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4 ABSTRACT: In this work, a field-switching (FS) technique is
5 employed with a flowing atmospheric pressure afterglow (FAPA)
6 source in drift tube ion mobility spectrometry (DTIMS). The
7 premise is to incorporate a tip-repeller electrode as a substitute for
8 the Bradbury−Nielsen gate (BNG) so as to overcome correspond-
9 ing disadvantages of the BNG, including the gate depletion effect
10 (GDE). The DTIMS spectra were optimized in terms of peak
11 shape and full width by inserting an aperture at the DTIMS inlet
12 that was used to control the neutral molecules’ penetration into the
13 separation region, thus preventing neutral-ion reactions inside. The
14 FAPA and repeller’s experimental operating conditions including drift and plasma gas flow rates, pulse injection times, repeller
15 positioning and voltage, FAPA current, and effluent angle were optimized. Ion mobility spectra of selected compounds were
16 captured, and the corresponding reduced mobility values were calculated and compared with the literature. The 6-fold
17 improvements in limit of detection (LOD) compared with previous work were obtained for 2,6-DTBP and acetaminophen. The
18 enhanced performance of the FS-FAPA-DTIMS was also investigated as a function of the GDE when compared with FAPA-DTIMS
19 containing BNG.

20 KEYWORDS: drift tube ion mobility spectrometry, field-switching technique, flowing atmospheric-pressure afterglow, gate depletion effect,
21 ambient desorption/ionization, Bradbury−Nielsen

1. INTRODUCTION

22 Drift tube ion mobility spectrometry (DTIMS) is an analytical
23 separation technique based on the ions’ individual terminal
24 velocity as they pass through a region with uniform electric
25 field and drift gas performed mainly at atmospheric or
26 subatmospheric pressure.1 DTIMS has been widely used for
27 detection of chemical warfare agents,2,3 environmental
28 contaminants,4 narcotics,5,6 aerosols,7,8 proteomics investiga-
29 tions,9−11 and gas-phase structural elucidations.12,13

30 DTIMS instruments typically implement an electrical ion
31 gate, generally a Bradbury−Nielsen gate (BNG) or a Tyndall−
32 Powell gate (TPG), between the reaction and drift regions.14

33 The TPG is formed of two meshes where the center mesh is
34 momentarily pulsed to allow ions into the drift region. The
35 BNG is made up of a series of parallel wires connected to
36 opposite potentials that create a perpendicular electric field
37 relative to ion path and block the ions’ entrance into the drift
38 region for separation.14 However, as the BNG wires’ potential
39 become identical, the blocking field is removed; hence, ions are
40 allowed to enter into the drift region. In comparison with
41 mechanical ion gates, like choppers, for generation of ion
42 packets, BNG or TPG has a much faster speed in terms of
43 opening and closing the gate.14 Moreover, since the choppers
44 should be conductive, isolation of the gate from the adjacent
45 conductive rings that are connected to high voltage, as well as

46controlling the mechanical vibrations formed in the gate, is
47difficult.15 Therefore, electrical ion gates are commonly
48deployed in IMS to generate discrete ions packet for
49separation. However, BNGs (and TPG to a higher degree in
50some cases) in DTIMS suffer several disadvantages, including
51intrinsic low duty cycle (1%),1,16,17 physical ions loss on BNG
52surface wires,1 gate depletion effect (GDE),18,19 and difficulties
53pertinent to construction, such as the small inner distance
54among wires (<1 mm), especially if a high working
55temperature across the IMS cell is desired.20,21

56One of the main issues associated with the BNG is the gate
57depletion effect (GDE) during injection into the drift region.
58When the closing potential is applied to the BNG wires at the
59end of the gating pulse, the electric field induced will “pull
60back” the ions that have not traveled a sufficient distance from
61the BNG plane.18 In fact, electric field contour lines are
62extended on both sides of the BNG plane, and a larger number
63of ions with smaller mobility values will be pulled back and

Received: October 7, 2021
Revised: January 2, 2022
Accepted: February 22, 2022

Research Articlepubs.acs.org/jasms

© XXXX American Society for Mass
Spectrometry. Published by American
Chemical Society. All rights reserved. A

https://doi.org/10.1021/jasms.1c00309
J. Am. Soc. Mass Spectrom. XXXX, XXX, XXX−XXX

ACS Partner Journal

mbh00 | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.1.i4:5009 | 2.1) 2021/10/27 08:51:00 | PROD-WS-120 | rq_5380519 | 2/28/2022 10:34:32 | 14 | JCA-DEFAULT

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohsen+Latif"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Viraj+D.+Gandhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Larriba-Andaluz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerardo+Gamez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jasms.1c00309&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/jasms?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jasms.1c00309?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/jasms?ref=pdf
https://pubs.acs.org/jasms?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf


64 neutralized by the BNG. Overall, lower mobility ions will be
65 lost due to this mobility-based discrimination effect affecting
66 the quantitative aspect of the analysis. The GDE also depends
67 on the closing voltage gradient between wires so that
68 increasing the closing voltage results in further expanding the
69 electric field and enlarging the GDE region of the BNG,
70 decreasing the signal-to-noise ratio.18 Moreover, in order to
71 block the ions’ entrance into the drift region during BNG
72 closing time, the electric field between the BNG wires should
73 be usually around 2−3-fold higher than the IMS cell electric
74 field.1 The applied electric field could be intensified either
75 through applying higher voltage gradient between wires or
76 decreasing inter wire distances. The former results in a
77 considerable decrease in the peak intensity due to the
78 GDE,18,22 while the latter faces challenges related to the
79 BNG design and construction as well as decreasing the signal
80 intensity due to the lower gate transparency. It should also be
81 noted that the GDE is more significant as the gate opening
82 time becomes shorter, which is desirable for achieving higher
83 resolution.18 Also, in the portable and compact DTIMS, very
84 short pulse injection times at the BNG are required.23

85 In addition, one of the main roles of the IMS drift gas is
86 removing the memory effect from the analyte molecules that
87 could be deposited on the IMS surfaces, including BNG wires.
88 Thus, another issue with BNGs is that while volatile
89 compounds are swept out of the IMS cell by the drift gas,
90 lower volatility compounds could be deposited on the BNG
91 wires. The deposition buildup over time will lead to the
92 deterioration of the electric field in the BNG area and will
93 adversely affect the ion transmission efficiency.24

94 The field-switching (FS) technique was first employed in
95 DTIMS by Jenkins and Leonhardt et al. where the electric field
96 in the ionization region was switched on and off, allowing the
97 transportation of discrete measurable packets of ions into the
98 separation region.25,26 This method was further utilized by
99 Kirk et al. where a metallic grid, called an “injection grid”, was
100 inserted between the ionization and drift region in order to
101 send the discrete packet of ions into the drift region. Different
102 ionization sources including radioactive sources,25 ultraviolet
103 (UV),27 and X-ray28,29 have also been coupled with the FS
104 technique in DTIMS. However, since the FS requires a field-
105 free region inside the ionization region, ionization sources like

106corona discharge (CD) and electrospray (ESI), which require
107the electric field for guidance, have not yet been coupled with
108the FS method in DTIMS, although they can be field switched
109in other cases such as electrical propulsion.30,31 The tristate ion
110shutter was also proposed as an alternative method for the FSG
111technique to lower the GDE.32 However, there is still a cutting
112width between two adjacent grids that acts against lower
113mobility ions. In addition, the nonlinear electric field that
114forms in the vicinity of the gate deviates the ion from its actual
115path and, hence, influences the ion’s intensity and resolving
116power. In addition, in most studies, a mesh or grid was
117employed as the injection grid for ions transferring into the
118separation region, which lowers the ions’ total current reaching
119the drift region and detector due to the optical transparency
120issue. In addition, Tabrizchi et al. combined the FS and BNG
121in order to improve the electric field strengths in the region
122behind the BNG, which enhances the signal-to-noise ratio
123obtained at the detector but suffers from the BNG issues.33

124Therefore, here we propose a gridless field-switching gate
125(FSG) approach for coupling DTIMS with the ambient
126desorption/ionization sources that require a grounded
127electrode (electric field for ionization) in order to overcome
128the shortfalls related to the BNG. We previously demonstrated
129the coupling of one such source, a flowing atmospheric
130pressure afterglow (FAPA), with DTIMS via a tip-repeller
131electrode.34 A similar approach was also utilized for coupling
132direct analysis in real time (DART) with DTIMS;35 however,
133the tip-repeller electrode shape was modified in the more
134recent FAPA DTIMS34 embodiment to enable application of
135significantly higher potentials before the onset of a secondary
136discharge, thus significantly improving ion transfer into the
137DTIMS. The FAPA source improves the portability potential
138of DTIMS due to the minimal sample preparation required,
139inherently higher plasma-gas temperature that facilitates
140desorption, and higher abundance, and a wider range of
141generated reagent ions compared to other ambient desorption
142ionization (ADI) techniques like low temperature plasma
143(LTP) and direct analysis in real time (DART).34 The tip-
144repeller continuously deflected the desorbed/ionized analytes
145into the DTIMS reaction region featuring a BNG. The FSG
146proposed here, however, implements a high voltage pulse
147applied to the tip-repeller electrode to produce the discrete

Figure 1. Field-switching FAPA-DTIMS experimental setup. The DTIMS inlet is biased to 5 kV while rounded-tip repeller is pulsed between 5 and
10 kV in order to accelerate ions formed in the FAPA source into the DTIMS cell for separation.
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148 ions packet accelerated into the DTIMS. The tip-repeller FSG
149 is coupled to a FAPA source. An aperture was placed at the
150 DTIMS inlet to minimize the penetration of neutral molecules
151 into the drift region from the FAPA sampling region, thus
152 removing significant background noise observed in the IMS
153 spectra. In addition, the effect of DTIMS and FAPA source
154 operating conditions on the signal intensity and resolution are
155 presented. The optimum conditions are used to determine the
156 quantitative figures of merit of selected analytes, including
157 limits of detection (LOD). Finally, the improved performance
158 of the tip-repeller FSG vs BNG, with respect to gate depletion
159 effects, is characterized.

2. MATERIALS AND METHODS
160 2.1. Chemicals. 4-Acetamidophenol (98%), acetophenone
161 (99%), heptanone (99%), butanone (99%), pentanone (99+
162 %), and dimethyl methylphosphonate (97%) were purchased
163 from Alfa Aesar Co. (Ward Hill, MA). Methanol (LC/MS
164 grade), 2,6-di-tert-butylpyridine (97%), and tetrabutylammo-
165 nium iodide (98%) were purchased from Sigma-Aldrich Co.
166 (St. Louis, MO). Water (ACS ChromAR grade) and glycerol
167 (99.5+ %) were purchased from Macron Co. (Pittsburgh, PA).
168 Methanol (LC/MS grade) was purchased from EMD Millipore
169 Co. (Billerica, MA).
170 2.2. Sample Preparation. Regarding quantitative analysis,
171 for 2,6-DTBP, 20 μL samples of standard solution with
172 concentrations of 0.5−50 and 0.25−100 ppm were prepared
173 by dilution of stock solutions in DI water for electric fields of
174 316 and 476 V/cm, respectively. The final concentrations of
175 headspace samples were calculated based on the Raoult’s law
176 and directly injected in the desorption/ionization region
177 (between repeller and DTIMS inlet). For acetaminophen,
178 standard solutions with concentrations of 1−250 and 1−500
179 ppm were prepared with dilution of stock sample in methanol,
180 and 6 μL of the sample was placed on the glass microfiber filter
181 paper where it was subjected to the plasma plume for
182 desorption/ionization.
183 2.3. Flowing Atmospheric Pressure Afterglow Field-
184 Switching Gate Drift Tube Ion Mobility Spectrometer.
185 The instrument previously described was modified to perform

f1 186 the studies here (Figure 1).34 First, the original DTIMS BNG
187 and reaction region were removed, which resulted in a
188 modified drift region of 10.5 cm that starts at the DTIMS
189 inlet. A smooth tip-repeller positioned coaxially at the DTIMS
190 inlet facilitates the transmission of the ions produced by the
191 FAPA source into the DTIMS by compensating for the
192 opposite electric field formed between the FAPA-grounded
193 anode and DTIMS inlet, which is biased to 5 kV (BERTAN,
194 205B-05R). In this configuration, the tip-repeller voltage is also
195 biased to 5 kV (pulse offset), but it is pulsed to a higher
196 potential (8.2−10.2 kV) in order to create a strong electric
197 field to inject the packet of ions into the DTIMS. It was
198 determined that 7 kV pulse voltage was the threshold to obtain
199 ion current signal at the detector; thus, the repeller injection
200 time is defined as the time when the pulse voltage was above 7
201 kV. This is achieved with a high voltage pulse switch
202 (BEHLKE, HTS300), high voltage power supply (SPELL-
203 MAN, RHR10PN100), and a home-built pulse generator. The
204 pulse frequency is set to 33 Hz, and the pulse duration studied
205 ranged from 100 to 850 μs. The output of the HV pulser was
206 monitored with a HV probe (Tektronix P6015A) in order to
207 set the zero time for all DTIMS peak measurements and

t1 208 ensure that all gate pulses align exactly and set an identical zero

209 t1time for all measurements. Table 1 summarizes the
210experimental operating conditions of field-switching FAPA-

211DTIMS. A glow discharge (GD) is achieved between a pin
212cathode and a Swagelok tube as the anode in a concentric
213geometry. The inner-electrode distance is 2.5 mm, and a glass
214capillary (L = 4 cm, 1.56 mm i.d., 1.96 mm o.d.) extends from
215the anode in order to direct the generated ions from source
216into the sample for the desorption/ionization process. The
217capillary employed must be composed of an insulator in order
218to prevent any secondary discharge between source and
219DTIMS inlet biased to a high potential. The FAPA plasma
220operating gas was nitrogen, instead of the commonly deployed
221helium gas, in order to prevent a secondary discharge between
222the source and DTIMS inlet. The drift gas was passed through
223molecular sieves (13×) and entered into the drift region in the
224opposite direction of the ion path. A Faraday plate (25 mm
225diameter, brass) was chosen as the detector. As the ions
226reached the Faraday plate and collided with the surface, they
227lost their charge and the ion current was amplified by a home-
228built electrometer with a gain of 108 connected to a digital
229oscilloscope (DSO-X 3034A, Agilent Technologies) for data
230collection.
2312.4. Sample Introduction. The liquid and solid samples
232were injected into the glass microfiber filter papers (3 mm
233diameter, 934-AH, Whatman) which were sandwiched
234between two glass pieces (3.5 mm × 75 mm × 2 mm). The
235loaded filter papers were placed at the IMS entrance, around 4
236mm below the glass capillary and then were exposed to the
237plasma effluent gas for the desorption/ionization process.

3. RESULTS AND DISCUSSION
2383.1. Effect of DTIMS Inlet Aperture. As Figure 1 shows,
239reagent ions generated by the FAPA source are accelerated
240into the drift region through a very high electric field of 6250
241V/cm that exist in the 8 mm distance between repeller and
242aperture. Figure S.1 shows the FAPA DTIMS spectrum
243obtained for reagent ions or reactant ion peaks (RIP) in two
244different drift gases: nitrogen and helium. As Figure S.1 shows,
245changing the drift gas to helium reduces both full width (FW)
246and full width at half-maximum (fwhm) from 15 to 8.62 ms
247and 3.68 to 2.28 ms, respectively. When helium is employed as
248the drift gas, the degree of protonated water clusters
249(hydronium ions) formed in the drift region is reduced,
250which leads to a smaller FW observed as the tail in the DTIMS

Table 1. Optimized Operating Conditions of Field-
Switching FAPA-DTIMS

operating parameter setting

drift electric field 476 V cm−1

drift gas flow rate 1640 mL min−1

repeller pulse width 300 μs
repeller pulse frequency 33 Hz
repeller opening voltage 10 kV
repeller closing voltage 5 kV
repeller distance from DTIMS inlet 8 mm
DTIMS inlet aperture size 2.5 × 5 mm
FAPA plasma current 12 mA
FAPA plasma voltage −695 V
FAPA plasma gas flow rate 550 mL min−1

FAPA glass capillary/repeller angle 80 deg
FAPA capillary tip distance to DTIMS inlet 0 mm
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251peak. In fact, interconversion of high and low levels of
252hydronium ions are lowered in the entirety of drift region with
253utilization of helium as the drift gas, which is similar to a
254common phenomenon known as “ion stripping” between
255analyte and reactant ions, in the DTIMS.1,36 Moreover, in
256comparison with nitrogen, helium has a much lower polar-
257izability and collision cross section;37 hence, according to
258Figure S.5.B, ions in the center are much less influenced by the
259drift gas and peak broadening becomes less noticeable. The
260peak intensities are around 1.24 and 2.92 V for nitrogen and
261helium, respectively; however, the observed long tail in the
262peaks leads to poor resolving power and prevents the
263separation of ions with similar mobilities. The long tail in
264the spectra is indicative of ions being generated inside the drift
265region. The FAPA glass capillary and DTIMS inlet have inner
266diameters of 2 and 30 mm, respectively; therefore the linear
267velocity of the FAPA effluent gas (2.91 m/s) is ∼100× higher
268than the drift gas (0.038 m/s). On one hand, the high linear
269velocity of the FAPA effluent gas results in better desorption
270efficiency as well as enhanced aerodynamic transport of analyte
271ions.38 On the other hand, this also leads to the possible
272incursion of undesired neutrals (molecules desorbed, high
273energy reagents, etc.) from the FAPA plasma plume into the
274drift region. As a result, neutral molecules are ionized in the
275drift region through ionization mechanisms such as proto-
276nation, and the generated ions result in the long tail of the
277spectrum (Figure S.1). This effect is corroborated by a
278simulation of plasma gas flow implemented in the SolidWorks
279software, which is shown in Figure S.2. As Figure S.2
280demonstrates, there is around a 2 cm penetration into the
281separation region of plasma gas effluent containing desorbed
282analyte neutral molecules as well as metastable species available
283in the plasma. According to Figure S.2, the plasma gas
284(simulated to be high-temperature nitrogen) is passed through
285a glass capillary with 2 mm diameter, hits the microfiber filter
286paper, and then enters the drift region. Regarding plasma gas
287flow simulation, the drift region length, plasma gas flow rate,
288and drift gas flow rate were 10 cm, 500 mL/min, and 1.64 L/
289min, respectively.
290Apertures have been previously implemented in IMS to
291prevent diffusion of neutrals between different regions. For

Figure 2. Ion mobility spectrometry of reagent ions obtained with a 7
× 7 mm aperture (A), a 5 × 5 mm aperture (B), and a 2.5 × 5 mm
aperture (C).

Figure 3. Effect of plasma gas flow rate on the obtained peak intensity of 2,6-DTBP at three different drift gas flow rates, including 1.64, 1.34, and
1.04 L/min. The drift electric field and repller voltage were set on 476 V/cm and 10 kV, respectively. The 3 μL of 2,6-DTBP and glycerol injected
on a glass microfiber filter paper flushed with DTIMS inlet and oriented 50° relative to IMS axis (or repeller axis). There has been repeated samples
for each data point.
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292 example, Tabrizchi et al. used two curtain electrodes with small
293 diameters (around 2 mm i.d.) between the corona discharge
294 electron source and the analyte ionization region, as well as a
295 curtain gas flow, in order to prevent the penetration of neutrals
296 from one region to the other.39 Thus, better S/N was achieved
297 because analyte molecules could not quench the corona
298 discharge and neutral corona products could not suppress the
299 ionization of analytes.39 To mimic this effect in our FAPA
300 DTIMS, an aperture was placed between the FAPA
301 desorption/ionization region and the drift region. Figure S.3
302 shows a schematic of FAPA DTIMS which includes an
303 aperture with dimensions of 2.5 × 5 mm. In this embodiment,
304 no extra curtain gas is necessary because the significantly
305 increased linear velocity of the drift gas at the aperture is used
306 to keep the neutrals outside. The aperture is built into a glass
307 microfiber filter paper (3 mm diameter, 934-AH, Whatman)
308 attached to the DTIMS inlet, and three different dimensions
309 (2.5 × 5 mm, 5 × 5 mm, and 7 × 7 mm) were used to study its
310 effect on the resulting ion mobility spectra of reagent ions. A
311 square/rectangular aperture allows changing the height
312 independently of the width in a very simple and reproducible
313 manner. The FAPA plasma gas flow rate was also varied
314 between 350 and 750 mL/min.

f2 315 Figure 2 plots the ion mobility spectrum of reagent ions
316 obtained in different plasma gas flow rates ranging from 350 to
317 750 mL/min and three different apertures. The drift region
318 electric field and drift gas flow rates were 476 V/cm and 1.64
319 L/min. In the case of a 7 × 7 mm aperture (Figure 2A), it is

320already clear that the fwhm of the reactant ion peak is
321improved compared to the case where no aperture is used
322(Figure S.1), even taking the drift tube field differences into
323account. Nevertheless, the RIP still shows a long tail that
324extends beyond 20 ms of drift time, which is indicative of ions
325forming in the drift region as a result of ion neutral molecule
326reactions. Reactant ions from the FAPA source are formed on
327the basis of the reactions described below:40

+ → +− + −N e N 2e2 2 328(1)

+ → ++N 2N N N2 2 4 2 329(2)

+ → ++ +N H O H O N4 2 2 4 330(3)

+ → ++ + −H O H O (H O)H OH2 2 2 331(4)

+ → ++ +(H O)H M MH (H O)2 2 332(5)

333Once nitrogen molecules are ionized through electron
334impact ionization (1), water molecules are ionized through
335charge exchange processes (2) and (3). Then hydronium ions
336are formed by protonation (4). As eq 5 shows, hydronium ions
337can react with neutral molecules M to yield protonated ions.
338The linear velocity of plasma gas coming from FAPA glass
339capillary ranged from 1.85 to 3.97 m/s at the 350−750 mL/
340min flow rates. While the drift gas linear velocity at the 7 × 7
341mm aperture (0.56 m/s at 1.64 L/min) is more than an order
342of magnitude higher compared to the fully open DTIMS inlet
343(0.038 m/s), it is still significantly lower than the linear

Figure 4. (A) Effect of repeller’s pulse injection times on the total peak areas obtained for acetophenone, DMMP, 2,-DTBP, acetaminophen, and
reagent ions. (B) Effect of repeller injection time on the fwhm of RIP and 2,6-DTBP. There have been repeated samples for each data point.
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344 velocity of the FAPA effluent (1.85−3.97 m/s). Thus, it is
345 reasonable to expect that neutral and metastable species
346 available in the desorption/ionization region, such as the H2O,
347 N2, and N2*, will still be able to penetrate into the drift region,
348 creating the protonation reactions (eq 5).
349 Further decreasing the aperture size to 5 × 5 mm increases
350 the obtained drift gas linear velocity to 1.09 m/s, which results
351 in a further decrease of neutral molecules penetrating into the

352drift region, significantly narrowing the peak tail (Figure 2B).
353Also, it is evident that increasing the FAPA plasma gas flow
354rates results in greater signal peak intensities, which may be
355due to improved aerodynamic transport of ions into the IMS
356cell.41 For instance, the RIP peak intensity is increased from
3570.85 to 1.3 V as plasma flow rates are raised from 350 mL/min
358(1.85 m/s) to 750 mL/min (3.97 m/s), while the peak full
359width increases from 6 to 6.4 ms. The smallest aperture tested

Figure 5. Ion mobility spectra of selected compounds including 2,6-DTBP, acetaminophen, acetophenone, heptanone, pentanone, butanone,
TBAI, and DMMP.
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360 was 2.5 mm × 5 mm, which completely accommodates the
361 cylindrical repeller (2.5 mm diameter), sample desorption
362 substrate (filter paper), and FAPA capillary (∼2 mm o.d.).
363 This aperture provides the highest linear velocity (2.18 m/s)
364 for the drift gas, which is within the range of working plasma
365 gas linear velocities (1.85−3.97 m/s). As Figure 2c shows, this
366 smallest aperture improved the obtained fwhm (1.52 to 1.40
367 ms, for 350 to 750 mL/min plasma gas) compared to the larger
368 apertures. The overall peak intensities are lowered compared
369 to the larger apertures, but they are seen to improve from 0.66
370 to 1.00 V as the plasma gas flow rate is increased. Moreover, a
371 simulation of plasma gas flow trajectories was implemented in
372 order to investigate the penetration of plasma gas effluent
373 containing the metastable species and neutral molecules into
374 the drift region as shown in Figure S.4. Inserting an aperture at
375 the DTIMS inlet prevents diffusion of plasma gas effluent into
376 the separation region due to the higher drift gas linear velocity
377 when compared with a DTIMS inlet without aperture and
378 large diameter (30 mm) (Figure S.4).
379 In addition, ion velocity in IMS is influenced by the electric
380 field inside the IMS cell as well as drift gas velocity.40 Thus, the
381 simulation of drift gas flow inside the IMS cell (with 30 mm
382 diameter) was completed, and a random plane (located at 48.5
383 mm from DTIMS inlet) was selected in order to investigate the
384 radial distribution of drift gas velocity within the selected plane

385for two cases, an aperture with a 2.5 × 5 mm dimension and no
386aperture (Figure S.5). As Figure S5.B shows, when there is no
387aperture at the DTIMS inlet, the drift gas linear velocity, in the
388center of IMS cell, is around 1 order of magnitude higher (0.2
389m/s), compared with the one with an aperture (0.02 m/s,
390Figure S5.A). In addition, considering the drift region length
391(10.5 cm) and ion drift time (∼10 ms), ions have a velocity of
392∼1 m/s. Thus, by inserting an aperture, the IMS peak
393broadening becomes less problematic. From the SIMION
394simulation described in Figure S.6, ions moving in the center of
395IMS axis experience a more uniform electric field than the ions
396near the IMS walls. Inserting an aperture, therefore, allows a

Table 2. Reported Reduced Mobility Values (K0) Obtained
with Field-Switching FAPA-DTIMS and Other Ionization
Sources

K0 (cm
2 V−1 s−1)

compd
product
ion peak

this
work ref value

2,6-di-tert-butylpyridine
(2,6-DTBP)

2,6-DTBP 1.40 1.41 (FAPA),34 1.42
(ESI),44 1.42 (CD)43

acetaminophen ACET1 1.47 1.37 (FAPA)34

ACET2 1.19 1.10 (FAPA)34

ACET3 0.97
acetophenone ACE1 1.59 1.82 (UV)39

ACE2 1.28
heptanone HEP1 1.45 1.62 (63Ni)46

HEP2 1.24 1.48 (63Ni)46

butanone BUT 1.70 1.86 [UV],39 2.05 (50
MBq)47

pentanone PEN1 1.60 1.58 (63Ni)46

PEN2 1.46 1.46 (63Ni)46

dimethyl
methylphosphonate
(DMMP)

DMMP1 1.72 1.81 (LTP)41

DMMP2 1.58 1.44 (LTP)41

DMMP3 1.39
DMMP4 1.25

tetrabutylammonium
ioide (TBAI)

TBAI1 1.56
TBAI2 1.36

Table 3. Comparison of Analytical Figure of Merits between FAPA-Shutterless DTIMS and Our Previous Work (Containing
BNG)

linear dynamic range limit of detection correlation of coefficient (R2)

compd this work previous work this work previous work this work previous work

2,6-DTBP 8.7−870 ppb 21−1050 ppb 3.78 ppba 18 ppb 0.99 0.97
4.3−1740 ppb 3.02 ppbb 0.99

acetaminophen 0.006−1.5 μga 0.06−1.5 μg 5 nga 30 ng 0.99 0.99
0.006−3 μg 4 ng 0.99

aElectric field = 316 V/cm. bElectric field = 476 V/cm.

Figure 6. Total peak areas obtained for acetophenone and pentanone
as a function of BNG voltage.

Figure 7. Ion mobility spectra of acetophenone under two different
pulsing methods including BNG and pulsing the repeller (300 μs).
The S1 and S2 are the peak areas above the dashed lines for the first
and second peak, where packet of ions are formed by pulsing the
repeller. The S′1 and S′2 are the peak areas above the dashed lines for
the first and second peak, where packet of ions are formed by pulsing
the BNG.
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397 centered and denser packet of ions to be injected into the drift
398 region leading to the peak broadening becoming less
399 noticeable.
400 Regarding the effect of the electric field on the ion neutral
401 reactions, a DTIMS spectrum was obtained for RIP in an
402 electric field of E = 620 V/cm. As Figure S.7 shows, increasing
403 the electric field lowers the full width from 15 to 10.36 ms.
404 Although the reduction in full width is considerable, the
405 resulting full width is still too large and impedes a qualitative
406 analysis, possibly due to the large area (around 2 cm of the
407 drift region as Figure S.2 shows) of the drift region where
408 plasma reagent species and desorbed neutral molecules diffuse,
409 which still allows enough time for post ionization and reaction
410 mechanisms. The reduction in full width is attributed to the
411 lower reaction time provided for ion and neutral molecules in
412 the drift region, as the electric field is increased.

4133.2. Effect of Drift Gas and Plasma Gas Flow Rates. As
414discussed in the previous section, the linear velocity of the drift
415gas at the DTIMS inlet has a significant effect on the IMS
416spectra shape given that the FAPA plasma gas flows in the
417opposite direction. To study the effect of the velocity of the
418drift gas, its flow rate was varied from 1.64 L/min (2.18 m/s)
419to 1.34 L/min (1.78 m/s) and 1.04 L/min (1.38 m/s). In
420addition, the FAPA plasma gas flow rate influences the sample
421desorption and transport of ions into the DTIMS cell.34 Thus,
422the FAPA plasma gas flow rate was changed between 350 mL/
423min (1.85 m/s) to 850 mL/min (4.50 m/s) to study its effect
424on the DTIMS spectra of 2,6-DTBP and glycerol.
425 f3Figure 3 shows the peak intensity of 2,6-DTBP as a function
426of plasma gas flow rate for the three drift velocity cases. In
427general, a considerable rise in the peak intensity is obtained as
428plasma gas flow rates are increased from 350 mL/min (0.234
429V) to 550 mL/min (0.593 V), where it plateaus until 850 mL/
430min (0.590 V). This trend is very similar the one obtained for a
431FAPA coupled to a BNG DTIMS in to our previous work, but
432there is a significantly higher peak intensity (∼×10) with the
433tip repeller FSG DTIMS here.34 Increasing the plasma gas flow
434rate will enhance the density of the available reagent ions;
435hence, a larger number of analyte molecules can be ionized,
436which results in increased peak intensity. The plateau observed
437between 550 to 850 mL/min could be due to the reduction of
438the residence time of analytes and reagent ions in the reaction

Figure 8. Ion mobility spectra of acetophenone under two different pulsing methods including BNG and pulsing the repeller (180 μs). The S1 and
S2 are the peak areas above the dashed lines for the first and second peak, where packets of ions are formed by pulsing the repeller. The S′1 and S′2
are the peak areas above the dashed lines for the first and second peak, where packets of ions are formed by pulsing the BNG. Table 2 reports all
obtained peak area for acetaminophen peaks for two different pulse injections of 180 and 300 μs applied by BNG and pulse repeller.

Table 4. Peak Areas Obtained for Acetophenone under Two
Different Pulse Injections Methods including BNG and
Pulse Repeller (180 and 300 μs)

peak area

pulse repeller pulse BNG

pulse injection
time (μs)

first peak
(S1)

second peak
(S2)

first peak
(S′1)

second peak
(S′2)

180 0.27 0.42 0.02 0.01
300 0.21 0.52 0.04 0.03
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439 volume, which would balance the effect of having a higher
440 concentration of reagents at higher flow rates.
441 Moreover, the effect of plasma gas flow rate on the obtained
442 fwhm for 2,6-DTBP in three different drift gas flow rates were
443 investigated as shown in Figure S.8. It is evident that increasing
444 the plasma gas flow rate results in a corresponding raise in the
445 obtained fwhm for 2,6-DTBP in all three working drift gas flow
446 rates and where the smallest drift gas velocity in general
447 corresponds to the largest fwhm. Also in the inset of Figure S.8,
448 the DTIMS spectra of 2,6-DTBP are shown in two different
449 plasma gas flow rates of 350 and 850 mL/min, with a drift gas
450 flow rate of 1.04 L/min. In fact, two separate peaks are
451 observed for each case including RIP and 2,6-DTBP. For
452 instance, when the plasma gas flow rate is 350 mL/min, both
453 peaks are present in the spectra, since the concentration of 2,6-
454 DTBP is not high enough to completely deplete the reactant
455 ions. Increasing the plasma gas flow rate improves the
456 desorption efficiency and transportation of ions into the drift
457 region, so a larger amount of analyte ions could be formed
458 through ionization mechanism like protonation; hence, a larger
459 number of reactant ions are consumed by the analyte and a
460 reduction in the corresponding RIP intensity is observed.
461 Matching of the arrival times for both RIP and analyte, at
462 different plasma gas flow rates, confirms the reproducibility of
463 analyte ions in terms of reduced mobility (drift time).
464 In the case of glycerol, given in Figure S.9, a similar trend as
465 that of 2,6-DTBP is observed in the peak intensity, where it
466 increases with plasma gas flow rate to a plateau. For example,
467 at a drift gas flow rate 1.64 L/min, the peak intensity is
468 increased from 0.43 to 0.63 V when varying the plasma gas
469 flow rate from 350 to 550 mL/min where it plateaus, which is
470 the same inflection point as in the case of 2,6-DTPB. At a drift
471 gas flow rate = 1.34 L/min, however, the peak intensity reaches
472 a plateau at a higher plasma gas flow rate 650 mL/min and
473 results in higher peak intensities (0.87 V). It should be noted
474 that in the case of 2,6-DTBP there were no discernible
475 differences in the peak intensities obtained at different drift gas
476 flow rates (Figure 3). The 2,6-DTBP has a very high vapor
477 pressure (39 Pa) such that it does not need an efficient
478 desorption induced by the FAPA effluent for the analyte to be
479 available for ionization. On the other hand, glycerol has a
480 significantly lower vapor pressure (0.01 Pa), such that its
481 sampling relies heavily on the effectiveness of the FAPA
482 desorption process. Thus, it follows that most of the
483 differences in peak intensity observed for glycerol at different
484 drift gas/plasma gas flow rates are due to effects on the
485 desorption processes. In turn, this indicates that the higher
486 linear velocities of the drift gas at the DTIMS inlet affect the
487 desorption process of the analytes from the adjacent sample
488 substrate, all of which depend on the plasma gas flowing in the
489 opposite direction. For example, the highest drift gas flow rate
490 at 1.64 L/min would affect these processes the most and would
491 not permit a higher peak intensity above the 550 L/min
492 plasma−gas flow rate. Conversely, increasing the plasma gas
493 flow rate to 650 L/min still affords an increase in peak intensity
494 at a drift gas flow rate of 1.34 L/min. Unlike our previous
495 work,34 increasing the plasma gas flow rate improves the
496 obtained signal intensities, which may be partially due to the
497 higher concentration of glycerol used in this work (1050 ppm
498 vs 800 ppm) and partially to a higher reaction time among
499 analyte molecules and reactant ions obtained with a higher
500 reaction volume available in the desorption/ionization region
501 (around 8 mm vs 4 mm in the previous configuration). At the

502lowest drift gas flow rate, 1.04 L/min, the trend is completely
503different, which could be due to the increasingly dominant
504effect of unwanted neutrals penetrating into the drift region,
505supported by the change in the calculated reduced mobility
506value of glycerol which varied between 1.32 to 1.8 cm2 V−1 s−1

507once the plasma gas flow rate is changed between 350 to 850
508mL/min, while the calculated reduced mobility value of
509glycerol was cm2 V−1 s−1 during all working plasma gas flow
510rates once the drift gas flow rate is set on 1.64 L/min. (plasma
511gas flow rate = 350 − 850 mL/min).
5123.3. Effect of Pulse Injection Time. The effect of
513repeller’s pulse injection time on the obtained total peak areas
514were examined for four analytes including dimethyl methyl
515phosphonate (DMMP), 2,6-DTBP, acetophenone, acetamino-
516phen, and reagent ions. For sample preparation, 2 μL of
517DMMP, 2,6-DTBP, and acetophenone, as well as 2.5 μL of
518acetaminophen, were injected on the glass microfiber filter
519paper. The operating electric field, repeller voltage, FAPA
520plasma current, capillary effluent angle, and the repeller
521distance from DTIMS inlet were set according to Table 1.
522For each analyte, the total area for all peaks in the spectra was
523calculated and plotted as a function of pulse injection times
524 f4that varied between 104 and 843 μs as shown in Figure 4A.
525There is a considerable increase in the obtained total peak area
526for all analytes as the injection time is increased from 104 to
527306 μs, and a plateau trend is observed following 306 μs and
528extended to 843 μs. For example, the 2,6-DTBP total peak area
529is increased by 1.6 times, while for reagent ions and DMMP,
530the total peak areas are increased 1.78 times between 104 and
531306 μs. In addition, 2.19- and 1.96-fold increments are
532observed in the case of acetaminophen and acetophenone,
533respectively. For all three analytes, 306 μs was chosen as the
534optimum amount for the repeller’s pulse injection time. In
535other words, using 306 μs as the injection time provides
536enough time for all of the ions formed in the ionization region
537to enter into the drift region with an operating electric field of
5386250 V/cm between repeller and DTIMS inlet. The injection
539times lower than 306 μs lead a decrease in the total peak areas
540due to the electric field cessation.
541Figure 4B demonstrates the effect of repeller injection time
542on the fwhm of RIP and 2,6-DTBP. As Figure 4B shows, as the
543pulse width is increased from 104 to 306 μs, there is a
544considerable increase in the fwhm from 1.32 to 1.61 ms for
545RIP. A similar trend is also observed for 2,6-DTBP with a
546corresponding increase in the fwhm from 0.48 to 1.35 ms.
547Increasing the opening time, in fact, accelerates larger amounts
548of ions into the separation region, increasing fwhm. However,
549from 306 μs up to 873 μs, there is a plateau trend and fwhm
550remains almost unchanged for RIP and 2,6-DTBP, respec-
551tively. The plateau of both peak intensity and fwhm as a
552function of increasing repeller injection time indicates that
553there is complete depletion of generated ions in the
554desorption/ionization region within pulse widths >306 μs;
555otherwise, the peak intensity and fwhm should have kept
556increasing.
5573.4. Repeller Positioning and Voltage Optimizations.
558The signal dependence of 2,6-DTBP as a function of repeller
559distance and voltage was investigated (Figures S.10 and S.11).
560In this experiment, drift electric field, FAPA effluent angle, and
561FAPA plasma current were set to the amounts shown in Table
5621. For sample preparation, 3 μL of 2,6-DTBP was injected on a
563glass microfiber filter paper. After each injection, the peak
564intensities of reagent ions declined, while the peak intensity of
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565 analyte (2,6-DTBP) increased and reached a maximum
566 amount at which the IMS spectra were captured.
567 Figure S.10.A shows the obtained peak intensity of 2,6-
568 DTBP as a function of the distance between repeller and
569 DTIMS inlet (FAPA capillary was fixed at 0 mm distance from
570 DTIMS inlet). According to Figure S.10.A, as the repeller
571 approaches the inlet varying from 12 to 8 mm, the obtained
572 signal intensity was increased from 0.32 to 0.47 V. In fact, this
573 results in an increase in the electric field in the desorption/
574 ionization region which improves the ion-transport efficiency
575 into the DTIMS and leads to a corresponding increase in the
576 obtained signal intensity. However, a significant decline of
577 1.67-fold is monitored as the repeller distance changes from 8
578 to 6 mm. The downward trend continues to 2 mm, where the
579 obtained peak intensity is 0.064 V. It is speculated that the
580 much higher electric fields may eventually lead to a significant
581 decrease in the reaction time between reagent ions and
582 desorbed analyte molecules in the region, which would lead to
583 poorer ionization resulting in decreasing the signal intensities
584 for 2,6-DTBP. This is supported by the higher RIP peak
585 intensity observed at shorter distances (see Figure S.10.B
586 inset). In comparison with our previous work in which the
587 peak intensity improved by approaching the repeller to the
588 inlet, but suffered a decline after 4 mm,34 the peak intensity
589 declines in this case after 8 mm significantly since the aperture
590 inserted at the inlet narrows the total amount of ions entering
591 the separation region.
592 In addition, the effect of repeller distance on the fwhm for
593 2,6-DTBP was obtained and plotted in Figure S.10.B.
594 According to Figure S.10.B, as the repeller approaches the
595 DTIMS inlet, fwhm deteriorates. For example, reducing the
596 distance from 12 to 2 mm, leads to a corresponding increase in
597 fwhm from 1.1 to 1.92 ms. In fact, deterioration of fwhm is
598 correlated to the ion stripping formed as a result of dissociation
599 reactions of analyte ions with reactant ions in the drift region
600 (Figure S.10.B inset).1,36 Also, once the repeller distance is set
601 to 2 mm away from the DTIMS inlet, two peaks in the RIP are
602 observed, which could be related to different water-cluster size
603 hydronium ions (H2O)n H

+ or other species like (H2O)n NO
+

604 and (H2O)n NH4
+, which are common reactant ions that could

605 be formed in the DTIMS.40

606 The repeller voltage determines the electric field in the
607 ionization region and influences the obtained signal intensity.
608 According to Figure S.11, there is almost a linear increase in
609 the peak intensity as repeller voltages is increased from 8.2 to
610 9.6 kV, followed by a plateau trend past 10 kV (5 kV above the
611 DTIMS inlet voltage), corroborating our previous studies.34

612 Increasing the voltage from 8.2 to 9.6 kV leads to a
613 corresponding increase in the peak intensity from 0.02 to
614 0.60 V. Increasing the repeller voltage enhances the existing
615 electric field that accelerates ions into the drift region resulting
616 in a rise in the obtained peak intensity. However, further
617 increasing the voltage (up to 10 kV is shown) leaves the peak
618 intensity unchanged due to the fact that all generated ions in
619 the desorption/ionization region already would have entered
620 the drift region using lower voltages.
621 3.5. FAPA Effluent Capillary Angle Optimization. The
622 orientation of the FAPA capillary relative to the sample not
623 only affects the sample desorption rate38 but also determines
624 the effective ion transportation into the drift region. According
625 to Table 1, 2 μL of 2,6-DTBP was injected on the glass
626 microfiber filter paper while the FAPA effluent angle was
627 varied from 80° to 60° (Figure S.12). Decreasing the angle

628from 80° to 70° results in a mild decline in peak intensity,
629∼3.5% for 2,6-DTBP and ∼25% for the RIP, following the
630same trend as was observed in the case of FAPA BNG
631DTIMS.34 Further decreasing the angle to 60° increases the
6322,6-DTBP peak intensity but also increases the fwhm and leads
633to a constant elevated background of ∼0.16 V. The elevated
634background is probably due to the aerodynamic transport of
635ions into the DTIMS cell even in the absence of the tip-repeller
636electric field during FSG off time. In other words, although
637during the off time there is not an electric field in the
638desorption/ionization region, ions are still transported into the
639drift region due to the FAPA effluent gas flow rate. Therefore,
64080° was chosen as the optimum amount for the FAPA effluent
641capillary angle. Although it is preferable to set the operating
642FAPA angle to 90°, given the experimental geometry
643restrictions, the maximum angle obtainable was 80° while
644keeping the FAPA capillary tip at the optimum of 0 mm from
645the DTIMS inlet.
6463.6. FAPA Plasma Current Optimization. FAPA plasma
647current and temperature have an influence on the abundance
648and range of ions formed through different ionization
649mechanisms as well as on the plasma gas temperature for
650desorption.42 Therefore, peak intensities of 2,6-DTBP as a
651function of plasma currents varying between 12 and 20 mA
652were examined, and operating conditions were adjusted as
653described in Table 1. Plasma currents below 12 mA make the
654plasma unstable. For sample preparation, 2 μL of 2,6-DTBP
655was placed on the filter paper. After each injection of the
656analyte, an increase in the peak intensity was observed until it
657reached a maximum amount where IMS peaks were captured,
658and peak intensities were calculated (Figure S.13). Following
659Figure S.13, there is almost a linear decline in the peak
660intensities as the plasma current increases from 12 to 20 mA,
661similar to what was observed previously.34 For instance, the
662peak intensity declines from 0.58 to 0.11 V as the plasma
663current is raised from 12 to 20 mA. Although increasing the
664plasma current leads to higher plasma gas temperature,
665improving the desorption and forming a greater abundance
666of reagents ions at the source, it also leads to larger charge
667exchange and a lower number of protonated water clusters
668from the RIP that are generated, consequently leading to a
669lower number of analyte ions that are formed through the
670protonation ionization mechanism.34,42

6713.7. Ion Mobility Spectra. In order to investigate the
672capability of the instrument for identification and determi-
673nation, a wide range of compounds in terms of mobility values
674 f5were selected and ion mobility spectra were calculated (Figure
675 f5t25) and reported in Table 2. The main purpose is to provide a
676rough estimate of K0 values obtained with the FAPA source
677and FSG repeller technique. In this experiment, 2,6-DTBP was
678chosen as the standard to calculate the reduced mobility values
679(K0) of other analytes. The experimental operating conditions
680were adjusted according to Table 1. Regarding sample
681introduction, 2 μL of each analyte was injected on the glass
682microfiber filter paper and then subjected to FAPA plasma
683plume for desorption/ionization. Several pulses (rings)
684observed at the beginning of spectrum around the time of
685the high voltage pulse are due to parasitic currents originating
686from parasitic capacitance that exist among all connections (at
687different voltages).
688For 2,6-DTBP, a single peak at 13.12 ms is observed with a
689corresponding K0 value of 1.40 cm2 V−1 s−1, which is assumed
690to correspond to the protonated monomer of 2,6-DTBP. The
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691 calculated K0 value is consistent with the ones obtained with
692 the original FAPA-DTIMS configuration featuring a BNG (K0
693 = 1.41),34 CD-DTIMS (K0 = 1.42),43 and ESI-DTIMS (K0 =
694 1.42).44 In the case of acetaminophen, three peaks are obtained
695 at 12.46, 15.41, and 18.87 ms, with corresponding K0 values of
696 1.47, 1.19, and 0.97 cm2 V−1 s−1, respectively (labeled ACET1,
697 ACET2, and ACET3). In our previous work (FAPA-DTIMS
698 with BNG), two peaks for acetaminophen with K0 values of
699 1.37 and 1.10 V cm−1 s−1 were obtained.34 The difference in
700 the calculated reduced mobilities for acetaminophen between
701 FAPA-DTIMS and field-switching FAPA-DTIMS could be
702 correlated to the different reaction time among reagent ions
703 and neutral molecules in two different geometries since the
704 reaction volume is different. In addition, the generated RIP
705 peak for acetaminophen is different from other selected
706 compounds due to the different solvent used for acetamino-
707 phen (methanol).
708 Acetophenone displays distinct peaks (labeled with ACE1
709 and ACE2) with K0 values of 1.59 and 1.28 cm2 V−1 s−1. A K0
710 value of 1.82 cm2 V−1 s−1 was reported for acetophenone with
711 a hydrogen discharge lamp as the ionization source.45 For
712 heptanone, two peaks (HEP1 and HEP2) were observed at
713 12.53 and 14.64 ms (with K0 values of 1.45 and 1.24 cm2 V−1

714 s−1, respectively). In the literature, two K0 values of 1.62 and
715 1.48 cm2 V−1 s−1 were reported for heptanone, where 63Ni was
716 utilized as the ionization source.46 Butanone gives a single peak
717 at 10.66 ms (labeled with BUT) with a corresponding K0 value
718 of 1.70 cm2 V−1 s−1, compared with K0 values of 2.05 and 1.86
719 cm2 V−1 s−1 that were obtained for butanone with a hydrogen
720 discharge lamp and tritium (50 MBq) as ionization sources,
721 respectively.39,47 Regarding pentanone, there are two distinct
722 peaks (labeled with PEN1 and PEN2) with calculated K0 values
723 of 1.60 and 1.46 cm2 V−1 s−1, respectively, which are in close
724 agreement with reported K0 values of 1.58 and 1.46 cm2 V−1

725 s−1 obtained with 63Ni as the ionization source.46 The DMMP
726 produces four separate peaks at 10.56, 11.46, 13.06, and 14.50
727 ms (labeled as DMMP1, DMMP2, DMMP3, DMMP4 in Figure
728 5) with K0 values of 1.72, 1.58, 1.39, and 1.25 cm2 V−1 s−1,
729 respectively, compared with K0 values of 1.81 and 1.44 cm

2 V−1

730 s−1 obtained with a low-temperature plasma as the ionization
731 source.41 Tetrabutylammonium iodide (TBAI) also gives two
732 peaks with K0 values of 1.56 and 1.36 cm2 V−1 s−1 (labeled
733 with TABI1 and TBAI2).
734 3.8. Analytical Figure of Merits. The analytical figures of
735 merit (FOM) were obtained from calibration curves for 2,6-
736 DTBP in the gas phase and acetaminophen in the solid phase
737 under two different drift electric fields of 316 V/cm (Figures
738 S.14 and S.16) and 476 V/cm (Figures S.15 and S.17). The
739 FOMs in the electric field of 316 V/cm were obtained in order
740 to provide a comparison with our previous work (FAPA-
741 DTIMS containing BNG). The limit of detection (LOD = 3.3

t3 742 × Sb/m, Table 3) was determined from the standard deviation
743 of the background (Sb) and the slope of the calibration curves
744 (m). For 2,6-DTBP (Figures S.14 and S.15), an LOD of 3.78
745 ppb was determined for an electric field of 316 V/cm, with a
746 corresponding linear dynamic range of 8.7−870 ppb,
747 compared with the LOD = 18 and 21−1050 ppb that were
748 previously reported for FAPA DTIMS with BNG.34 Increasing
749 the electric field to 476 V/cm yields some improvement in
750 LOD (3.02 ppb) and a significantly improved linear dynamic
751 range (4.35−1740 ppb). In fact, increasing the electric field
752 provides a higher amount of reagent ions (primary ions) for
753 analyte molecules to be ionized and fully deplete the reagent

754ions (through protonation); hence, the upper boundary of the
755linear dynamic range is improved.
756Regarding acetaminophen, the total peak areas were
757calculated and used to plot the calibration curves (Figures
758S.16 and S.17). For high concentrations of acetaminophen,
759three distinct peaks are obtained, so after the injection and the
760wait for the maximum peak intensities, peak areas under each
761peak were calculated and the sum of the peak areas were
762considered as the response and plotted in the calibration
763curves. An LOD of 5 ng (Table 3), with a corresponding linear
764dynamic range of 0.006−1.5 μg, for an electric field of 316 V/
765cm was obtained, compared with an LOD = 30 ng and
766dynamic range of 0.06−1.5 μg obtained for FAPA DTIMS
767with BNG.34 Increasing the electric field to 476 V/cm
768improves both LOD and linear dynamic range to 4 ng and
7690.006−3 μg, respectively.
7703.9. Gate Depletion Effect. In this section, the GDE was
771investigated for BNG and FSG FAPA-DTIMS. First, the
772original BNG DTIMS configuration was tested. Second, a
773modified FSG DTIMS configuration was implemented where
774the DTIMS tube (drift region) was extended 20 mm to
775accommodate an additional BNG gate (20 mm from the
776DTIMS inlet aperture), which allowed FSG gating with an
777inactive BNG (gate is always open) or BNG gating (BNG
778switches between on and off status). In the case of inactive
779BNG field switching repeller, the BNG was still present in the
780IMS cell in order to consider the effect of the physical barrier
781of BNG wires on the obtained signal intensities (which would
782obscure the effect of GDE).
783 f6As Figure 6 shows, the GDE was investigated for two
784analytes, acetophenone and pentanone, by plotting the
785obtained total peak areas as a function of the voltage difference
786between the BNG wires. In this experiment, the electric field
787and BNG injection time were 476 V/cm and 300 μs,
788respectively. According to Figure 6, as the voltage increases,
789the total peak areas for acetophenone and pentanone decline
790so that increasing the voltage from 134 to 200 and 140 to 190
791V results in a 2.2- and 1.79-fold decrease in the total peak
792areas, respectively. Increasing the voltage among the wires
793expands the depletion region that exists on both sides of the
794BNG, leading to ion loss. Figures S.18 and S.19 demonstrate
795the GDE on each analyte peak in more detail. As shown in
796Figure S.18, for acetophenone, reducing the voltage from 200
797to 134 V improves the peak area ratio of S1/S′1 1.44-fold, while
798larger increases of 2.55 and 3.49 times are calculated for S2/S′2
799and S3/S′3, respectively. (S1, S2, S3 are the peak areas above the
800dashed line for the first, second, and third peak when the BNG
801voltage is 134 V. S′1, S′2, S′3 are the peak areas above the
802dashed line for the first, second, and third peak when the BNG
803voltage is 200 V.) Therefore, as the calculated ratios show, the
804GDE acts against the ions with higher drift times (lower
805mobility ions) and reduces the total peak areas more than on
806ions with shorter drift times. A similar result was observed for
807pentanone where improvements of 1.52 and 2.69 were
808calculated for peak area ratios of S1/S′1 and S2/S′2 as the
809voltage among the BNG wires is reduced from 190 to 140 V
810for the first and second peaks, respectively (Figure S.19).
811In the second part of the experiment, the BNG was held in
812the same position inside the DTIMS cell, and IMS spectra of
813acetophenone were compared between pulse injections by
814BNG or repeller separately for two different injection times of
815 f7f8300 and 180 μs. The results are shown in Figures 7 and 8. The
816 t4calculated peak areas for each peak at two different injection
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t4 817 times are shown in Table 4. The total peak area ratio in Figure
818 7 for the S1 and S2 peaks are improved to 5- and 18-fold,
819 respectively, when the repeller is pulsed instead of the BNG. It
820 is quite clear that in this geometry the discriminatory effect of
821 the depletion region when the BNG is active has a large
822 influence on the lower mobility ions. Since the GDE becomes
823 more important when pulse injection times are lowered, the
824 total peak area ratios of acetophenone’s peaks were calculated
825 by lowering the injection time to 180 μs and shown in Figure
826 8. In this case, the total peak area is improved 10 times for the
827 first peak and 44 times for the second peak, which corroborates
828 the theory that lower mobility ions suffer more from the GDE
829 effect. In short, using the pulsed repeller instead of the BNG
830 gate not only improves the total ion current that reaches the
831 detector but also enhances the low mobility ion populations,
832 which are necessary in hand-held DTIMS devices in order to
833 achieve high resolutions.

4. CONCLUSIONS
834 In this work, a field-switching repeller technique was used
835 coupled to a FAPA source in a DTIMS and compared with a
836 typical BNG configuration which suffers from GDE. For the
837 generation of discrete packets of ions, a high voltage pulse
838 switched between 5 and 10 kV was applied to the repeller to
839 accelerate the ions into the separation region. The system
840 initially suffered from flow penetration that produced
841 undesired tails in the spectra. In order to remove the large
842 tails, three apertures with different sizes were deployed to
843 optimize the FAPA plasma gas and drift gas linear velocities
844 and control the number of neutral molecules that diffuse into
845 the separation region as well as the ion-neutral molecule
846 reactions inside the separation region. Several repeller and
847 FAPA experimental operating conditions were optimized.
848 Qualitative analysis of a selected set of compounds with a
849 wide range mobilities was also shown. In terms of quantitative
850 analysis, the improved LODs of 5 and 4 ng were obtained for
851 acetaminophen under working electric fields of 316 and 476
852 V/cm, respectively, when compared with 30 ng obtained in a
853 previous work using a BNG.34 Also, for 2,6-DTBP, a LOD of 3
854 ppb was obtained, which is six times lower than previously
855 obtained.34 The consequences of the GDE were proven for
856 acetophenone and pentanone by changing the voltages applied
857 to the BNG wires. A comparison between acetophenone IMS
858 spectra (under two different pulse injection times of 180 and
859 300 μs) was obtained for the BNG and pulsing repeller. The
860 BNG is shown to favor higher mobility ions impacting the
861 overall signal and possibly affect the quantitative analysis of the
862 analytes. This effect seems to be much less pronounced in the
863 case of the pulsing repeller, in particular, at smaller pulsing
864 times. The signal of the lower mobility ions was shown to
865 improve by 5 and 18 times with a 300 μs pulse and by 10 and
866 44 times when using a 180 μs pulse.
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