ion injection mode and
fluorescence spectra were recorded in continuous ion injection mode. Excitation was performed
with a 447 nm continuous emitting laser diode with an operating current of 1.2 A. The LIF spectra
were analyzed within a wavelength range of 418 to 703 nm. The spectrograph was equipped with
a 470 nm cut-off transmission filter and with the 149.9 lines mm™' grating (grating blaze of 300).
The ICCD gate opening time was set to 100 ms and an exposure time to 118 ms. The gain level
was set to a value of 100. The ICCD chip was held at -15 °C. Three replicates of one hundred

accumulations were recorded with Andor Solis software.

Drift time dependent ion current signals have been recorded with the transimpedance amplifier
operating in high speed mode with a gain of 10'° V A-!. The trigger was set on the rising edge of
the pulse for the Bradbury Nielsen gate electronics. The pulse generator was set to a pulse width
of 200 ps at a frequency of 18 Hz. The ion gate voltage was set to 80 V. The resulting oscillogram
(16 averages, DC mode) has been recorded with a digital storing oscilloscope. (Digital Storage

Oszilloscope DSO-X 2022A, Agilent Technologies, Santa Clara, CL, USA).
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4.2.3 Optimization of the experimental setup

Due to the decreased distance to the IMS entrance (0.5 — 5 mm) in the total ion current
measurements, the electrospray voltage was reduced to 3.33 kV. The IMS drift voltage was set to
2.43 kV. 500 uM solutions of Rhodamine 6G were infused at 300 nL min™! flow rate. The fused
silica capillary with an inner diameter of 50 pm was used as electrospray emitter. Laser induced
fluorescence of R6G cations in the gas phase has been analyzed behind the drift cell. In these
experiments, the switching electronics of the ion gate were turned off, so that ions continuously
pass the drift cell with constant rate. To investigate the influence of the shutter field on the
Rhodamine 6G ion transmission, fluorescence emission spectra were recorded at different shutter
voltages. Shutter voltages were varied within the range of 1.3 — 80 V. The electric field strength
was varied by simultaneous increasing the ESI voltage and the IMS voltage. The voltage

parameters are summarized in table 1.

Table 1 The experimental voltage parameters for the ion transmission fluorescence

ESI Voltage IMS Voltage Aperture Electric field
[kV] [kV] Grid Voltage [V] [V em]
2.33 1.43 68.10 340.48

2.53 1.63 77.62 388.10

2.73 1.83 87.14 435.71

2.93 2.03 96.67 483.33

3.13 2.23 106.19 530.95

3.33 243 115.71 578.57

3.53 2.63 125.24 626.19

3.73 2.83 134.76 673,81

Excitation of the approaching ions (total ion current) was performed with 462 nm continuous wave
(cw) laser diode (Nichia NUBMO7E) with an operating current of 1.35 A. The fluorescence was
analyzed within the wavelength range of 472 to 756 nm. The spectrograph was equipped with a
490 nm cut-off transmission filter. The spectrograph was used with the 149.9 lines mm! grating

(grating blaze of 300). The ICCD gate opening time was set to 100 ms and an exposure time to 118
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ms. The gain level was set to a value of 100. The ICCD chip was set to -15 °C. Three replicates of

one hundred accumulations were recorded with Andor Solis software.

4.2.4 Drift time dependent fluorescence detection at different ion gate pulse widths and

different electric field strengths

The dependence of the ion current and fluorescence signals on electric field strength was analyzed
within the electric field range of 340-674 and 510-638 V cm!, respectively. The shorter electric
field range for the fluorescence measurements was chosen because of the much longer analysis
time. The slight difference in the ESI-voltage is due to slight changes in the ESI emitter to IMS
distance. The required stability of the spray was provided at a distance of 8-9 mm relatively to the
first drift ring electrode of the IMS. The experimental parameters used in the ion current and

fluorescence drift time measurements are listed in tables 2 and 3, respectively.

Table 2 The experimental parameters for the ion current detection. Applied voltages of the
electrospray, the IMS and the aperture grid with corresponding electric field strengths

ESI Voltage IMS Voltage Aperture Electric field
[kV] [kV] Grid Voltage [V] [V ecm]
2.33 1.43 68.10 340.48

2.53 1.63 77.62 388.10

2.73 1.83 87.14 435.71

2.93 2.03 96.67 483.33

3.13 2.23 106.19 530.95

3.33 243 115.71 578.57

3.53 2.63 125.24 626.19

3.73 2.83 134.76 673,81

74



Drift time resolved fluorescence detection of gaseous ionic Rhodamine 6G

Table 3 The experimental voltage parameters for fluorescence drift time measurements Applied
voltages of the electrospray, the IMS and the aperture grid with corresponding electric field
strengths

ESI Voltage IMS Voltage Aperture Electric field
[kV] [kV] Grid Voltage [V] [V em]
4.133 2.142 102 510

4.233 2.251 107 536

4.333 2.356 112 561

4.433 2.465 117 587

4.533 2.570 122 612

4.633 2.658 128 638

The Bradbury Nielsen Gate closing voltage was set to 80 V with pulse width of 200 ps. Drift time
to ion current spectra were recorded with a trans impedance amplifier (DLPCA-200, Femto; Berlin)

in high speed mode with a gain of 101V A",

The drift time resolved fluorescence of Rhodamine 6G cations was analyzed with a time delay to
the Bradbury Nielsen shutter pulse. The experimental parameters were set as follows: electric drift
field strength was setto 561 V cm™! (IMS voltage of 2.356 kV), the ion gate pulse width was varied
within the time range of 100-400 ps in 100 s step, the electrospray voltage was set to 4.333 kV at
an emitter to IMS distance of ~ 8-9 mm, and the Bradbury Nielsen Gate closing voltage was set to

80 V.

Fluorescence excitation of the approaching ions was performed with 462 nm cw laser diode (Nichia
NUBMO7E) with an operating current of 1.35 A. The ICCD camera was synchronized with the ion
shutter pulse with a home build delay generator. The fluorescence was analyzed within the
wavelength range of 472 to 756 nm. The spectrograph was equipped with a 490 nm cut-off
transmission filter. The spectrograph was equiped with the 149.9 lines mm™! grating with a grating
blaze of 300. The drift time scan was performed with 100 ps step width in 20 steps. The

measurements after six averages were recorded with Andor Solis software.
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4.3  Results and Discussion

4.3.1 Fluorescence of Rhodamine 6G cation in the gas phase

A high number of gaseous ions can be produced by electrospray at ambient conditions. The analysis
of laser induced fluorescence of Rhodamine 6G in the electrospray has been performed by
excitation at 450 nm. The fluorescence emission was examined by excitation at different regions
along the electrospray emitter axis. The dependence of fluorescence emission intensity on the
distance to the electrode tip by excitation was examined within the distance range of 6 to 40 mm.
At distances shorter than 6 mm insufficient desolvation of the Rhodamine 6G cation in the ESI
plume was observed. Increase of the distance to the electrode tip resulted in the increase in the
fluorescence intensity. The highest fluorescence emission intensity was observed when the distance
to the electrode tip was 9 mm. The following increase in the distance to the electrode tip resulted
in decrease in fluorescence intensity. The blank subtracted spectra recorded at different distances
to the ESI tip are presented in Figure 33 and the dependence of fluorescence intensity on the

distance to the electrode tip in Figure 34.
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Figure 33. Fluorescence spectra recorded with excitation at different positions along the
electrospray plume. The solution infused through the electrospray emitter contained 500 puM
Rhodamine 6G dissolved in MeOH (0.1 % formic acid).
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Figure 34. Relationship between the fluorescence emission intensity of Rhodamine 6G cations in
the gas phase and the probed distance to the ESI tip. The flow rate of 500 uM R6G solution in
MeOH (0.1% formic acid) was 2 uL min-!, the ESI voltage was set to 3.8 kV. The fluorescence
emission intensity was analyzed at 505 nm.

In comparison to the fluorescence of Rhodamine 6G cation dissolved in methanol with emission
maximum at 555 nm (not shown), Rhodamine 6G cation in the gas phase shows emission maxima
at 505 nm. Therefore, based on the fluorescence maximum the desolation efficiency of Rhodamine
6G cations in ESI plume can be monitored. Small droplets, demonstrating high ability to

desolvation, are generated when a conical tip is visible at the ESI tip.

The highest fluorescence intensity was observed at a distance of approximately 9 mm from the ESI
tip. At approximately this distance the Taylor cone merges into the electrospray plume. This effect

supports the evaporation model.
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As it was discussed above no sufficient desolvation is achieved at the distances to the ESI tip lower
than 6 mm. A possible explanation of increase in fluorescence intensity within the distance range
of 6 to 9 mm is the more efficient evaporation of solvent molecules during the electrospray process
in the plume. Riebe et al. explained this phenomenon by fluorescence quenching and determined
the ion density in the electrospray plume.!°! In the current work, the effectiveness of the desolvation
process can be determined by change of emission maxima from 505 nm (corresponds to Rhodamine
6G cation) to 555 nm (corresponds to solvated Rhodamine 6G cation). The same effect for the
solvated and free ionic Rhodamine 6G was shown by Chingin et al. Laser induced fluorescence of
Rhodamine 6G ions was recorded inside the ion trap of a Fourier-Transformation-lon-Cyclotron-
Resonance-Mass-Spectrometer. The spectral properties of cationic Xanthene dyes in the gas phase
can be found in the literature. The gas phase excitation and emission spectra of cationic Rhodamine
dyes in the gas phase have been investigated. In general, a blue shift is observed for the transition
from solution into the gas phase for both the excitation and emission maxima.” The fluorescence
emission maximum of Rhodamine 6G cation in the gas phase at approximately 504 + 1 nm was
demonstrated by Forbes et al.”’ This observations are in a good agreement with the data achieved

in this study.

The current study demonstrates the drift time dependent laser induced fluorescence of ions in a gas
phase in a constant homogeneous electric field under ambient conditions. Based on the possibility
to detect ions at distances to the ESI tip up to 40 mm (see figures 4 and 5), it was assumed that the
ions generated by electrospray can be analyzed in a drift region of comparable length and detected
after separation at the exit of the drift region. The ions can be guided by electronic lenses connected
to a voltage divider. A high voltage potential applied to the first electronic lens results in a voltage

gradient dropping from several kilo volts over the drift distance to ground potential.

For the simultaneous detection of the ion current and the fluorescence emission, two detection
systems are implemented at the end of the drift tube. A laser diode was assembled into the drift
region between the last electrode and the aperture grid (distance approximately 10 mm)
orthogonally to the IMS drift axis. A monochromatic continuous wave emission excites cationic
Rhodamine 6G in the gas phase to induce fluorescence emission. The fluorescence was analyzed
in a 90° angle. Because the fluorescence measurements take place within the drift field, the ions
are further directed towards the detector plate. The invented module allows the IMS analysis with

simultaneous detection of ion current and laser induced fluorescence.
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4.3.2 Analysis of Rhodamine 6G cation in the gas phase by means of ion mobility

spectrometry and laser induced fluorescence

In the previous section it was demonstrated, that the ion transmission can be detected over a
relatively long distance. In the initial LIF experiments the ion gate was in the “open” mode to allow
the continuous transmission of Rhodamine 6G ions. The ion transmission efficiency was monitored
by the DC offset generated by the trans impedance amplifier. When the solution was infused
continuously and the high voltage was switched on, the DC offset was monitored as a constant
value of several volts. This corresponds to several tens of nano amperes. The fluorescence emission

spectrum of the total ion current recorded at the exit of the 32 mm long drift cell is shown below.
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Figure 35 Fluorescence emission spectrum of Rhodamine 6G cation recorded at ESI voltage of
+3.50 kV, IMS drift voltage of 2.231 kV (32 mm drift length), ESI flow rate of 2 uL min! with
500 uM solution of Rhodamine 6G in MeOH (0.1 % formic acid), excitation wavelength of 447
nm (cw) laser diode, 1.6 W output power), ICCD gate width was 100 ms, gain of 100, 100
accumulations, blank subtracted, average of n=3.
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The fluorescence emission spectrum recorded at the exit of the drift cell is comparable to that
recorded for Rhodamine 6G ion in the electrospray plume. This confirms the feasibility of IMS

coupled with laser induced fluorescence detector.

4.3.3 Optimization of the experimental setup

In the following sections the optimization of experimental parameters for the drift cell (e.g. electric
field strength, ion gate voltage and pulse duration) as well as for the LIF (e.g. excitation
wavelengths) are described. Optimization of these parameters is essential to achieve the optimal

transmission, separation, and detection of the ions.
4.3.3.1 Optimization of the ion gate voltage

To produce an ion mobility spectrum, the ions should be introduced into the drift region as narrow
swarms. This function is realized by an iron gate (ion shutter). The shutter does not allow the ion
transmission into the drift region when an electric field, perpendicular to the ions drift direction, is
created between the shutter wires. Thus, the increase of the gate voltage should result in decrease
in ion transmission. When the gate voltage is sufficiently high, no ion transmission should take
place and the gate is “closed”. Over the short period of time no electric field is created between the
shutter wires and ions are transmitted into the drift region as a narrow ion swarms (shutter is
“open”). To prove the influence of the gate voltage on the ion transmission the voltage deferens
between wires was set to zero and then increased in 10 V steps. The decrease of the ion transmission
can be observed by fluorescence emission of the ions of dye Rhodamine 6 G in dependence on the

perpendicular ion gate field.
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The fluorescence emission spectra at the different ion gate voltages are shown below.
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Figure 36 Fluorescence emission spectra recorded between the last ring electrode and the aperture
grid at different ion gate voltages. Experimental conditions: ESI voltage =3.50 kV, IMS voltage =
2.231 kV, 2 pL min'!flow rate of 500 uM Rhodamine 6G in MeOH (0.1 % formic acid), excitation
with 447 nm continuous wave (cw) laser diode, 1.6 W output power, ICCD gate width 100 ms,
gain 100, 100 accumulations, blank subtracted, average of n=3

The low electric field strength between the gate wires resulted in no or only minor effect on the
transmission/deflection of the transported ions. This can be seen in only minor changes of
fluorescence intensity when the ion gate bias value is in the range of 0 - 10 V. The high fluorescence
emission intensity at lower gate voltages applied, indicates efficient penetration of ions through the
ion gates wire arrangement. The increased gate voltage results in increase of a deflecting ion shutter
field, generated between the gate wires. The gate field deflects the approaching ions, as they pass

the wire arrangement. The deflection angle is strongly dependent on the electric field strength
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between the two wire sets.!?? In general the ions get deflected to a larger extend at higher gate
fields.

In the experiment with pulsing of the gate electronics, the ions that successfully pass the open drift
cell arrangement can be additionally detected by the Faraday plate detector. The gate electronics
pulse width was set to 200 s at a frequency of 18 Hz. The electrometer (transimpedance amplifier)
was set to a gain of 10'° V A", The time-voltage signals in the oscilloscope were averaged 16

times. The dependence of the IMS signal on the gate voltage is shown in Figure 37.
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Figure 37. ESI-IMS drift time spectra of Rhodamine 6G solution (500uM, MeOH, 0.1 formic acis)

at different gate voltages. The pulse width was set to 200 ps. Each spectrum represents the average
of 16 measurements.
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Similar to measurements with LIF phenomenon was observed, the low electric field strength
between the gate wires has no or minor effect on the deflection of the transported ions. However,
the strong dependence of DC offset which is often called “total ion current” (TIC) on the electric
field strength between the gate wires was observed. The large DC offset (see Figure 37 ) indicates
the penetration of ions through the ion gate at low ion gate voltages. The increased gate voltage
results in an increase of ion shutter field, generated between the gate wires. The gate field deflects
the approaching ions as they pass the wire arrangement. With the increase of the potential
difference the absolute value of the peak maxima demonstrates only minor decrease (see Figure
37, peak at ~6.3 ms); the value of the baseline, however, strongly decreases. Thus, the peak
intensity is increased with the increase of the gate voltage. This observation is in a good agreement
with the described in the literature experiments.*> The full width at half maximum (FWHM) of the
main peak at ~6.3 ms (Figure 37), assigned to Rhodamine 6G ion, is calculated as 430 ps. The
second peak with lower intensity cannot be assigned to a certain ionic species without further
investigations (e.g. mass spectroscopic), but we believe that this signal corresponds to the solvent

(Methanol with 0.1 % formic acid) or to fragments of Rhodamine 6 G.

Based on the both experiments discussed above, the ion gate voltage difference of 60-80 volts is
required for the current experimental setup to avoid the undesired ion transmission (see Figure
36and Figure 37). Increase of the gate voltage to 60-80 volts increase the peak intensity (drift time

resolved) and, hence, the sensitivity.

In conclusion, this experiment indicates the feasibility of mobility based detections with proposed
experimental setup. Additionally, the results from the previous experiment support the possibility

of orthogonal detection of the ions by means of laser induced fluorescence emission detection.
4.3.3.2 Optimization of the electrospray emitter for the long-term measurements

The time is the central parameter in drift tube based mobility measurements. A drift time spectrum
is initiated with the pulsed injection of ions into a drift tube. Single spectra can show significant
level of noise, so that an averaging of a number of spectra (e.g. 2-1000) is often required. Hence,
the drift time spectra are recorded periodically. One period is the time between injection starting
points (rising edge). The time window between the injections is the time available for the drift
spectrum. When the drift time required for the analysis is 100 ms, the maximum frequency of 10

Hz can be used to generate drift time spectra.
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Other important factors are a time required for the measurement of the single point on the drift
spectrum and the sampling rate. In the previous section, all fluorescence emission spectra have
been recorded with integration times for single point of 100 ms. Taking into account that with an
injection pulse width of 200 ps the typical peak FWHM of the detected signals is ~ 400 pus the
decrease of the integration time to at least 100 ps is required. This leads to the decrease of the
signal intensities. This can be compensated by increased number of accumulations, resulting in

improved signal to noise ratio, and/or increase of the signal intensities.

It is noteworthy to mention that a stable spray is necessary for reproducibility by the continuous
drift time-dependent sampling. The IMS signal of the Rhodamine 6G show a drastically decreasing
intensity and additional asymmetrical peaks after few hours of infusion. In worthiest case these
peaks could be observed even after several minutes of infusion. No systematic dependence could

be derived from the solution flow rate.

The formation of stable electrospray is strongly dependent on both, the flow rate and the
electrospray voltage. The most disturbing effect however was found to be the stability of
electrospray emitter. Microscopic investigation of the used stainless steel emitters was performed
when the signal decay of drift time peak intensity and fluorescence emission intensity were
observed. After a short period of working time (8-24 hours), the inner surface of emitter was
covered by crystals of orange and brown color. The only way to remove these crystals was the
washing with diluted HoSO4, whereas washing with methanol did not completely removed the
crystals from inner surface of the steel emitter. In addition, corrosion at the stainless steel emitter
tip was observed. These findings indicate the corrosive properties of Rhodamine 6G solution in
methanol. The probable explanation for the corrosion can be a not sufficient quality of the steel
used for the manufacturing of the electrospray emitter. Improvements of the ESI source were made
to generate a stable spray of methanol solutions containing 500 uM Rhodamine 6G. To increase
the corrosion resistivity of the electrospray emitter the stainless steel emitter with the inner diameter
(I.D.) of 30 pm and outer diameter (O.D.) of 150 pm was replaced by fused silica capillary with
[.D. of 50 pm and the same O.D. The high voltage was applied in the same way as with the stainless
steel emitter via an in-line connector. Another part which has demonstrated a major influence on
the stability of the spray is a syringe plunger of the gas tight syringes. Only new plungers were

found to show the required stability over hours.
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4.3.3.3 Optimization of the experimental setup — improvement of the excitation wavelength

In order to increase the signal intensity, the excitation wavelength was optimized. The possibility

of this optimization was discussed by Forbes et al.”’.
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Figure 38 Excitation (dashed blue line) and Emission (red signal line) spectra of gaseous
Rhodamine 6G.”° The arrow marks the area of the excitation wavelength.

The excitation spectra of Rhodamine 6G cations in the gas phase demonstrate a maximum at 492.5
nm.”® The closer the excitation wavelength to the excitation maxima of the analyte, the stronger
the fluorescence emission is increased. However, the closer the excitation wavelength to the

analyzed fluorescence signal, the stronger the analysis of this signal is disturbed by the laser light
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scattering. This problem can be partially solved by utilization of appropriate light filter, e.g.
dichroic or color filters. By this manner, the laser light scattering in the detection region can be
efficiently filtered from the fluorescence emission. Another high power laser diode was employed
in the previously described experimental setup. According to the data sheet of the manufacturer,
this diode emits light with maxima at 465 nm. As compared to the emission wavelength of the
previously used laser diode (447 nm), this laser diode has emission wavelength, that is
approximately 15 nm closer to the excitation maximum of ionic Rhodamine 6G in the gas
phase.Thus, the higher fluorescence intensity can be expected. A long pass filter with a cut-on
wavelength of 490 nm was used to filter the laser scattering light in emission channel. Additionally,

the adjustment of the collection optics was performed to improve the signal intensity.

The dependence of the ion transmission to the gate voltage, performed with optimized setup under

the same conditions as in experiments demonstrated in Figure 36, is demonstrated in Figure 39.
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Figure 39 Fluorescence emission spectra of Rhodamine 6G at different ion gate voltages.
Conditions: ESI voltage of 3.33 kV, IMS drift voltage of 2.43 kV, infusion flow rate of 300 nL
min.

The effectiveness of ions transmission under a constant electric drift field conditions and at variable
ion gate voltage can be shown on example of the total ion current of R6G ion. These experiments
were performed with continuously introduced Rhodamine 6G ions. To realize that the voltage on
the ion gate was kept constant at desired ion gate voltage. With increase of the gate voltage the
signal intensity decreases. This can be explained by the increase of the perpendicular electric field
that is established in the drift tube and hinders ions to pass the wire arrangement of the ion gate.
The signal intensity of the R6G ion transmission in dependence on the ion gate bias is shown in

Figure 40.
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Figure 40 Dependence of the fluorescence intensity at emission maxima of gaseous Rhodamine 6G
cations on the ion gate voltage

It was observed that, the ion gate voltage has a major influence on the ion transmission.

The improvements performed on the electrospray source and on the excitation source/wavelength
resulted not only in increase of the fluorescence intensity, but also in an increase of long-term
stability. Compared with the previous experiments (see Figure 36) signal intensities were improved
by one order of magnitude. This is especially notable, because the ESI flow rate used in the previous
experiments, and thus the amount of the infused Rhodamine 6G (solution concentration was equal),

was 6.7 times higher as compared to experiments demonstrated in Figure 39 and Figure 40).

No ion transmission was observed at the gate voltage of 50 V and higher. However, in the

experiments demonstrated in Figure 36 the ion transmission at the gate voltage of 50 V was reduced
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only by 65 %. This difference is due to the much higher ESI flow rate used in the previous

experiments.

The fluorescence intensity of ionic dye Rhodamine 6G strongly depends on the ion gate field. The
increase of gate field decreases the ion transmission due to the perpendicular field, established

inside the tube by the wire arrangement of the ion gate.

The dependence of the fluorescence intensity on the drift voltage is demonstrated in Figure 41. The
ion gate was switched off in order to analyze the total ion current. In this case the camera integration
time can be increased to values higher than 100 ms resulting in increased sensitivity. In these
experiments, all parameters except of the high voltage applied to the electrospray emitter and the
first drift electrode, respectively need to be held constant. To achieve the reproducible electrospray
conditions, the voltage difference between the ESI emitter and the first drift electrode should be
constant. Therefore, in each experiment the high voltage applied to the ESI emitter was adjusted to
the high voltage on first drift electrode. At a constant gate voltage of 80 V and a pulse width of 200
us, the electric field strength was varied between 340 and 674 V cm!. The effect of the electric
field strength on the fluorescence emission spectra of the R6G total ion current at different electric

fields is shown in Figure 41.
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Figure 41 Blank subtracted spectra of R6G ions at different drift field strengths. Each spectrum
represents the average of three accumulated (n=100) spectra, Settings of ICCD camera: gate of 100
ms, MCP gain of 100; The ESI and IMS voltages varied within the ranges of 2.13 — 3.73 kV and
1.23 — 1.83 kV, respectively. The Rhodamine solution was 500 uM in MeOH containing 0.1% of
formic acid.

A linear relation, between the signal intensity of Rhodamine 6G and the drift field strength was
observed Figure 42). Increase in the drift field strength resulted in proportional increase in the

fluorescence intensity.
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Figure 42 Fluorescence intensities of the R6G ion in dependence on the drift field strength. The
intensity values were calculated as an average intensity within the range of 500 - 510 nm (n=3).

This effect can be explained as follows. The drift time is inversely proportional to the electric field

in a drift tube.

Lq (7)

Where Lq is the length of the drift tube, K is the mobility constant and E the electric field strength.

During the drift the diffusion of the ions takes place.
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The diffusion flux is time-dependent. Therefore, increase of the drift field strength leads to the
reduced effect of diffusion. This results in reduced peak width (time scale) and increased intensity.
Moreover, due to the reduced drift times the ions have less time for the undesirable reactions (e.g.

charge transfer, recombination) which may lead to the reduced signal intensity.

In conclusion, the optimization of the experimental setup and conditions resulted in a significant
increase of signal intensity. For further increase of the fluorescence intensity the higher values of
drift voltage can be applied. However, the increase of the drift voltage by the constant ion gate
times may result in the reduced IMS separation abilities. Due to these improvements, it should be
possible to reduce the integration time in the LIF measurements to values of 100 us or less required

for the drift time dependent LIF analysis.

4.3.4 Drift time dependent laser induced fluorescence analysis at different ion-gate pulse

widths and different electric field strengths

For the efficient excitation, the laser pulse time should be synchronized with the arrival time of the
analyte ions swarm. Since the arrival time of the ions to the excitation area is unknown, it should
be approximated from the distance between the excitation area and the faraday plate, the drift time
and ion mobility measured by electrometer. The drift time spectrum recorded using the faraday
plate detector with a pulse width of 200 ps was analyzed and the average of sixteen drift time

spectra is shown in the Figure 43.
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Figure 43 Drift time spectra of blank (MeOH) and R6G (500 uM in MeOH (0.1 % formic acid)
ions. The ESI voltage was 3.33 kV, the IMS drift voltage was 2.431 kV, Ion gate voltage was 80
V, pulse width was 200 us, demonstrated spectrum is a result of 16 averages.

Blank measurements of pure methanol showed only one peak of low intensity at 3.7 ms. However,
in the analysis of the solution with R6G an additional peak of high intensity was observed. This
indicates the assignment of the signal with the peak center at approximately 6.4 ms to the product
ion of Rhodamine 6G ionized by ESI. The ion detection with LIF is performed before the arrival
of the ions at the Faraday detector. Therefore, the approximated approaching of R6G ions to the
LIF excitation area is expected to be between 4 and 6 ms. Frankevich et al. assigned mobility
separated ions of Rhodamine 6G by FTICR MS. The mobility of Rhodamine 6G was determined
t0 0.96 cm Vs 81 I The signal in Figure 43 has a peak center at 6.4 ms and the distance from the

!'See Figure 4 and comments to Figure 6
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injection grid to the detector palate is approximately 3.5 cm (the distance between the aperture grid
and the detector plate is 0.5 — 1 mm). The velocity of an ion swarm traveling the distance of 3.5
cm in 6.4 ms is 5.47 m s”!. The mobility normalized to 25° C and 760 torr is 0.94 cm Vs can be
compared with the value reported literature. The ion detection with LIF is performed before the
arrival of the ions at the Faraday detector. The laser beam enters the drift cell 3 mm behind the last
ring electrode. Hence, the distance between the injection grid and the laser beam is 2.8 cm. With a
drift velocity of 5.47 m s™! the ion swarm is expected to be detected by fluorescence detection at
5.1 ms. The time range between 4 and 6 ms is chosen for the detection of the ion swarm by means

of drift time resolved laser induced fluorescence.

The optimization of electrospray materials and conditions has improved the long-term stability of
the electrospray process. It was found that the fused silica emitter tip was not clogging in a few
hours as the stainless steel emitter tip used in the previous experiments. One fused silica emitter tip
could be used for at least one week of lab work. The voltage, the solution flow rate, and the quality
of the syringe plunger were found to have an influence on the ion mobility spectrum. When the
plungers of the syringe pump provided a sufficient sealing of the solution to the syringe body, the
signal in the drift spectrum was constant and reproducible. Only minor changes of the peak position

and intensity were observed over several hours of continuous operation.
4.3.4.1 Correlation between fluorescence emission and the drift time spectra.

A two dimensional fluorescence drift time spectrum of R6G demonstrated in Figure 44 was
generated from 20 fluorescence spectra that were recorded after a certain time delay from the ion
pulse injection. The 20 spectra include spectra containing no or weak signal of R6G
(background/baseline at the lower and higher drift times), and spectra with significant fluorescence
intensity of R6G ion. Each of 20 fluorescence drift time spectra was generated by 2000
accumulations. The time interval between the spectra was of 100 ps and the analyzed time range
was 4-6 ms. The gate opening time of the ICCD was set to 100 ps and the exposure time of the
ICCD chip was 2 ms. As compared to the LIF experiments described in previous sections, the
required for the drift time resolved spectra reduction of both the gate integration time and the
corresponding exposure time of the CCD chip resulted in a reduced signal intensity. To increase
the signal intensity, in the measurements described in this section were performed with a micro

channel plate (MCP) gain of 250 (ICCD camera) and with an increased number of accumulations.
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It was found, that enabling the electron multiplying features (e.g. a gain value of 250) and the
accumulation number of 2000 resulted in the acceptable quality of the spectra. The quality of the
spectra (S/N ratio) can be further improved by the further increase of the accumulation number,
however in cost of the increased measurements time. A drift time resolved fluorescence spectrum

recorded within the time range of 4-6 milliseconds is shown in Figure 44.
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Figure 44 Fluorescence spectra of R6G (500 uM in MeOH (0.1 % formic acid, Agx= 462 nm)) ions
generated by ESI at different gate delays (drift time axis). The ESI voltage was 3.33 kV, the IMS
voltage was 2.43 kV. Ion gate voltage 80 V, pulse width 200 ps, each spectrum was recorded with
2000 accumulations. ICCD settings: gate opening time of 100 pus, MCP gain of 250, CCD exposure

time of 2 ms
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Thus, after all performed improvements it was possible to realize ESI-IMS-LIF coupling and

analyze with this coupling R6G sample.

The drift time is a measure of ion mobility, which is dependent on many parameters including ion
charge, mass, and shape. A fluorescence emission maximum depends on the configuration and
population of molecular energy levels. Because the selectivity of these techniques is based on
different parameters, these methods should be of high orthogonality. Thus, utilization of LIF

detector should strongly improve the discrimination ability of ion mobility spectrometry.

To reduce the notices, the data were smoothed by the adjacent averaging method in Origin Pro
2015 with a window of 100 data points. No weighted averaging and no boundary conditions were

selected. The smoothed data set is shown in Figure 45.

5x10°
4x10°*
3x10°
2x10*

Intensity [cts]

1x10"

-x1' ooV 7

500 550 600 650 700 750
Wavelength [nm]

Figure 45 Smoothed fluorescence spectra (Origin Pro 2015, 100 points) of the data presented in
Figure 44.
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The maximal intensity of Rhodamine 6G peak was observed at the drift time of 5.1 ms (see Figure
46). To compare the recorded with LIF detector data with those recorded with electrometer, the
values of fluorescence intensity at maxima (505 nm) were plotted as a function of drift time. This
plot is the drift time spectrum of R6G cations in a constant electric field analyzed by LIF detector.
The laser induced fluorescence emission intensity of Rhodamine 6G at 505 nm as a function of

drift time is shown in Figure 46.
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Figure 46 Fluorescence emission intensity of Rhodamine 6G at 505 nm as a function of the drift
time. The settings were as follows: 100 us steps, 200 pus ion gate pulse width, 2000 accumulations
per point, blank subtracted, smoothed.

The Rhodamine 6G fluorescence intensity demonstrates a maximum value at a gate delay time of
5.1 ms. The variation of the baseline values (values shorter than 4.8 ms and longer than 5.4 ms)

can be explained by reflections within the drift cell and the data processing, e.g. the subtraction of
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blank measurements and data smoothing. However, slight deviations in the experimental
conditions (e.g. electrospray stability) should be a main reason for the signal stability. The voltage
applied to the electrospray emitter and the distance between the emitter tip and the IMS entrance
(first drift ring electrode) are important, when stable electrospray performance is required. The
electric field strength required for Taylor cone and plume formation is dependent on both the
distance and the potential difference between the electrospray emitter and the first drift ring
electrode. It was found that the efficiency of both the ion formation and the ion introduction into
the IMS can be adjusted by variation of the distance between the electrospray emitter and the first
drift ring electrode by 0.5-5 mm. This is especially important for the long experiments which

requires the increased long-term stability of the product ion generation.
4.3.4.2 Dependence of the signal intensity and FWHM on the duration of the ion gate pulse

The ion gate pulse width has an impact on the fluorescence drift time spectra. In general, pulses of
longer duration should show an increase in both the signal intensity and in the signal FWHM. These
effects were demonstrated in experiments with drift tube ion mobility spectrometer equipped with
conventional Faraday plate detector (see Figure 47). Theoretically, the ion gate pulse width should
have equal influence on the peak properties (FWHM, intensity) detected by both the electrometer
and the LIF detection systems. In the following experiments the ion gate pulse width was varied

within the range of 100 to 400 ps. All other parameters were kept constant.

With increase of the pulse width the peak broadening and the increase in signal intensity were
observed. The drift time spectra of product ions generated with ESI from 500 uM Rhodamine 6G
solutions at field strength of 561 V cm™! are shown in Figure 47.

99



Drift time resolved fluorescence detection of gaseous ionic Rhodamine 6G

3.5x10™" o
] — 100 ps
3.0x107 - A —200us
| 300 us
2.5x10" .
<
S,2.0x10" 1
w2
5 1.5x10" -
~—
(e
[}
1.0x10™"

Drift time [ms]

Figure 47 Drift time spectra of 500 pM R6G solution in MeOH at different ion gate pulse widths
after 16 averages (electric field strength = 561 V cm™).
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Figure 48 The R6G peak properties derived from the drift time spectra presented in Figure 47.

With decreasing pulse widths, the signal intensity decreases. Assuming that the coulombic
repulsion / ion-molecule reactions are negligible and the initial pulse width has a Gaussian shape,

the peak width (FWHM) can be described by the following equation:6

16kT an) > (8)

2 2
we=1¢ +(
9 Vez

Where £ is the Boltzmann constant, 7' is the temperature of the drift gas, V' is the drift voltage, e is
the elementary charge, and z is the number of charges on the ion. The resolving power of IMS tube

can be calculated as a ratio of the peak drift time to the peak FWHM:
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R= -2 )
w

Where td is the drift time and w is the FWHM of the ion peak. The influence of the pulse width on
the IMS analysis was intensively studied on the example of chloride ions introduced in an IMS by

Spangler et al..!03,

Besides the ion gate pulse width, other factors e.g. normal diffusion and ion-ion repulsion were
found to have influence on the peak shape. The error functions were modeled and were shown to
be clearly visible at injection pulse widths greater than 500 us. However, the coulombic repulsions
have been considered to be negligible in well-designed drift tube spectrometers. Under the real
conditions, the drift of the ions is most likely affected by external factors such as temperature,
pressure, and humidity. Drift time resolved fluorescence spectra recorded with different ion gate
pulse widths are presented in Figure 49. To produce time resolved spectra for each investigated

pulse width, six replicates were recorded, blank subtracted, and averaged.
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Figure 49 Drift time resolved fluorescence spectra recorded around drift time of Rhodamine 6G
peak and at different ion gate pulse widths (average of n=6, 2000 accumulations per point, drift
field strength was 561 V cm’!

The drift time spectra produced with both, the Faraday plate detector and the laser induced
fluorescence detector show the same trends as shown in Figure 47 and Figure 48. Besides the peak
broadening, a shift of peak maxima towards bigger drift times with increase of the ion gate pulse
width was observed. During the experiments with Faraday plate detector it was observed that the

signal FWHM linearly increases with increase of ion gate pulse width (see Figure 48).

Therefore, the similar relationship between the FWHM values and the ion gate pulse width was
expected for the measurements with LIF detection. The linear relationship between the FWHM

values and the ion gate pulse width was observed at ion gate pulse width >= 200 ps. However, the
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value of FWHM at the ion gate pulse width of 100 us was somewhat higher as expected (see Figure
50).

It was observed that the signal FWHM increases with increasing ion gate pulse width. The
additional peak broadening towards longer drift times can be explained by the increased injection
time and, hence, shift of the ion package center towards longer drift times. Compared to the rise
time limited electrometer, the fluorescence drift time has theoretically a temporal limit in the low
ns (107-10° s) depending on the fluorescence lifetime of the product ion. The gas phase ion
fluorescence emission lifetime of Rhodamine 6G has been determined to be 5.87 £0.5 ns.!%* The
effects of repulsion where investigated by conventional drift time detection in 10 ps intervals with
the observation of differences in drift time (e.g. 10-40 ps).'% The proposed method could be a

relevant technique for the observation of small differences in drift time.

Thus, the ion gate pulse width has significant influence on the performance of an ion mobility
spectrometer. The initial pulse width is the most contributing parameter that affects the IMS peak
width.”* That is why the influence of the pulse width on peak properties was intensively studied
with the developed in this work experimental setup. The peak properties derived from the Gaussian

fit are summarized in Figure 50.
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Figure 50 Relationship between the peak properties (FWHM, Height, Area) derived from the drift
time spectra presented in Figure 49 and the ion gate pulse width.
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The dependencies of the signal FWHM, recorded with LIF and Faraday plate detectors, on the ion

gate pulse width are shown in Figure 51.
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Figure 51 Comparison of the signal FWHM recorded with Faraday plate and LIF detectors.

The imprecision of time measurements may have been overlooked for the past 40 years of modern
analytical IMS.* The time constants of the electrometer must be taken into consideration. An
approximation for the minimal possible temporal width wmi» was defined as the square root of the

sum of injection pulse width and the rise time of the transimpedance amplifier.*

Wmin = \/winjz + wampz (10)
The simplified expression for the prediction of the wamp, was also proposed.
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Wamp = 09¢, (10-90) (11)

where t: (1090 1s the rise time from 10 to 90 % of the signal intensity. The rise time of the amplifier
used in this study is specified to 50 us at the gain of 10'° V/A. However, even at the higher electric
field strengths (> 600 V cm™) the temporal width could not be compared with the minimal temporal
width. This indicates a significant influence of the diffusion term which is not included into this
equation and “mirror charges” of opposite polarity induced on the Faraday plate surface by the
travelling in IMS ion packet. “Mirror charges” can be reduced but not completely eliminated by
the aperture grid. The main focus of the current work lies on the implementation of fluorescence
emission detection in IMS. The effect of “mirror charges” can be neglected for this detector type

resulting in the decreased peak width.

The dependencies of the selected parameters on the electric field strength are demonstrated in

Figure 52 and Figure 53.

At a constant gate voltage of 80 V and a pulse width of 200 ps, the drift field strength was varied
within the range of 340 to 674 V cm™!. For each analyzed drift field value, the high voltages applied
to the electrospray emitter and the first drift ring electrodes were varied equally to keep the potential
difference constant. The effect of the electric field strength on the drift time spectra is shown in

Figure 52.
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Figure 52 Drift time spectra of R6G ions (500 uM in MeOH (0.1 % formic acid) generated by ESI
at different electric field strengths. The ion gate voltage and ion gate pulse width were 80 V and

200 ps, respectively. The amplifier was working in high mode at 10'° V A-l. Each spectrum
represents the average of 16 spectra.

With increase of the drift field strength the peak intensity increases, the FWHM decreases, and the
peaks are detected at shorter drift time values (see Figure 52 and Figure 53). According to

Lg  Lqg
¢ =5 " KE (12)
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(where Lq is drift length, vy is drift velocity, K is ion mobility constant, and £ is drift field strength)
the drift time decreases with increasing field strength. The peak parameters, recorded with faraday

plate detector, in dependence of drift field strength are summarized in in Figure 53.
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Figure 53 Dependence of the R6G peak properties for the drift spectra shown in Figure 52 on the
drift field strength.

The peak intensity and the peak area increases with increase of electric field strength. During the
drift the ions are dispersed by diffusion within the drift cell. This results in the increase of the
FWHM. However, the influence of the dispersion/diffusion is dependent on the time and, thus, on
the electric field strength applied to the drift tube. This can be seen by the decrease of both the
FWHM and the drift time with the increase of the drift field strength (see Figure 53). The increase
of electric field strength increases the velocity of ions. Therefore the ions reach the detector at

shorter drift times and have less time for the diffusion. Thus, the axial diffusion is reduced and this
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results in a decrease of the FWHM. The reduced influence of diffusion (axial and radial) is an
important reason for increase of both the signal intensity and the peak area. The diameter of the
Faraday plate detector used in this work is 4.6 mm and corresponds to ~ 1/5 of the cross-section of
the drift cell. Increase of electric field strength increases the radial focusing of the ions towards the
central axis of the drift tube. Therefore, the radial diffusion is decreased resulting in increased
fraction of ions that can be detected with the mounted in central axis of the drift tube Faraday plate

detector.

The relation between the diffusion coefficient (D) and the ion mobility coefficient (K) is known as

the Einstein equation.

eD

K:ﬁ

(13)

Where e is the ion charge, & is the Boltzmann constant and 7 is the gas temperature. This
dependence is limited to the low field conditions (<< 10 kV cm) because under the high field
conditions the mobility coefficient becomes to be not constant and dependent on the E/N ratio. The
degree of dispersion can be estimated from the difference between the full width at half maximum

of the time-voltage signal and the initial pulse width of the ion gate.

The same experiment has been performed with the fluorescence emission detector. The drift time
resolved spectra at various electric field strengths are presented in Figure 54. These spectra

represent the dependence of the R6G fluorescence intensity at 505 nm on the drift time.
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Figure 54 Drift time resolved fluorescence spectra of R6G derived from fluorescence emission
intensity maxima at different ion gate delay times. The experiments were conducted at various
electric field strengths. Each curve represents the average of n=6. R6G (500 uM in MeOH) ions
were generated by ESI at different electric field strengths. The ion gate voltage and pulse width
were 80 V and 200 ps, respectively.

It was observed that with increase of electric field strength the peak positions shift towards smaller
drift time values. This trend is comparable to that observed in the drift time spectra recorded with
the Faraday plate detector. Due to the spatial arrangement of the detection systems, the fluorescence
emission is detected prior to the ion current detection. The LIF detection and the ion current
detection take place sequentially downstream the drift tube. Therefore, the drift times recorded with
LIF detector are shorter as compared to the corresponding drift times recorded with the Faraday

plate detector. To calculate the peak parameters (e.g. FWHM, Height, Peak center) the peaks from
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Figure 54, were fitted with a Gauss function using the Levenberg Marquardt iteration algorithm.

The dependencies of peak parameters (FWHM, Height, Peak center) are presented in Figure 55.

1 - 1.3x10°
—— FWHM I
0.40 Height i
. Peak center T —5.6
0.38 - \ - 1.2x10°}F
] ! 5.4
0.36 1 1 -
| L 1.1x10°
0.34 \ -5.2
0.32 1
| - 1.0x10°[ -0
0.30 B 1 i
| -4.8
0.28 - 9.0x10*|
| x -4.6
0.26
T | T — | T ' T | T | T | L) | 80X104
520 540 560 580 600 620 640

Electric field strength [V cm'l]

Figure 55 The peak parameters for the spectra presented in Figure 54. Full width at half maximum
(FWHM), height, and center of peaks are presented in dependence on the electric field strength

The drift time decreases with increasing electric field strength. This is consistent with the effect of
electric fields on ion motion. The increase of peak height and the decrease of FWHM with the
increase of the drift field strength are consistent with described relationships between the diffusion,
ion velocity, and field strength. The standard deviation of the peak center values indicates a good
agreement with the previously discussed effect of the electric field strength on ion motion. The
high standard deviation values for the peak height and the FWHM can be explained by following
factors. Firstly, the sampling rate used by LIF detection is limited by the gate opening time of the

ICCD (100 ps). Theoretically, this time can be reduced to a 2 ns (minimum value for the utilized
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ICCD camera), however, in cost of sensitivity. Additional deviation results from the data fit.

Variations of the FWHM values result in the variations of the signal intensity and vice versa.

Additionally, some external disturbances may have an influence on the peak intensity and the peak

width. In the current experimental setup, the electrospray ion source and the drift cell arrangement

were constructed in open design and were operated in the ambient air of the laboratory. Therefore,

minor changes in temperature, pressure, and humidity may result in significant alterations in the

electrospray performance and in mobility of ions. Dependencies of the drift time and the peak

height values of Rhodamine 6G on the drift field strength recorded with both the LIF and Faraday

plate detectors are shown in Figure 56.
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Figure 56 Dependencies of the drift time and the peak height values of Rhodamine 6G on the drift
field strength recorded with both the LIF and Faraday plate detectors.
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The comparison of the peak height and the peak center values indicates similarities between both
detection systems. With increase of electric field strength the drift time decreases and the signal
intensity increases. Interestingly, a difference between the FWHM values calculated from drift time

resolved spectra with both LIF and Faraday plate detectors was observed (see Figure 57).

= LIF FWHM

- e [MSFWHM
0.44 - o)

0.42

0.40

o
w
oo
1 l
—
-
°
[

© o

w oW

N o))
| 1

FWHM [ms]

o

w

N
1

0.30
0.28

0.26

I I :
520 540 560 580 600 620 640 660 680
Electric field strength [V cm’']

Figure 57 FWHM values calculated from R6G drift time resolved spectra with both LIF and
Faraday plate detectors.

It can be concluded that in spectra recorded with both detection systems the FWHM decreases with
the increase of the drift field strength. However, this trend is strongly limited by two factors, namely
the ion gate injection pulse width and the rise time of the electrometer. Additional sources have
been located in the Faraday plate detection system. Firstly, construction of the cell and the geometry
(parallelism) of the aperture grid wire arrangement. Secondly, the uniformity of the electric field

and the electric field distribution within the cell.>?
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It was found that, within the analyzed drift field strength range, the FWHM values calculated from
drift spectra with LIF detector are smaller than those calculated from drift spectra with Faraday
plate detector. These results are in a good agreement with the results presented in Figure 51. The
main reason for higher FWHM values achieved with Faraday plate detector is probably the
additional peak broadening caused by amplifier (see comments to Figure 51). Additionally, the
induction of the current by the approaching ion clouds in the region between the aperture grid and
the detector can be a reason of the peak broadening.>> Increase of the drift field strength results in
increase of ion velocity and thus in decrease of drift time. Rokushika et al. have found that at a
pulse width of 0.2 ms, an electric field of 120 V e¢m™ would provide the best resolution in a

conventional IMS.106

At high electric field strengths (> 600 V ¢cm™!) the diffusion should play a minor role, however, it
will be problematic to resolve the signal with decreased FWHM for the currently utilized
transimpedance amplifier. Contrary, at low electric field strengths (~ 500 V cm™), the peak
broadening is controlled mainly by diffusion and the sampling rate of the electrometer is sufficient

to resolve the ion mobility spectrum.

4.4  Conclusion and Outlook

In this part, the feasibility of IMS-LIF coupling is demonstrated on the example of R6G dye ionized
by ESI. The fluorescence of the ionized dye in the gas phase has been investigated in a simplified
IMS drift cell of open design. The influence of most important parameters on the IMS-LIF was
analyzed. This influence was analyzed for both, the drift time resolved spectra recorded with
classical Faraday plate detector and the drift time resolved spectra recorded with LIF detector. It
was found that the FWHM is dependent on the initial ion gate pulse width. However, the detection
of low ion currents, in the pA —nA region, by classical Faraday plate with transimpedance amplifier
is limited by the required amplification gain and consequently by the bandwidth of the
transimpedance amplifier. This increases the amplifier rise time and thus, the FWHM. The optical-
electronic detection is known to be fast (up to femtoseconds). Therefore, the FWHM achieved with

the presented and only partially optimized LIF setup were significantly smaller as compared to that
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achieved by the Faraday plate with the transimpedance amplifier. Further improvements of the

stability of product ion generation may significantly increase the performance of IMS-LIF.

Furthermore, the proposed detection method (LIF) provides additional to usual for IMS drift time
information, namely wavelength of fluorescence maxima and fluorescence lifetime. Therefore, the

better selectivity/distinguishing can be expected.

Practically, IMS-LIF spectra are currently generated in 24 minutes (see Figure 44). However, the
recording time required for the analysis of the full drift time range (e.g. 0-20 ms) will be
significantly increased. Therefore, only the IMS-LIF analysis of the selected ranges (peaks) is

reasonable with the current setup.

The increase of the electric field results in a decrease of both the drift time and FWHM.
Additionally, at high electric field strengths the diffusion plays a minor role. The FWHM can be
further decreased under the high field conditions (>10 kV cm™). However, at these conditions the

ion velocity is no longer proportional to the electric field strength.

The proposed method could be a relevant technique for the observation of small differences in drift

time.
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5 The coupling of IMS with LIF on the example of PAH

5.1 Introduction

The monitoring of hydrophobic contaminants is of great importance.!’” Polycyclic aromatic
hydrocarbons are the biggest group of environmental contaminants introduced by humans due to
the continuing increasing use of fossil fuels. PAH are of major concern, because they pose a
potential risk for humans, with the potential ability, being cancerogenic and mutagenic.'%® Powerful
laboratory methods exist, with the ability to determine low concentrations of PAH in aqueous
solutions and sediments'?’, however, a loss of concentration is expected during sampling, transport
and sample preparation. Moreover, laboratory based methods for the determination of PAH are
tedious due to the time-consuming procedures of sample preparation and transport. The interest of
miniaturized onsite/on-line analytical systems has grown in recent years. Sampling, preparation,
separation and a subsequent identification with a high certainty in one single device, is desired. In
this work, the instrumentation for the drift tube ion mobility spectrometry (DT-IMS) laser induced
fluorescence (LIF) coupling for the fast detection/identification of polycyclic aromatic
hydrocarbons (PAH) is presented. The detection of ions in ion mobility spectrometers is performed
with the Faraday plate detector, providing ion currents as a function of drift time. Sampling and
identification of the approaching ion swarm in an IMS is provided by mass analyzers, interfaced
with the Faraday plate detector. These so-called mass-identified mobility spectra are generated with
a tremendous instrumental effort, making on-site/online identification almost impossible.?! The
coupling of IMS and LIF is a multidimensional detection system for ion pulses in an IMS and
provides sufficient detection parameters for on-site identification of PAH. The resolution of an
IMS is comparably poor with chromatographic techniques. With the fast LIF detection of analytes
(containing fluorophores) the coupling of IMS and LIF promises both, analyte specific information
from the fluorescence spectrum an enhanced resolving power of the IMS, respectively. Analysis of
fluorescence signals in general allows the identification of compounds since the fluorescence of a
compound is connected with electronic and vibronic transitions in the molecule of interest, and
hence gives additional information keeping the facts: known analyte, differences in drift time,

differences in emission spectra - in mind.
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For the fast on-site detection of organic substances, the ability of drift tube ion mobility
spectrometry that is separating ions in the gas phase (at atmospheric pressure) - the coupling of
IMS and LIF is a promising hyphenation for the on-site identification of selected environmental
contaminants. Due to the absence of pump sets the DT-IMS has proven to be a field deployable

device for the sensitive detection of hazardous chemicals in the anthropogenic atmosphere.

Photoionization increased the selectivity for organic compounds. The absence of reactant ions in
the ion mobility spectrum is a side effect of the photoionization. Thus, the entire spectrum can be
used for the monitoring of ions. However, dopant assisted ionization is of major importance to
increase selectivity and sensitivity in atmospheric pressure gas phase separation systems. For the
ionization of PAH, the continuous development of photoionization and dopant-assisted
photoionization gets “more and more” attention in the literature. In fact, photoionization by means
of direct current glow discharge found its first application in the photoionization ion mobility

spectrometry (PI-IMS) next to the photoionization detector (PID) in Gas Chromatography.

LIF detection has been widely studied to understand intramolecular processes, mostly in liquid
solution. Rather less is known about the fluorescence of ions at atmospheric pressure. New methods
exist, using MS and LIF to analyze fluorescence dyes and proteins in the gas phase.”’-’% 1% The
present work demonstrated the feasibility of IMS with LIF detection on the example of gaseous
ionic Rhodamine 6G. These findings should be used for the application of PAH analysis. The
fluorescence spectroscopy has been proven suitable for the environmental monitoring of PAH.!'!!
Many PAH give emission in the same region. Fluorescence techniques are very sensitive to the
micro-environment of the sample matrix and photo-physical processes (e.g. quenching, excited-
state complex formation, etc.) The direct analysis of PAH mixtures is therefore a challenging
procedure. The rapid gas phase separation could overcome the problem of interfering fluorescence
from other present PAH. The drift time resolved fluorescence is a promising approach to couple

rapid separation of PAH with analyte-specific detection in form of fluorescence spectra.
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5.2 Experimental

The instrument was built in the University of Duisburg-Essen. The scheme/description of the
experimental setup can be found in section 3.9. The components of the unidirectional flow IMS
consists of an (1) photoionization discharge (PID) ion source, a (2) drift region and the (3) detector
system. The PID ion source consists of a vacuum ultraviolet Kr photoionization discharge lamp
(PKS 106, Heraeus, Hanau, Germany). The PID lamp is sealed concentrically onto the ionization
chamber with a conical shell of 0.13 mL volume. The sample is introduced with a carrier gas of 10
mL min’! and exits the ionization chamber at the tip of the conical shell through a ~1 mm opening.
The ion source is interfaced to the drift region with an extraction electrode similar to the on-axis

arrangement of the Krypton DC-glow ion source of Tabrizchi et al®®

and an ion gate according to
Bradbury and Neilson*?. An additional cylindrical electrode (25 mm I.D., and 40 mm O.D.) was
placed between the extraction electrode and the ion gate. The electrode consists of a shape
according to Gormally and Philipps>? with an inner diameter of 25 mm and an outer diameter of
40 mm. The ion gate was made of two sets of 1.3912 parallel wires (80 um) located 600 um from
each other. The wires span a hole of 25 mm and are glued between two ceramic rings (O.D. 40
mm) of 4 mm thickness. The drift tube consists of 17 cylindrical electrodes (geometry mentioned
above) in a stack and neighboring electrodes were insulated with interlocking PTFE spacers with
the same diameters. The drift length from the Bradbury Nielsen ion gate to the detector was 16.8
cm. A high voltage power supply (DPR 50 205 24 5 EPU, ISEQ, Germany) was used as a voltage
source for generating the electric field. The highest potential of 5 kV was applied to the Socket of
the PID lamp. The principle of the Bradbury Nielsen gate electronics is a transformer providing a
galvanically isolated AC voltage, which is converted into a switching DC voltage that can be
superimposed onto the DC high voltage potential of the Bradbury Nielsen gates position in the drift
tube. For blocking of the ion transmission, a closing potential is applied to one wire set while the
other wire set is held at the reference potential. The switching frequency is provided by a pulse
generator, determining the gate pulse width and the length of the ion mobility spectrum to be
recorded. The gate closes with a voltage difference of +5-25 V superimposed on the potential of
the ion gates position in the drift tube. Opening of the gate is achieved, when all wires are set to
the potential equivalent to the position of the ion gate. The voltage drop and the distance between
the PID socket and the extraction electrode was ~ 570 V and 6 mm, respectively. The voltage drop

over the neighboring cylindrical electrodes was realized by 1 MQ resistors connected in series
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providing a homogeneous electrical field of 264 V cm™. The detection of the ion current is carried
out with a Faraday plate detector adapted from the supplementary material of Eiceman and
Karpas'®. The electrometer was a transimpedance amplifier (DLPCA-200, Femto, Berlin,
Germany). The aperture grid was placed approximately 1 mm in front of the detector and was
manufactured similarly to the ion gate. The potential applied on the aperture grid was
approximately 30 V. The drift gas was set to 50 mL min’! with a mass flow controller (Aalborg
GFC, United States). Ion currents were converted with a transimpedance amplifier (Femto
DLPCA-200, Germany) with a gain of 10'° V/A. The insulation ring between the last ring electrode
and the aperture grid was replaced by a 22,8 mm thick flow through cuvette made of aluminum
oxide with three inserted windows in a 90° angle to each other. The windows for the entrance and
output of the laser beam were made of quartz (Q1) and coated with an anti-reflection coating. The
third hole was for the insertion of the glass fibre. The inner and outer diameter of the cuvette is 25
mm and 40 mm respectively. The electric field gradient through the cuvette was adjusted to the
electrical drift field gradient to 263 V cm™!. The IMS was held at 60° Celsius. For the excitation of
the approaching ion swarm a frequency-quadrupled Neodymium:Yttrium-Aluminum garnet Laser
(Polaris, New Wave Research, United Kingdom) was used irradiating at 266 nm with a pulse width
of ~7 ns FWHM and a maximum pulse energy of ~20mJ/pulse. The Nd:YAG laser flash lamp was
set to maximum intensity. The attenuator was set to a value of 400. The emitted fluorescence was
collected in 90° angle with the light guide inserted into the flow-through cuvette. The collected
light was guided into a spectrograph with an optical path according to Czerny and Turner. The
grating was 150 lines mm-'. The light detector was a gated intensified charge coupled device
(Andor, United Kingdom). The emitted light was temporarily recorded after the laser pulse because
of the spectral distortions generated by the laser. Thus, the fluorescence decay needed to be
determined. The provided pulse for ion gating was synchronized with the laser xenon flash lamp
and the Q-switch of the laser was synchronized with the ICCD camera with a delay generator (TGP
110, Thurbly Thandar instruments, Huntingdon, England). The spectrograph was set to a scan
range from 280 to 565 nm. The spectrograph was used with the 149.9 lines mm™! grating with a
grating blaze of 300. The ICCD camera gate opening trigger was set to 6 ns after the light pulse
with a gate width of 100 ns. The gain was set to a value of 200. Each spectrum was generated by

1000 accumulated spectra. Three replicates were recorded and stored with Andor Solis software.
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A continuous introduction of the analyte was provided by a permeation tube. A permeation tube,
filled with the analyte (Naphthalene and Pyrene from Sigma-Aldrich 99%) was placed in a
thermostatic oven that was connected between the carrier gas mass flow controller (Aalborg GFC
series) and the photoionization source inlet with a fused silica capillary (I.D. ~720 pm). The

Naphthalene permeation temperature was 75° C, otherwise noted.

5.2.1 The effect of the photoionization lamp discharge current on the fluorescence of

naphthalene

The IMS source and tube temperature were held at 60° C. The carrier gas was connected to the
injector and the gaseous analyte was directed in the photoionization source inlet with a nitrogen
flow rate of 10 mL min™!. The data was blank subtracted and smoothed with the Savitzky-Golay
method in Origin Pro 2015. Second Polynomial order with no boundary conditions was selected.
A data window of 60 points was selected. The total ion current was probed by means of LIF inside

the flow through cuvette located between the last ring electrode and the aperture grid.
5.2.2 The effect of the ion gate voltage on the fluorescence of Naphthalene

Fluorescence spectra were recorded with the same experimental conditions at different ion gate
voltages. Additionally, the ion has been recorded with the transimpedance amplifier operating in

high speed mode with a gain of 10'°V Al
5.2.3 The effect of the electric field strength on the fluorescence of naphthalene and pyrene

Fluorescence spectra were recorded with the same experimental conditions at different drift
voltages. When pyrene was used as the analyte, the injector temperature was increased to 160 ° C

and the source temperature was increased to 100° C.
5.2.4 Drift time dependent fluorescence detection of Naphthalene

A mobility spectrum was generated by recording drift time dependent ion current with the
transimpedance amplifier operating in high speed mode with a gain of 10!1° V A-l. The trigger was
set on the rising edge of the pulse for the Bradbury Nielsen gate. The pulse generator was set to a
pulse width of 200 us at a frequency of 8 Hz. The ion gate voltage was set to 30 V. 16 averages
have been stored with a digital storing oscilloscope in DC mode (Digital Storage Oscilloscope

DSO-X 2022A, Agilent Technologies, Santa Clara, CL, USA). Excitation of the approaching ions
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was performed with the Nd:YAG laser synchronized with the ion gate pulse and with the ICCD
without changes of the parameters. For drift time dependent fluorescence measurements, the delay

was manually adjusted by the delay controls of the delay generator.

5.3  Results and Discussion

5.3.1 The effect of the photoionization discharge lamp current on the fluorescence of

naphthalene

Analogously to [0], the detection of naphthalene via laser-induced fluorescence in electric fields
took place between the last ring electrode and the aperture grid of the experimental setup. The total
ion current of the photoionization source passing the drift cell was probed with the pulsed laser
induced fluorescence detection system. The laser beam enters centered perpendicular to the ion
flow axis of the drift cell. The ion transmission was monitored by the DC offset generated by the
transimpedance amplifier. When the permeation temperature was constant and the permeated
analyte was flowing into the photoionization source continuously and the high voltage was
switched on, the DC offset was monitored as a constant value of several volts. This corresponds to
several tenths of nano amperes (see Figure 59). The fluorescence emission spectrum of naphthalene
at the end of the drift cell is shown in Figure 58. It appears that the photoionization discharge lamp
current affects the fluorescence signal of naphthalene in the detection region of the PI-IMS-LIF
spectrometer. The effect of the vacuum UV Kr lamp operating current on the fluorescence signal

intensity and on the total ion current is shown in the graphs below.

122



The coupling of IMS with LIF on the example of PAH

10 ——0.4mA
) : ~ - 0.6mA
' g 0.7 mA
4 1
5x107 j} i — 0.8 mA
W
4
E 4x10™
5,
2
= 3x10%
=
L
=)
]

T T T T
300 350 400 450

Wavelength [nm]

Figure 58 Fluorescence spectra of naphthalene in the gas phase (permeation temperature = 75° C)
at different PID lamp currents. Average of n = 3 accumulated spectra, blank subtracted
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Figure 59 (left) Fluorescence maxima of naphthalene (A max em = 323 nm) plotted against the
PID-lamp current. Smoothed spectra from Figure 58, n=3. (right) Total ion current values plotted
against the PID lamp current (transimpedance 10'° V/A)

The PID lamp current affects the formation of the ions by photoionization sources in ion mobility
spectrometers.®’® Figure 59 shows the fluorescence maxima at 323 nm and the total ion current
with increasing operating current of the photoionization discharge lamp. The fluorescence intensity
rises as the PID lamp current rises from 0.4 to 1.6 mA. The total ion current rises with increasing
PID lamp current. This can be explained by the increase of the number of emitted photons at
increased operating currents of the vacuum UV-Kr lamp. This leads to a more efficient ionization
of molecules located in the ion source. Since nothing has been published yet about the laser induced
fluorescence detection of PAH in drift tubes of IMS we assume the fluorescence signals can be
attributed to the [M+] ions of naphthalene ionized by photoionization. Considering atmospheric
pressure and low regime flow rates of nitrogen used as drift gas one has to note the carry over effect
of the permeation rate of naphthalene at 75° C. The signal can therefore also be attributed to non-

ionized gaseous naphthalene.
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5.3.2 The effect of the ion gate voltage on the fluorescence of naphthalene

The effect of ion blocking analogously to section [4.3.3] was also observed in the experimental

setup.
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Figure 60 Fluorescence spectra of naphthalene at different ion gate voltages
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Figure 61 (left) Fluorescence intensity maxima against the ion gate voltage. (right) total ion current
against the ion gate voltage (transimpedance 10'° V/A)

The electric field strength between the gate wires resulted in the deflection of the transported ions.
This can be seen in the changes of the fluorescence intensity when the ion gate bias value is
increased from 0 - 20 V. The fluorescence intensity is decreased as penetration of ions is hindered,
when the gate voltage is applied. The increased gate voltage results in increase of a deflecting ion
shutter field, generated between the gate wires. The gate field deflects the approaching ions, as they
pass the wire arrangement. The deflection angle is strongly dependent on the electric field strength
between the two wire sets.!? In general the ions get deflected to a larger extend at higher gate
fields. This result can be compared with the experiments in [4.3.3] (see Figure 36, Figure 39, Figure
40).

The change of the fluorescence intensity with increasing ion gate voltage was observable within a
time delay in the range of 5-10 minutes. When the fluorescence spectra were recorded immediately
after the adjustment of the ion gate voltage, no significant changes of the fluorescence intensity
was observable. However, when the fluorescence spectra were recorded ten minutes after the ion
gate voltage adjustment, the spectral changes were noticeable. This effect is in contrast to the

experimental findings in section [4.3.3].
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5.3.3 The effect of the electric field strength on the fluorescence of naphthalene and pyrene

To prove the dependence of naphthalene fluorescence intensity on the electric field, the electric
field strength was varied between 0 and 265 V cm!. The ion gate was switched off in order to
analyze the total ion current. The effect of the electric field strength on the fluorescence spectra of
the naphthalene at the end of the drift cell at different electric fields is shown in Figure 62. The
effect of the electric field strength on the fluorescence emission spectra of naphthalene at different

electric fields is shown in Figure 62.
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Figure 62 Fluorescence spectra of naphthalene in the PI-IMS-LIF instrument at different electric
field strengths, blanc subtracted, average of n=3

In the range of 0-210 V cm™! the fluorescence was not detectable. However, a linear relation was

found for the naphthalene fluorescence intensity in the range of 225 — 265 V cm™'.
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Figure 63 Fluorescence Intensity maxima plottet against the electric field strength. Blanc
subtracted, smoothed, average of n=3

This effect can be explained analogously to section [4.3.3] (see Figure 41). The drift time is
inversely proportional to the electric field in a drift tube [see equation (7)]. During the drift the
diffusion of the ions takes place. The diffusion flux is time-dependent. Therefore, increase of the
drift field strength leads to the reduced effect of diffusion. This results in reduced peak width (time
scale) and increased intensity. Moreover, due to the reduced drift times the ions have less time for
the undesirable reactions (e.g. ion-molecule reactions: charge transfer, recombination) which may
lead to the reduced signal intensity. This explains the increasing number of ions that can be detected

by laser induced fluorescence emission at increased electric field strengths.

For further increase of the fluorescence intensity the higher values of drift voltage can be applied.
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A similar trend was found for pyrene. The effect of the electric field strength on the fluorescence

emission spectra of pyrene at different electric fields is shown below.
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Figure 64 Fluorescence spectra of pyrene in the PI-IMS-LIF instrument at different electric field
strengths, blanc subtracted, average of n=3

In the range of 0-183 V cm’! the fluorescence was not detectable or the signal was affected with
strong noise. The signal to noise ratio of a single spectrum was < 0.5 at 183 V cm’!. However, a

linear relation was found for the pyrene fluorescence intensity in the range of 196 — 265 V cm’.

129



The coupling of IMS with LIF on the example of PAH

S
] ‘4X ] O Equation y=atb*x
Adj. R-Square 0.96803
Value Standard Frror

1.2x1 05 n Intercept 273750.58732 28659.39631 //
Sigoe 1418678334 12043117 /

vvvvv

8.0x10*

max em
-
' I

Intensity at A

oy 2
=] =]
< >
— —_
(e (e
~

T T T 1
220 240 260 280

Electric field strength [V cm'l]

T
180 200

Figure 65 Fluorescence Intensity maxima plotted against the electric field strength. Blanc
subtracted, smoothed, average of n=3

The observed dependence of the fluorescence emission intensity on the electric field strength is
considered to demonstrate the ion detection of PAH in the photoionization drift time mobility based
system. The experiment with pyrene is afflicted with impurities. In the wavelength range of 300 —
350 nm, a second fluorescence signal is detected. Naphthalene was used in the previous
experiments and poses a possible source of contamination. This impurity however demonstrates
the wavelength discrimination by means of fluorescence of a binary mixture of polycyclic

hydrocarbons.

The observed dependencies of naphthalene and pyrene fluorescence intensity on both, the ion gate

field and the electric field, point to the feasibility of drift time resolved fluorescence spectra. In
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general, the fluorescence needs to be recorded for short periods of time after a defined delay time

relatively to the gate pulse.
5.3.4 Drift time dependent fluorescence detection of naphthalene

Analogously to experiments in [4.3.4], drift time dependent fluorescence was performed at

different delays relatively to the ion injection pulse on an example of naphthalene (see the insert

Figure 66).
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Figure 66 Drift time spectra of naphthalene. The permeation temperature was 40°C. The ion gate
voltage and pulse width were 30 V and 200 ps, respectively. The amplifier was working in high
mode at 10'°V A"l. The carrier gas and drift gas flow rates were 10 mL min™' and 500 mL min!,
respectively. The spectrum represents the average of 16 spectra. The insert demonstrates the
fluorescence intensity of naphthalene at A em = 323 nm at different drift times. The emission spectra
are detected within the range of 15-45 ms.
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Analogously to [3.9], single compound spectra of PAH can be generated by placing solid pure
substances in the used injector. In this case the method of using permeation tubes poses a suitable

method that enables the determination of the analyte concentration in the carrier gas.

The result of drift time resolved fluorescence detection was not as expected (see insert Figure 66).
The signal did not show significant differences, when the fluorescence was detected at different
drift times. The possible reason is that the concentration of the ions was not sufficient. Numerous
attempts have been made to increase the concentration of the analyte ion where the excitation took
place. This can be realized by increasing the permeation temperature. Alternatively, it can be
performed by increasing the ion gate pulse width and thus increasing the amount of ions travelling
through the drift tube. In another attempt, the ion gate voltage was set to 8 V to detect fluorescence

intensity differences between the background and the signal.

The drift time spectra in Figure 67 show the broad signal of naphthalene with superimposed signals

at different drift times.

132



The coupling of IMS with LIF on the example of PAH

1
]
3
|

4,*
>
A ——A——————

.
<

S
AA—A— )

Ion current [nA]

03

0.2 4

0.1 4

0.0 , . , . , . i
20 40 60 80

Drift time [ms]

——17.8 ms 246 ms ——31.4ms—38.1 ms
450 ms ——51.4 ms 584 ms ——65.3 ms

Figure 67 Drift time spectra of naphthalene with laser induced ion current distortions at different
delay times. The gate opening time was 20 ms and 8 V ion gate voltage.

Firstly, the broad signal with low intensity is discussed. The signal of interest has a baseline value
at 0.3 nA. This offset can be explained by the ion gate voltage. The ion gate voltage was set to a
value of 8 V to determine fluorescence intensity differences over the drift time range of 20 — 80
ms. The ion gate does not block the ions to a full extend which results in the increased baseline
level. The signal has a not expected peak shape with significant differences to drift time signals
that show a normal distributed peak. This can be explained by the high density of ions injected into
the IMS at a pulse width of 20 ms. The high ion density leads to a saturation of the drift tube and
the separation becomes inefficient. The superimposed signals were originating from the laser pulse.
The first signal with smaller band width could be compared with the temporal width of the laser
pulse (7 ns). That is possibly the distortion of the pulsing electronics of the Q-switch in the
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Nd:YAG laser. The second signal with broader bandwidth is most likely from photoionized
naphthalene molecules. The temporal difference between the laser pulse and the signal corresponds
to the drift time of the laser ionized molecules. Laser ionization ion mobility spectrometry of PAH

has been reported in the literature, 3¢ 52 112

The gas flow settings and the permeation temperatures of the analytes were optimized to achieve
the signal to noise ratio > 3. This also included reduce of the drift gas flow rate to 50 mL min.
The fluorescence intensity decreased rapidly, when the drift gas flow rate is increased > 50 mL
min-'. These findings indicate the detection of gaseous naphthalene or pyrene in the flow-through
cuvette of the IMS. The detected fluorescence signals can originate from neutralized molecules

that have lost their charge during the drift towards the faraday plate detector.

It has been reported in the literature that the quantum yield for naphthalene ionization is ~ 0.4 when
using vacuum UV Kr lamp.!'3 However, no data are available in the literature for the quantum
yield of the naphthalene radical cation ionization. The possibly low ionization yield and short

lifetime for naphthalene radical cation could be the reason for low fluorescence intensity.

The drift length of 16 cm was chosen for a better separation of the PAH in the drift tube. That is
longer as compared to the standard IMS length of 10 cm. However, this results in a higher loss of

ions.

The laser pulse width of used in this study Nd:YAG laser is 7 ns. That is too short for the
fluorescence monitoring with integration window of 100 ns used in this study. The use of a

continuous wave laser can improve the fluorescence intensity.
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5.4 Conclusion and Outlook

The laser induced fluorescence detection of selected PAH (naphthalene and pyrene) has shown to
be possible inside a drift tube ion mobility spectrometer. It was not possible to realize the time
resolved IMS-LIF. However, the dependence of the LIF signal intensity on the drift field strength
was observed. This demonstrates, that the ions, generated by photoionization can be transported
through the drift region and detected with the laser induced fluorescence monitoring system.
Despite the reported quantum yield for naphthalene ionization is ~ 0.4, when using vacuum UV Kr
lamp, no data are available in the literature for the fluorescence quantum yield of the naphthalene
radical cation. The possibly low fluorescence quantum yield and short lifetime for naphthalene

radical cation could be the reason for the low fluorescence intensity.

The fluorescence intensity of naphthalene was dependent on the PID lamp current. The observed
increased ion current at increased PID lamp current leads to both, the increased fluorescence
intensity of naphthalene and the increase of the total ion current. Because the increase of the ion
current leads to the increase of the fluorescence signal, it can be concluded that the fluorescence
intensity originates from the ionized molecules generated by photoionization. Additional evidence
for the relation of the fluorescence signal to the ionized molecules is the simultaneous decrease of

both the total ion current and the fluorescence intensity with increase of the ion gate voltage.

This instrumental coupling has the potential to address other specialized fields of research, that

require the spatial (and time resolved) ion fluorescence monitoring at atmospheric pressure.

Additional information to the ion current detection can be obtained with the proposed detection
method (LIF), namely wavelength of fluorescence maxima and fluorescence lifetime. This was

proven on the example of naphthalene and pyrene.

Although the results presented in this chapter point to the detection of ionized PAH species,
however the diffusion of the gaseous analytes towards the flow cell at the detector must not be

neglected.

There are no excitation and emission spectra available for the ionized PAH species in the gas phase
at atmospheric pressure. Therefore, the determination of the absorption and emission maxima of

the ionized species is necessary.
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6 Summary

The main focus of the study is the realization of drift time resolved fluorescence detection of ions
in a drift tube cell. The laser induced fluorescence is proposed as a complimentary/alternative
detection system that is potentially faster than a conventional electrometer and provides additional
analytical information. The proposed detection method (LIF) can provide additional to usual for
IMS drift time information, namely wavelength of fluorescence maxima and fluorescence lifetime.
Therefore, the better selectivity/distinguishing can be expected. The coupling of time of flight ion

mobility spectrometry with LIF is so far not described in literature.

After the design and development of this novel coupling, the possibility of drift time resolved
fluorescence detection was proven on the example of the Xanthene dye Rhodamine 6G ions. The
fluorescence of the ionized dye in the gas phase has been investigated in a simplified IMS drift cell
of open design. The release and desolvation of R6G ions from the electrospray with following IMS-
LIF analysis was demonstrated. The total ion current of the electrospray passing the drift cell was
probed with the laser induced fluorescence detection system. The fluorescence spectrum recorded
at the exit of the drift cell is identical to that of gaseous dye Rhodamine 6G recorded in the
electrospray plume. The decrease of the ion transmission with increase of perpendicular ion gate
field was observed by fluorescence of the gaseous ions of dye Rhodamine 6G. The fluorescence

intensity of gaseous ionic dye R6G increases with the increase of the drift field gradient.

The improvements of the electrospray source and the excitation source resulted in an increase in
both the long-term stability and the fluorescence emission intensity. The optimization of the
excitation wavelength resulted in a significant increase of signal intensity. The optimization of
electrospray materials and conditions has improved the long-term stability of the electrospray
process. With this modified system, signal intensities were improved by one order of magnitude.
Therefore, it was possible to reduce the integration time in the LIF measurements to the required

for the drift time dependent LIF analysis values of 100 ps.

The drift time resolved LIF detection of Rhodamine 6G ions at ambient conditions was achieved.
It was found that the FWHM of the drift time fluorescence signal is dependent on the initial ion
gate pulse width. The drift time spectra produced with both, the Faraday plate detector and the
laser induced fluorescence detector show the same trends. Besides the peak broadening, a shift of

peak maxima towards bigger drift times with increase of the ion gate pulse width was observed.
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With the increase of electric field strength the peak positions shift towards smaller drift time values.
This trend is similar to that observed in the drift time spectra recorded with the electrometer.
Remarkably, a difference between the FWHM values derived from drift time resolved spectra with
both LIF and Faraday plate detectors was found. The FWHM derived from drift time fluorescence
spectra were significantly smaller than those obtained with the electrometer. The main reason for
higher FWHM values achieved with electrometer is probably the additional peak broadening
caused by the transimpedance amplifier. This demonstrates that the drift time spectra of higher
resolution can be potentially achieved with the LIF detection as compared to that with the state of

the art electrometer.

The laser induced fluorescence detection of PAH model compounds (naphthalene and pyrene) has
shown to be possible inside a drift tube ion mobility spectrometer. It was not possible to realize the
time resolved IMS-LIF. However, the dependence of the LIF signal intensity on the drift field

strength was observed.

The observed increased ion current at increased PID lamp current leads to both, the increased
fluorescence intensity of naphthalene and the increase of the total ion current. The increase of the
ion current leads to the increase of the fluorescence signal. Therefore, it can be concluded that the
fluorescence intensity originates from the ionized molecules generated by photoionization. The
simultaneous decrease of both the total ion current and the fluorescence intensity with increase of
the ion gate voltage is an additional evidence for the relation of the fluorescence signal to the

1onized molecules.
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8 Appendix

8.1  List of abbreviations and symbols

e elementary charge [As]

u reduced mass

Vd drift velocity [m s']

Q collision cross section [nm?]

[0) quantum yield

MQ Mega ohm

uF micro Farads

AV bias Voltage [V]

D Diffusion coefficient

E electric field strength [V cm']

f focal length [mm]

F focal point

fA femto ampere

Hz Hertz [1 s7']

K ion mobility coefficient [cm™ Vs!]
Ko reduced mobility coefficient

ke fluorescence rate constant

Kar non radiative transition constant
kV kilovolts
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Lq

ms
nm

ns

nA

PA

Td
ta

tr

Tey

Vref

VA

BNC

BNG

drift length

milli ampere

milli seconds

nano meters

nano seconds

Number density [molecules per cm™]
nano ampere

Pressure [Torr]

pico ampere

Temperature [K]
Townsend [102! V m?]
drift time [ms]

rise time [ps]

effective Temperature [K]
Voltage [V]

reference Voltage [V]
Volt Ampere

charge

Bajonett Neill-Concelman

Bradbury-Nielsen-Gate
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CCD

cw

DC

DMS

ESI

FAIMS

FWHM

GC

HV

HPLC

ICCD

IMS

IM MS

IMS-LIF

I.D.

IP

LIF

KDP

LASER

MCP

MS

charge coupled device

continuous wave

direct current

differential ion mobility spectrometry
electrospray ionization

field asymmetric high field ion mobility spectrometry
full width at half maximum

Gas chromatography

High Voltage

high performance liquid chromatography
intensified charge coupled device

Ion mobility spectrometer

Ion mobility mass spectrometry

Ion mobility spectrometry laser induced fluorescence detection

Inner Diameter

Ionization potential [eV]

laser induced fluorescence
Pottasiumdihydrogenphosphate

light amplification by stimulated emission of radiation
microchannel plate

Mass spectrometry/Mass spectrometer
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O.D.

PA
PEEK

PI

PAH
PID
Q-switch
RF

RIP
SEM
SPME
TIC

TTL
TOF
TOF-MS
nESI
VUV

VOC

Outer diameter

proton affinity

polyether ether ketone
Photoionization

polycyclic aromatic hydrocarbons
photo ionization discharge
Quality-switch

radio frequency

reactant ion positive

secondary electron multiplier
solid phase microextraction
Total ion current
transistor-transistor logic

time of flight

time of flight mass spectrometry
nano electrospray ionization
vacuum ultraviolet

volatile organic compounds
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8.2 List of figures

Figure 1 Designs of ion shutters with Bradbury—Nielsen on left and Tyndall-Powell on right with
end view and side view (a). Two waveform plans (b); a waveform is applied to each grid. A voltage
difference on adjacent wires creates an electric field, and ions are drawn to wires and collide.
Resultant neutrals are swept with drift gas from the analyzer. In each plan, wires are brought to a

common potential, which is referenced to the voltage divider of the drift tube.*>......................... 11

Figure 2 Ionic charges at different detector designs. Adapted from >3 (top figure) Illustration of an
ion pulse approaching and hitting the detector of an IMS. The ionic charge induces surface charge
on the faraday plate. Electron flow occurs before and after the ion injection hits the faraday plate.
(bottom figure) An aperture grid shields the faraday plate from induced charge. A capacitor is used

as electron source for the aperture grid .........c.oooueeeiiieiii i 14
Figure 3 Jablonski scheme from®7 ...............cooiiioiiiiiiceeee et 17

Figure 4 Perpendicular design of the photoionization source for gas-chromatography ion mobility

spectrometry from Baim €t @l.2% ...........cocooooiiiiiiiieeiceeeececeeece ettt 26

Figure 5 Technical drawing of the photoionization source assembly side view. Printed with the

permission of the mechanical workshop TGM University Duisburg-Essen...........cccoceeveenieennnne. 28

Figure 6 Technical drawing of the photoionization source head. Printed with the permission of the

mechanical workshop TGM University Duisburg-Essen. Material: polyether ether ketone (PEEK);

Figure 7 Schematic of the positive mode of electrospray ionization where TDC is the total droplet
current. The droplets emitted from the Taylor cone merge into a fine spray towards the counter

CLECITOAE L. e et e et ettt e e et e et e aeeeaeeeeaas 30

Figure 8 Schematic of the electrospray interface build up from an Upchurch scientific micro cross
union (part. No. P-887). The inner bore diameter is 0.152 mm. The high voltage terminal is made

from a titanium rod and is directly connected to the liquid inside the cross union..........c............. 31
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Figure 9 Drift ring electrode with an inner thickness of 1 mm and the outer thickness of 5 mm. The
M3 thread is for the mechanical integration of voltage terminals. All dimensions in mm. Material:

STAINLESS STEEL .ot e e e e et e e e e e e e e e e e e e ee e e e aeaaeeeeeeeere e nann 33

Figure 10 Technical drawing of the insulation ring. The diameter 30 mm f7 indicates a technical
fit for the machinable ceramic material (Macor™) inside the drift ring electrode. The fit is
approximately chosen so that material is not affected when the materials are expanding due to

temperature increase. All dimensions in mm. Material: Macor™ ..............cccoveviiieieriercieeieee 34
Figure 11 Technical drawing of the gate ring. All dimensions in MM.........cccceverveieriniieneneennens 36

Figure 12 Procedure of making a Bradbury Nielsen Gate. (1) Winding of wire around screws. (2)
Cementing the wires inbetween ion gate rings. (3) Weaving resulting in four wire sets. (4) Taping

the wire sets on paper. (5) Gate assembly with four wire sets. (6) Wire sets pressed into the groove

(7) Final assembly of the BING. .........cooiiiiiiiieiieieeeee ettt 38
Figure 13 Variable gain low noise amplifier Femto DLPCA-200 .........c.cccccveevireiieiniieeieeeeeee 39
Figure 14: Faraday plate detector assembly for the open drift cell design.........ccccevvvveecieennnnnnnee. 40

Figure 15 Stepwise detector assembly for closed drift tube arrangements. (1) basic flange with drift
gas connector. (2) supporting electrode with diffusive drift gas outlet via 12 holes. (3) Last ring
electrode mounted on isolation flange. (4) Detector plate mounted on isolation flange with special
tool (5)+(6). (7)+(8) Plate detector with isolation flange assembly mounted on basic-flange. (9)

Assembly of the plate detector terminal shielding. ...........cccceeviviiiiieiieniiinie e 42

Figure 16 Overview of the overall electronic circuit for a drift tube ion mobility spectrometer with

stacked ring design and Bradbury-Nielsen ate. .........ccccoecveriiriiniiiiieiieeieeceieeceeeee e 44

Figure 17 Electronic circuit of the PID lamp power supply for the integration of PID lamps in drift

tube [on MODIlity SPECIOMETIETS ......eevieiieiiierieeeiieie ettt et ettt e e s e st e e saeesesenee 45
Figure 18 PID power supply unit with open lid .........ccccooeiiiiiiiiiiiei e 46
Figure 19 Circuitry of the power supply unit for the ion gate bias voltage ..........ccceeeuveevrenennnee. 48
Figure 20 Circuitry of the opto-isolated ion gate switching electronics ..........ccccevceevverieevenenenne 48
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Figure 21 Circuitry of the light pulse sender generated from a TTL-square pulse going into the
BNC input SOCKEt (BNC 1) ..eeuiiiiiie ettt ettt ettt et ae e sae et eesaeesnseennseeennes 49

Figure 22: BNG opening (black points) and BNG closing (red points) times. The gate voltage was
SEE L0 B0 V ettt ettt et es 50

Figure 23 Laser diode PrinCiple.........ccuiiiiiiiiiiiiee ettt aee e 52

Figure 24 PL TB 450 B mounted in aluminum body. The constant current source is mounted with

the heatsink on the diode assembly. The fan is mounted on the backside of the assembly. The lens

system is mounted on rails to adjust the focusing point on the laser diode emitter. ...................... 54
Figure 25 Experimental setup for ESI-IMS-LIF. .......cooiiiiiiiiee e 59
Figure 26 Scheme of the PI-IMS-LIF SEtUP.....cccueeriiiieiieeiieeie ettt 60

Figure 27 The LIF-detection assembly in the closed IMS. (1) LIF flow-through cuvette. (2) LIF-
cuvette with aperture grid. (3) Assembled detector. (4) LIF-cuvette placed on the detector. The

arrow marks the insertion direction of the optical fibre (light guide) .........ccceeveveviineiniienenenee. 62
Figure 28 Assembly of the PI-IMS-LIF Cell.....cccoiiiiiiiiiiiiiiiiiiieeiccceeccse e 63
Figure 29 Experimental setup PI-IMS-LIF. The laser beam path is animated as a blue line ........ 64

Figure 30 Schematic of the gas flow in the experimental setup (left). Photograph of the injectors

Figure 31 single drift time spectra of benzene and selected polycyclic hydrocarbons. ................. 66

Figure 32 Schematic of the IMS-LIF instrument. Light emitted from laser induced fluorescence is

detected orthogonally to the ion drift dir€Ction ..........ccceiviieeiiiiiiii e 69

Figure 33. Fluorescence spectra recorded with excitation at different positions along the
electrospray plume. The solution infused through the electrospray emitter contained 500 puM

Rhodamine 6G dissolved in MeOH (0.1 % formic acid). .......ccccoeueeriieeiiiiiiiieiieecieeeieeeiee e 77

Figure 34. Relationship between the fluorescence emission intensity of Rhodamine 6G cations in

the gas phase and the probed distance to the ESI tip. The flow rate of 500 uM R6G solution in
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MeOH (0.1% formic acid) was 2 uL min-!, the ESI voltage was set to 3.8 kV. The fluorescence

emission intensity was analyzed at 505 NM. ........ccoocoieriiiiiii i 78

Figure 35 Fluorescence emission spectrum of Rhodamine 6G cation recorded at ESI voltage of
+3.50 kV, IMS drift voltage of 2.231 kV (32 mm drift length), ESI flow rate of 2 uL min! with
500 uM solution of Rhodamine 6G in MeOH (0.1 % formic acid), excitation wavelength of 447
nm (cw) laser diode, 1.6 W output power), ICCD gate width was 100 ms, gain of 100, 100

accumulations, blank subtracted, average of N=3. ........ccociiiiiiiiiriiie e 80

Figure 36 Fluorescence emission spectra recorded between the last ring electrode and the aperture
grid at different ion gate voltages. Experimental conditions: ESI voltage =3.50 kV, IMS voltage =
2.231 kV, 2 uL min 'flow rate of 500 uM Rhodamine 6G in MeOH (0.1 % formic acid), excitation
with 447 nm continuous wave (cw) laser diode, 1.6 W output power, ICCD gate width 100 ms,

gain 100, 100 accumulations, blank subtracted, average of n=3..........cccccevvierienienciniinie e 82

Figure 37. ESI-IMS drift time spectra of Rhodamine 6G solution (500uM, MeOH, 0.1 formic acis)
at different gate voltages. The pulse width was set to 200 pus. Each spectrum represents the average
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Figure 38 Excitation (dashed blue line) and Emission (red signal line) spectra of gaseous

Rhodamine 6G.”° The arrow marks the area of the excitation wavelength................ccococvevrvirnane. 86

Figure 39 Fluorescence emission spectra of Rhodamine 6G at different ion gate voltages.
Conditions: ESI voltage of 3.33 kV, IMS drift voltage of 2.43 kV, infusion flow rate of 300 nL
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Figure 40 Dependence of the fluorescence intensity at emission maxima of gaseous Rhodamine 6G

cations on the 10N ate VOILAZE .......cocuieriiiiiieiieeieee ettt ettt et saeeeees 89

Figure 41 Blank subtracted spectra of R6G ions at different drift field strengths. Each spectrum
represents the average of three accumulated (n=100) spectra, Settings of ICCD camera: gate of 100
ms, MCP gain of 100; The ESI and IMS voltages varied within the ranges of 2.13 — 3.73 kV and
1.23 — 1.83 kV, respectively. The Rhodamine solution was 500 uM in MeOH containing 0.1% of
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Figure 42 Fluorescence intensities of the R6G ion in dependence on the drift field strength. The

intensity values were calculated as an average intensity within the range of 500 - 510 nm (n=3).

Figure 43 Drift time spectra of blank (MeOH) and R6G (500 uM in MeOH (0.1 % formic acid)
ions. The ESI voltage was 3.33 kV, the IMS drift voltage was 2.431 kV, Ion gate voltage was 80

V, pulse width was 200 ps, demonstrated spectrum is a result of 16 averages..........cceeeveeuvenenenne. 94

Figure 44 Fluorescence spectra of R6G (500 uM in MeOH (0.1 % formic acid, Aex= 462 nm)) ions
generated by ESI at different gate delays (drift time axis). The ESI voltage was 3.33 kV, the IMS
voltage was 2.43 kV. Ion gate voltage 80 V, pulse width 200 ps, each spectrum was recorded with
2000 accumulations. ICCD settings: gate opening time of 100 pus, MCP gain of 250, CCD exposure
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Figure 45 Smoothed fluorescence spectra (Origin Pro 2015, 100 points) of the data presented in
FIGUIC 44, ..ottt et ettt e et e e et e e see e e b e e e nbee et aeeeaeee e e esteeenseenbeeennes 97

Figure 46 Fluorescence emission intensity of Rhodamine 6G at 505 nm as a function of the drift
time. The settings were as follows: 100 us steps, 200 pus ion gate pulse width, 2000 accumulations

per point, blank subtracted, SMOOthed............c.oooviiiiiiiiiiieceee e 98

Figure 47 Drift time spectra of 500 uM R6G solution in MeOH at different ion gate pulse widths
after 16 averages (electric field strength =561 V em™)......ccoovoviiiiiiiieeeeeeeeee e 100

Figure 48 The R6G peak properties derived from the drift time spectra presented in Figure 47.101

Figure 49 Drift time resolved fluorescence spectra recorded around drift time of Rhodamine 6G
peak and at different ion gate pulse widths (average of n=6, 2000 accumulations per point, drift

field strength was 561 V Gl ..ot 103

Figure 50 Relationship between the peak properties (FWHM, Height, Area) derived from the drift
time spectra presented in Figure 49 and the ion gate pulse width...........cccoeoveiviiiiciiiiiiniieee. 105

Figure 51 Comparison of the signal FWHM recorded with Faraday plate and LIF detectors.....106

Figure 52 Drift time spectra of R6G ions (500 uM in MeOH (0.1 % formic acid) generated by ESI
at different electric field strengths. The ion gate voltage and ion gate pulse width were 80 V and
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200 ps, respectively. The amplifier was working in high mode at 10'° V A", Each spectrum
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