Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

The origin of isomerization of aniline revealed by
high kinetic energy ion mobility spectrometry
(HiKE-IMS)+

Cameron N. Naylor,
Stefan Zimmermann

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2023, 25, 1139

* Christoph Schaefer, 2 Ansgar T. Kirk 2 and

Although aniline is a relatively simple small molecule, the origin of its two peaks observed in ion mobility
spectrometry (IMS) has remained under debate for at least 30 years. First hypothesized as a difference in
protonation site (amine vs. benzene ring), each ion mobility peak differs by one Dalton when coupled
with mass spectrometry where the faster mobility peak is the molecular ion peak, and the slower
mobility peak is protonated. To complicate the deconvolution of structures, some previous literature
shows the peaks as unresolved and thus proposes these species exist in equilibrium. In this work, we
show that when measured with high kinetic energy ion mobility spectrometry (HiKE-IMS), the two peaks
observed in spectra of both aniline and all n-fluoroanilines are fully separated (chromatographic
resolution from 2-7, R, > 110) and therefore not in equilibrium. The HiKE-IMS is capable of changing
ionization conditions independently of drift region conditions, and our results agree with previous litera-
ture showing that ionization source settings (including possible fragmentation at this stage) are the only
influence determining the speciation of the two aniline peaks. Finally, when the drift and reactant gas
are changed to nitrogen, a third peak appears at high E/N for 2-fluoroaniline and 4-fluoroaniline for the
first time in reported literature. As observed by HIiKE-IMS-MS, the new third peak is also protonated
showing that the para-protonated aniline and resulting fragment ion, molecular ion aniline, can be fully
separated in the mobility domain for the first time. The appearance of the third peak is only possible due
to the increased separation of the other two peaks within the HIiKE-IMS.

Received 2nd May 2022,
Accepted 29th November 2022

DOI: 10.1039/d2cp01994a

rsc.li/pccp

Open Access Article. Published on 14 December 2022. Downloaded on 6/20/2026 2:08:50 PM.

(cc)

Introduction

Ion mobility spectrometry (IMS) is a gas-phase separation
technique where ions traverse through a neutral-gas filled drift
tube under the presence of an electric field." As the ions
travel, they collide with the drift gas and are separated accord-
ing to the size and shape of the ion. Larger ions experience
more collisions and arrive later at the detector located at the
end of the drift tube than smaller ions. Once the separated ion
packet arrives at the detector, the ion current is recorded as a
function of the time of arrival after the gate pulse, or the drift
time. However, since analyte drift times change as a function of
several different variables, ion mobilities are often reported in
terms of an ion-neutral collisional cross-section value (CCS, Q)
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or a reduced mobility value (K,) as defined below in eqn (1):®

_lDR N
0 7E[d Ny

(1)

where Iy is the length of the drift tube in cm, E is the electric
field in (V em ™), ¢4 is the drift time of the ion in seconds, N is
the number density, and N, is the number density at standard
pressure and temperature (at 1013.25 mbar and 273.15 K).
Although recent trends in the literature show that IMS is used
for applications of large molecules such as characterizing
peptides and proteins on using newer platforms such as
trapped IMS or traveling wave IMS,*” drift tube ion mobility
spectrometry (DTIMS) remains the preferred method that specia-
lizes in small molecule detection. Perhaps the most well-known
examples of the utilization of DTIMS is the detection of chemical
warfare agents (CWAs),*° explosives,®"* narcotics,”*™"® and
other potentially hazardous small molecules such as toxic indus-
trial compounds,'®™*® and pesticides.'®"**°

However, analysis of small molecules using IMS is decep-
tively more complex than it would first appear. Aniline is a
classic example of a small molecule with two distinctly different
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mobilities as first reported by Karpas et al.>* They observed two
different mobilities for aniline in purified air and hypothesized
that two different protonation sites (one at the amine, one at
the benzene ring) caused the two distinct different conformers
in the mobility domain. The protonation site theory was
initially revisited a few years ago in studies that used traveling
wave IMS and differential mobility spectrometry (DMS) to
examine the different aniline conformers where a time of flight
mass spectrometer (ToF-MS) was used to verify the m/z of each
aniline conformer peak.>”>* The slower mobility peak (the N-
protonated isomer in literature) has an associated m/z of only
94 Da, whereas the faster mobility peak (C-protonated isomer in
literature) has a variety of m/z values ranging from 92 Da, 93 Da,
or 94 Da all in different abundances that change with instru-
mental conditions, but most commonly the most abundant m/z
of the fast peak is 93 Da.?* The difference in 1 Da between the
fast and slow aniline peaks has largely been ignored in favor of
the difference in mobility between peaks. However, when the
difference in m/z arises, usually the explanation given is frag-
mentation of the C-protonated isomer but the discussion of
when (i.e. pre- or post-mobility separation) fragmentation
occurs rarely arises. Alternatively, Lalli et al. propose a rearran-
gement of molecular ion aniline into azepine, explaining the
m/z 93 Da mass spectrum, which then can lose an additional
neutral hydrogen atom to form the radical azatropylium ion
(m/z 92 Da).** These rearrangement and fragmentation path-
ways are largely absent from the ion mobility literature but
appear more prominently in the electron impact mass spectro-
metry literature.>*>®

Regardless of the actual chemical identity of each peak, the
ion mobilities of these two protonated isomers, or protomers,
are overlapping in most literature, which raises the question if
these two species are in equilibrium or if these experiments
simply lacked the resolving power to baseline separate the
peaks with the IMS platforms used in these studies.*! 22728
The hypothesis that both peaks are in equilibrium is supported
by the change in intensities of each peak that are easily
modified as a function of ion source voltages. Recent literature
demonstrates that both peaks are produced from atmospheric
pressure chemical ionization (APCI), electrospray ionization
(ESI), and helium plasma ionization (HePI), but the most
abundant peak always shifts from the N-protonated isomer to
the C-protonated isomer as the cone inlet voltage on the
instrument increases.”>***”*® In contrast, Asbury and Hill
report that aniline only has one peak with ambient pressure
ESI even when changing the drift gas.”® However, it is entirely
possible that their data acquisition was not fast enough to
capture both peaks since their aniline spectra in three of the
four drift gases have a significant shoulder that could easily be
the missing peak.>

Since the aniline peaks seem to change abundance related
to ionization source settings and a high resolving power is
needed to separate the peaks, high kinetic energy ion mobility
spectrometry (HiKE-IMS) offers a unique opportunity to exam-
ine the influence of both parameters on measurements of
aniline. HiKE-IMS is a variant of a drift tube ion mobility

140 | Phys. Chem. Chem. Phys., 2023, 25, 1139-1152

View Article Online

PCCP

spectrometer that operates with the same basic principles of
drift tube IMS with a few key differences.’®*' Notably, the
electric fields in the drift region and reaction region (similar
to the desolvation region on an ESI-IMS) can be independently
changed allowing for different reduced electric field strengths
in both regions simultaneously. These differences in the elec-
tric field allow ionization conditions to be altered to favor
different ionization mechanisms by changing the abundances
of reactant ions which results in ionizing analytes, such as
benzene, that other sources cannot.*®*** Additionally, the
HiKE-IMS achieves high resolving powers (R, > 140) despite
being operated at reduced pressure, to allow for the reduced
electric field strength to span over an order of magnitude (5-
125 Td). Finally, HiKE-IMS has the capability of measuring first-
principles ion mobilities, which allows for the calculation of
accurate K, values.>®

Due to these advantages, aniline and its derivatives are
interesting molecules to analyze with HiKE-IMS. First, the high
resolving power capable with the HiKE-IMS and the ability to
change the equilibrium of reactant ions within the reaction
region can clarify whether the two aniline peaks are truly in
equilibrium in the mobility experiment as a function of ioniza-
tion source settings or if they are simply two peaks that can be
separated with a sufficiently high resolving power. Additionally,
the capability of the HiKE-IMS to give accurate first-principles
derived reduced mobilities opens the possibility to observe
changes in mobility when ionization conditions change con-
firming possible fragmentation based on the mass spectra
when HiKE-IMS is coupled to a ToF-MS. This experiment can
determine if the C-protonated isomer described in the litera-
ture is actually a protomer, or if it is a molecular ion radical
formed from charge transfer. The final experimental parameter
that can identify the aniline peak identities is changing the
concentrations of the reactant ions by adding water to the drift
gas or changing the drift gas from air to nitrogen to reduce
oxygen radical ions. Both of these parameters change the
corona ionization conditions and can favor either charge
transfer ionization or proton transfer ionization conditions.
Through these sets of experiments plus computational model-
ing, fully characterizing aniline and 3 fluorinated aniline iso-
mers by changing ionization conditions can be accomplished.
These combinations of experiments may also benefit applica-
tions such as drug development and discovery, where identifi-
cation of the ion mobility peaks can be difficult, or cases where
ionization or ion transfer optics settings may wish to be
optimized to achieve a specific ion abundance.®®

Material and methods
Sample preparation

The following aniline compounds were purchased from Sigma
Aldrich (Taufkirchen, Germany): Aniline (Purity 99.5% ACS;
Sigma number: 242284-100ML), 4-fluoroaniline (Purity 99%;
Sigma number: F3800-25G), 2-fluoroaniline (Purity 99%; Sigma
number: F3401-25G-A), and 3-fluoroaniline (Purity 99%; Sigma
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Table 1 Gas phase thermochemistry constants of aniline and n-
fluoroaniline as reported in the literature®

Proton affinities  Gas-phase basicity = Ionization

(kJ mol ™) AG (k] mol ™) energy (eV)
Aniline 882.5 850.6 7.72; 8.05
4-Fluoroaniline  871.5 839.7 8.18
3-Fluoroaniline  867.3 835.5 8.33
2-Fluoroaniline 8.18

number: F3606-25G). The affiliated ionization properties with
each aniline are listed in Table 1. Samples of aniline, 4-
fluoroaniline, 3-fluoroaniline, and 2-fluoroaniline were pre-
pared by transferring each sample into a 1 mL polyethylene
transfer pipette, sealing it, and placing it in a permeation oven
(vici Dynacalibrator 150, Schenkon, Switzerland) set at
45.00 °C. The sample gas exiting the permeation oven contain-
ing the analyte in either purified air or N, was then diluted with
either purified air or N, and varying water vapor concentrations
using model F-200DV-ABD (Bronkhorst, Kamen Germany) mass
flow controllers for each gas source. The total flow rate of this
diluted mixture of sample gas was 2 L min~'. The weight of the
pipette in the permeation oven was taken every few days to
determine the following gas-phase concentration inserted into
the drift tube for each analyte: aniline at 1.26 pg s ', 4-
fluoroaniline at 0.734 pg s~ ', 3-fluoroaniline at 0.276 pg s,
and 2-fluoroaniline at 2.06 ug s~ . The water vapor pressure was
monitored with an Easidew EA2 (Michell Instruments GmbH,
Friedrichsdorf, Germany) immediately before insertion into the
drift tube to determine the actual water concentration entering
the HiKE-IMS. For these experiments, the dew point varied
between —78 °C to —30 °C, corresponding to a water vapor
concentration of 0.74 ppm, to 375 ppm, immediately before
insertion into the reaction region.

Instrumentation

The HiKE-IMS with a tri-state ion shutter and the HiKE-IMS-MS
used in these experiments have been described in detail
previously.>'??*?® In this work, three experiments were per-
formed with regards to varying the reduced electric field
strength in the drift region (Epr/N) and varying the reduced
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electric field strength in the reaction region (Egg/N) as detailed
in Table 2. The HIiKE-IMS is operated at a reduced pressure with
an MVP-040 membrane pump controlled by an EVN-116 valve
and monitored with a CMR-362 capacitance manometer (all
from Pfeiffer Vacuum, Asslar Germany). Ions were generated
using a corona ion source with an applied voltage of 1500-
1600 V depending on the analyte. Ions are detected with a
Faraday plate and a commercial DLPCA-200 transimpedance
amplifier (Femto Messtechnik GmbH, Berlin Germany)
attached. The analog signal from the amplifier is converted
into a digital signal through a Keysight U1082A digitizer (Key-
sight, Santa Rosa CA USA), where each individual spectrum was
averaged 50 times. An additional 300-500 of these averaged ion
mobility spectra were taken in triplicate depending on the
ionization efficiency of the sample, for a total of three replicates
of 15000 to 25000 spectra (where each mobility spectrum
requires 1 ms to 24 ms to collect, 15 s to 3 min total for one
replicate). The HiKE-IMS-MS also operates under reduced
pressure with the same parts for pressure regulation on the
HIKE-IMS listed above and the specific instrument parameters
listed in Table 2. Additionally, the lab-built mass spectrometer
consists of an Einzel lens followed by an orthogonal time-of-
flight with a spectrum acquisition rate of 50 Hz.**?®

Data acquisition on both instruments was performed using
custom software developed using LabView 2018 version 18.0f2
(National Instruments Corp., Austin, TX USA). Matlab R2020a
version 9.8.0.1323502 for win64 (Mathworks Inc., Natick, MA
USA) was used for data analysis (Fig. 1).

Results
Mobility and separation of isomer peaks

The first point to address from the literature about the mobility
of aniline isomers is whether the two observed peaks are in
equilibrium in the drift tube or the instruments used in the
literature are unable to resolve the stable peaks because their
resolving power is too low. Using the model developed by
Dodds et al,*® a minimum resolving power of 38 would be
needed to fully baseline-separate the two aniline isomers based
on the literature K, values for both peaks as reported from

Table 2 General operational and experimental parameters. Specific information for each measurement can be found in ESI

Experimental variable

HiKE-IMS value HiKE-IMS-MS value

Reaction region length
Drift region length
Pressure

Temperature

Corona needle voltage
Gate pulse width

Reaction region reduced electric field strength
Reduced electric field strength step
Drift region reduced electric field strength

Reaction region reduced electric field strength

Drift region reduced electric field strength
Reduced electric field strength step

This journal is © the Owner Societies 2023

7.7 cm 10.5 cm
30.65 cm 15.7 cm
14-15 mbar 14-15 mbar
43-45 °C 25-30 °C
1500-1600 V 1400 V

1ps 3 us
Reaction region scan parameters

6-120 Td 40-120 Td
2 Td 20 Td

60 Td or 120 Td 60 Td or 120 Td
Drift region scan parameters

38 Td

6-120 Td

1Td

Phys. Chem. Chem. Phys., 2023, 25, 1139-1152 | 1141
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Fig. 1 The HIiKE-IMS has been described previously, but briefly, the HiKE-
IMS is divided into two regions: the reaction region and the drift region.>*
Both sections have an electric field that can be changed independently of
each other which allows for examination of the speciation of each ion
based on explicit operating parameters.

Karpas et al. (1.93 cm®* V"' s7* and 2.07 cm® V' 57" respec-
tively, although these peaks are not fully baseline resolved in
the spectra they show).>" This minimum resolving power can
easily be obtained using HiKE-IMS. In Fig. 2, the example
spectra for all aniline peaks are always baseline resolved even
though the abundances of the peaks change as a function of E/
N in the reaction region (Exg/N). The mass spectra affiliated for
each peak can be used to aid in structure identification later.
Unsurprisingly, the most abundant species of Peak 1 is the
molecular ion peak (m/z 93 Da for aniline or 111 Da for
fluoroanilines), and Peak 2 is the protonated peak (m/z 94 Da
or 112 Da). Although the signal-to-noise ratio of the mass
spectra is low due to a duty-cycle mismatch between the
home-built ToF-MS and the IMS, these results agree with
results prolifically covered in the literature.>>***® To be abun-
dantly clear for the rest of this work until structures are
associated with each peak, Peak 1 will refer to the molecular
ion peak (m/z 93 or 111) and Peak 2 will refer to the protonated
peak (m/z 94 or 112).

While Fig. 2 shows that the resolution of the mobility peaks
does not change as a function of the reduced reaction region
field strength Err/N, each peak changes mobilities as a
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function of the reduced drift region field strength Epr/N at
different rates that may potentially cause overlap between the
two peaks.?* Using the two aniline isomer peaks, the chromato-
graphic resolution between these peaks can be measured as the
electric field in the drift region is changed (Epr/N) (Fig. 3).
Although the 2-fluoroaniline and the 3-fluoroaniline pairs have
higher standard deviations due to a lower signal-to-noise ratio,
they still show, on average, significantly higher resolution than
is required for baseline separation of the peaks (R > 1.5).
Interestingly, the resolution is not static between the peaks as
the electric field changes in the drift region. Instead, there is a
maximum resolution between the peaks between 60-70 Td
depending on ion identity. One explanation for this effect is
the voltage that gives the maximum resolving power is different
for each peak (Fig. S1, ESIt) and has been previously discussed
in the literature.’® Additionally, the resolving powers decrease
at different rates as functions of Epg/N.

Additional interesting observations about reduced mobili-
ties as a function of Epg/N can be made from Fig. 4. Unsurpris-
ingly, the mobilities of both aniline peaks are higher than those
of the fluoroaniline isomers, and the mobilities of 2-
fluoroaniline are higher than those of the other isomers
suggesting a more compact molecular structure. Interestingly,
Peak 2 of both 3-fluoroaniline and 4-fluoroaniline have the
same mobility at most Epr/N values and Peak 1 for 3-
fluoroaniline and 4-fluoroaniline have nearly the same mobi-
lities at only very low Epgr/N. At low Epg/N, the mobility values of
aniline differ from the reported mobilities and abundance ratio
from Karpas et al. One possible cause for the discrepancy
between the mobilities here and those reported by Karpas
et al®" is from temperature and field heating effects. The
system from Karpas et al. was operated at 250 °C and ours is
between 43-45 °C, however, when the reduced electric field is
increased in the HiKE-IMS, the mobilities for both peaks in air
are within error of the values from Karpas et al. (Table 3).>! The
resulting field heating effect on the mobilities measured in the

1500 Aniline Peak 1 1500 Aniline Peak 1.
1{«95Da b} «<95Da
fli
1000 |1-94 Da @ 1000 <-94 Da
hi 5
00 93 D 8 s00 93D
5 |
92 Da— | 4 92 Da 9
0 i ELIN40Td 0 /N 120 Td
85 90 95 100 105 85 90 95 100 105
m/z m/z
Aniline Peak 2 200 Aniline Peak 2
250 'A-95Da 1195 Da
y :
200 ’,«“!“(Vg4 Da 150 k94 Da
150 ) !‘93 D £ 193 Da
Al a 5 100 i
1007 05 parg i | S [#2Daay
Jos 50 '] E../N 120 Td
50 AR ! \Eq/N 40 Td ! I FrR
0 A | o 0 O e P \,
85 90 95 100 105 85 90 9 100 105
m/z m/z

Fig. 2 Example IMS spectra of aniline in air at the same drift region E/N (Epr/N), but at low (orange) and higher (blue dotted) E/N in the reaction region
(Err/N). The reactant ions are present in expected quantities based on previous HiKE-IMS experiments.*?“° The intensities of the aniline peaks change
correlating to the presence of the reactant ions, where Peak 1 increases in abundance with increased amounts of NO* and O, radical reactant ions. The
peaks are also baseline separated with a chromatographic resolution above 1.5 (Fig. 3). All pertinent experimental details are given in Table 2.
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Air, E /N 38 Td

2-Fluoroaniline
3-Fluoroaniline
—F— 4-Fluoroaniline

—F— Aniline

Chromatographic resolution

Baseline Resolution

20 40 60 80 100 120
Epr/N (Td)

Fig. 3 When the reduced drift region field strength (Epr/N) is changed to
observe changes in mobility, the chromatographic resolution of the Peaks
1 and 2 can be compared. All pairs are significantly above the definition of
baseline resolution of 1.5 between two peaks. Interestingly, the resolution
is not static for all pairs of aniline isomers; instead, a maximum separation
is reached between 60-70 Td for all species. This observed maximum
resolution is at the mean Epr/N of the maximum resolving power occur-
ring at different Epr/N for the two peaks (Fig. S1, ESIT). All pertinent
experimental details are given in Table 2.

Air with <1 ppm, HZO

E r/N 38 Td

2-Fluoro Peak 1

—F— 2-Fluoro Peak 2

3-Fluoro Peak 1

+— 3-Fluoro Peak 2

—F— 4-Fluoro Peak 1

4-Fluoro Peak 2
—F— Aniline Peak 1
—F— Aniline Peak 2

20 40 60 80 100 120
Epe/N (Td)

Fig. 4 By keeping the Erg/N constant at a value where both aniline peaks
are present in nearly equal quantity, the change in mobility in air can be
found for both peaks when the Epr/N is scanned. Unsurprisingly, the
mobility of both aniline peaks is significantly higher than the respective
charge-located peaks for each of the n-fluoroaniline isomers. Interest-
ingly, the mobilities for the Peak 2 of both 4-fluoroaniline and 3-
fluoroaniline are the same except for the Epr/N region between 40 to
90 Td where 3-fluoroaniline has a greater increase with mobility than 4-
fluoroaniline. All pertinent experimental details are given in Table 2.

HiKE-IMS agreeing with the mobilities from a heated DTIMS
system has some interesting implications for correlating field

Table 3 Experimental and literature mobilities and CCS of aniline
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heating with traditional heated systems, however, that discus-
sion lies outside the scope of this work.** Additionally, Borsdorf
et al. report the mobilities of n-fluoroaniline in purified air
under similar temperatures, and ionization source (50 °C tem-
perature, corona discharge ionization source) as the HiKE-IMS
used here and agree with our results at low E/N within less than
1% difference for all peaks.*” Using two-temperature theory
and corrections to the Mason-Schamp equation as outlined by
Siems et al., ion-neutral collision cross-section values can be
calculated for aniline to compare to the last literature
values.*"**™*> At relatively low Epg/N (6-15 Td), the CCS values
of each aniline peak at low Epg/N in nitrogen agree within the
95% confidence interval of previously reported values from
Kune et al. of each peak respectively.?® It should be stated that
the corresponding reduced mobilities from Kune et al. are not
given, and the cross-sections were obtained from a calibrated
trapped ion mobility spectrometer using reference mobilities
taken at room temperature, which may be one possible source
of discrepancy.?®4

With distinct mobilities that match literature values in their
respective drift gases and temperatures and the chromato-
graphic resolution presented in Fig. 2 and 3, it is safe to assume
that both aniline species are the same as those observed in
previous literature. Additionally, these two peaks are stable
within the mobility experiment at all Epg/N, and there is not
an equilibrium of the two species interconverting within the
drift tube, especially since there is not a raised baseline
between the peaks as has been observed in previous
literature.”>** Since the relative abundance of each aniline
peak does not change with the drift region conditions, this
means that in the HiKE-IMS the conditions in the reaction
region and ionization parameters alone must determine aniline
speciation. Lastly, it should be noted that the mobilities of all
the peaks are significantly different from each other within
error (one standard deviation of 3 replicates of 400 averaged
spectra) above Epg/N = 20 Td, which demonstrates the HiKE-
IMS’s ability to not only separate the distinct aniline peaks but
also to distinguish between the n-fluoroaniline isomers based
on mobility. Since first-principles ion mobility measurements
are possible with the HiKE-IMS (i.e., no calibration is necessary
to obtain K, values), these mobilities are accurate enough to be
used to identify the structure of the ions for each peak.

Influence of reactant gas on speciation of isomer peaks

In order to discuss the effects of changing the gas and adding
moisture on aniline speciation, HiKE-IMS ionization chemistry
should be discussed first. Briefly, in HIKE-IMS the abundances

Peak 1 Peak 2 Gas temperature Drift gas
HIiKE-IMS (low field <15 Td) 1.99 + 0.02cm*> VvV 's! 1.801 £ 0.003 cm* V' 57! 43.75 °C Air
HiKE-IMS (high field >110 Td) 2.073 £ 0.002 cm> V' s7? 1.916 + 0.002 cm?> V' 57! 43.69 °C Air
Karpas et al.*! 2.07cm?>V st 193 ecm*> VvV 'st 250 °C Air
HiKE-IMS (Zlow field) 112.7 + 4 A2 124.8 + 4 A2 44.56 °C N,
Kune et al.”® 111 + 2 A2 120 + 2 A? Not given N,
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of the three most common reactant ions (NO', O,", and H;0")
are directly determined by the electric field in the reaction
region (Fig. 5). Each reactant ion can interact differently with
the analyte where O," and NO" primarily cause charge transfer,
and H;0' causes proton transfer. At low Erg/N, these three
reactant ions are able to cluster with neutral water in the
reaction region via a combination of low kinetic energy and
longer reaction times. These clusters often contain more than
one neutral water molecules at low Egrg/N and begin to dis-
sociate from increased kinetic energy as the Exg/N increases.
Additionally at higher Egg/N, the conversion of O," and NO*
into hydronium via a chain reaction is inhibited by shorter
reaction times and cluster dissociation, resulting in more bare
0," and NO" ions present as the reactant ions. Adding water
vapor into the analyte gas can also directly influence the
speciation of the reactant ions by increasing the abundance
of hydronium ions and the size of hydronium-water
clusters.*>*”

With the chemistry of HiKE-IMS reactant ions in mind and
the two aniline isomers established as stable within the time of
the IMS experiment (i.e., abundances do not change within the
drift region), we can discuss the identity and generation of each
isomer and the parameters that affect the relative abundances.
Previous literature focuses on changing cone voltage settings
and implementing CID to change aniline speciation,**** how-
ever, with the complicated reactant ion chemistry in the HiKE-
IMS, parameters of the bath gas need to be addressed before
examining the sole influence of Exg/N. The first experiment to
influence possible ionization mechanisms is to change the
water concentration in the drift tube. Increasing the water
vapor concentration in the reaction region should increase
the amount of hydronium and water clusters within the drift
tube, and therefore increase the abundance of Peak 2, the
structure assumed to be protonated at the amine group.
Additionally, by assuming that the drift conditions in the drift
region are the same as the ones in the reaction region (i.e., Egxg/
N = Epg/N), the mobilities measured by changing the Epg/N can
be used to obtain the effective temperature of each ion at each

Reactant lons in Air E /N = 120 Td

Reactant lons in N, E /N = 120 Td

View Article Online
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reaction region reduced electric field strength (Fig. 6). For
example, at 70 Td, aniline has a reduced mobility value of
2.0502 cm?® V! s7! and 1.8846 cm? V™! s for Peaks 1 and 2,
respectively. Using the modified Wannier equation from Siems
et al.,""** the mobility of each ion species can be converted into
an effective temperature of 462 K and 489 K, respectively. For
clarity, since the Wannier equation requires the m/z of the ion
for calculating effective temperature, the observed masses in
the mass spectrum (protonated for Peak 2 and molecular ion
for Peak 1) were used for this calculation. It is crucial to keep in
mind effective temperature is ion-specific,*® and in this case,
even though there is only one analyte in the permeation oven at
a time, there are two peaks with two distinct mobilities, two
distinct mass to charge ratios, and two different structures.
Therefore, the mobilities must be measured over the full range
of electric fields in the drift region for each ion under the same
conditions (i.e., water concentration) when performing the
separate experiment of scanning the electric field in the reac-
tion region. This is the only way to obtain a comparable
effective temperature for the ions to correlate with reduced
electric field strength.

Once the effective temperatures for each ion at each concen-
tration of water vapor in the drift tube are obtained, speciation
diagrams can be constructed for the aniline protonated and
molecular ion peaks as a function of effective temperature for
each ion at the specific Egg/N in the reaction region (Fig. 6). For
all species, Peak 2 has a slight increase in initial abundance (i.e.
Terr <350 K) as water concentration in the reaction region
increases, and a higher reduced electric field strength (i.e., a
higher effective temperature) is required for Peak 1 to become
the most abundant species. These change in abundances as
water concentration increases are unsurprising if Peak 2 is
formed via proton transfer or clustering reactions. Additionally,
the change in inflection points between aniline and the n-
fluoroanilines may offer insight into steric modifications and
the role of water as a reactant ion. For example, 3-fluoroaniline
has the lowest inflection points, requiring a maximum of 400 K
at the highest water concentration tested. Compared with the
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Fig. 5 With no aniline present in the ionization region, the following reactant ions are measured in the HiKE-IMS under the same experimental settings
as Fig. 6 and 7. Since HIKE-IMS has a corona source, these reactant ions are responsible for ionizing the analyte, and therefore, the speciation and identity
of the three aniline peaks must originate from these reactant ion species alone. All relevant details are in Table 2.
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Fig. 6 By scanning the reduced field strength in the drift region and establishing mobility data for each aniline and derivative isomer peak (Fig. 4), an
effective temperature for each peak can be found for each Egr/N value. Assuming the conditions in the drift region from the previous experiments are the
same as those in the reaction region at the same E/N settings, the relative peak intensities of each aniline isomer can be graphed against the T for each
ion. Interestingly when the moisture content in the reaction region is high, 2-fluoroaniline never reaches a state at high temperature (T¢s >500 K) or E/N
where Peak 1 reaches an abundance of above 90%. All pertinent experimental details are given in Table 2.

other analytes, 3-fluoroaniline has a marginally lower proton
affinity (Table 1), which may explain the less effective hydro-
nium bonding.

The last experiment that can be performed to explore the
role of reactant gas in ionization of each aniline species is
changing the drift gas from air to N,. For both aniline and 3-
fluoroaniline, changing the background gas has no effect on
the speciation of both aniline peaks at Exgr/N below 30 Td. Only
at higher Egg/N is there a major difference in speciation of
aniline and 3-fluoroaniline between air and N,; both of these
analytes have nearly 100% abundance of Peak 1 when air is the
background gas at higher E/N whereas <10% of Peak 2 remains
at high E/N with N, as the background gas. Similar observations
can be made about 2-fluoroaniline and 4-fluoroaniline in the
sense that initial abundances of each peak are similar between
gases at very low E/N and trend to 100% abundance of Peak 1 in
air at high E/N. However, for these two analytes when N, is used
as the bath gas, a third distinct peak (Peak 1.1) appears with a
drift time between Peak 1 and 2 that is not present for any of
the other analytes in either gas. The third peak increases in
abundance as E/N increases, similar to the behavior of Peak 1
suggesting it may also originate from the specific reactant ion
populations at higher E/N or result from the higher E/N itself.
The appearance of this third peak, and the affiliated mass
spectra, is the key to assigning the molecular structures for
aniline and its isomers.

By measuring 4-fluoroaniline in nitrogen on the HiKE-IMS-
MS, the mass to charge ratio of the ions under each of the 3
peaks can be obtained. Unsurprisingly, Peaks 1 is the molecular

This journal is © the Owner Societies 2023

ion peak and Peak 2 is a protonated peak for 4-fluoroaniline,
the same results as in Fig. 2 for aniline. Peak 1.1, however, is
also protonated. In the mobility spectra for Fig. 8 and in Fig. 7B
and D, at high E/N Peaks 1 and 1.1 have nearly the same
abundance, however, at lower Erg/N in Fig. 7, Peak 1 has a
much higher abundance than Peak 1.1. With two protonated
peaks and a molecular ion peak clearly visible for 2-
fluoroaniline and 4-fluoroaniline, how are these peaks formed
and why are there only 2 peaks for aniline and 3-fluoroaniline?

Ionization and identity of three isomer peaks

With the presence of the three reactant ions in mind at
different reaction region conditions from Fig. 5, Scheme 1
illustrates 4 possible reaction pathways in HiKE-IMS for the
ionization, clustering, and fragmentation of aniline. The origin
of Peak 2 is relatively straightforward to explain as this species
is protonated and the abundance of this peak is most influ-
enced by increased water vapor in the reaction region (Fig. 7).
Therefore, Peak 2 most likely forms from proton transfer from
hydrogen bonding between the hydronium to the amino group
and may undergo clustering with water present in the IMS.
These results for Peak 2, unsurprisingly, agree with previous
literature including the original hypothesis from Karpas
et al*»*?%8 and shortly afterwards by Smith et al who
confirm the amine protonation site with an HDX study.*® This
proton-transfer mechanism can occur in the liquid or gas
phase, which explains the presence of this peak with both ESI
and APCI as ion sources.>**%*>
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Fig. 7 When no water is introduced into the reaction region and if the drift gas is changed from air to nitrogen, the speciation of aniline and n-
fluoroaniline can be plotted as a function of Egg/N in both drift gases. For all analytes, the initial species present at low Egr/N are constant in
concentration. Notably, 2-fluoroaniline and 4-fluoroaniline have an additional peak that is slightly slower than the molecular ion peak when N is used as
the drift gas (Fig. S3 and S4, ESIT). This third peak (Peak 1.1) appears as a shoulder for 2-fluoroaniline and is baseline separated for 4-fluoroaniline, but this
additional peak only reaches significant abundance at Erg/N above 60 Td. Additionally, the place where each peak is equal in abundance does not change
as a function of the drift gas for aniline and 3-fluoroaniline. Arguably, this could be said for 2-fluoroaniline as well if the sum of Peak 1 and Peak 1.1 are
treated as the same species. All pertinent experimental details are given in Table 2.

Peaks 1 and 1.1, however, are more interesting for discussion.
Historically, Peak 1 has been referred to as the C-protonated, or
para-protonated, isomer starting with Karpas et al., and continuing
through recent literature.>">******>*% However, Peak 1 and 2 have
never been fully baseline separated in the mobility domain, and
the mass spectra affiliated with Peak 1 has always shown the
molecular ion as the dominant species.*' > Because Peaks 1 and 2
have never been fully separated, there is no chance Peak 1.1 would
have appeared in previous literature. Previous literature hypothe-
sized that para-substituted protonated aniline fragments into the
molecular ion species of aniline, however, since the mobility peaks
were not fully separated or in sufficient abundance, it was impos-
sible to tell if the protonated m/z species underneath Peak 1 was
truly from Peak 1 or if it was from the tail of Peak 2. Where the
fragmentation occurs relative to the mobility separation also varies
in the literature since Attygalle et al. fragment the aniline prior to
the mobility separation, yet Walker et al. use CID after the mobility
separation yet the same Peaks 1 and 2 are observed.***

Two possible origins for Peak 1 and Peak 1.1 in the literature
rely on the presence of water vapor either in the IMS cell itself or in
the ionization source. The first possible mechanism is suggested

1146 | Phys. Chem. Chem. Phys., 2023, 25, 1139-1152

by Kune et al. where a high concentration of water vapor is present
with aniline ionized via ESI, aniline may undergo a substituted
nucleophilic reaction to form phenol via the para-substituted
protonated form.*® However, this mechanism relies on fragmenta-
tion into a phenyl cation or a transition state with both an amine
and hydroxyl group attached to the phenyl cation.”® Their mecha-
nism is supported by the C-protonated isomer appearing with an
affiliated mass spectrum peak of 95 Da, and the N-protonated
isomer has an affiliated mass spectrum of 94 Da; neither of these
peaks are baseline separated in only the mobility domain. Inter-
estingly, even when we add high water concentration to our analyte
gas used in APCI, we do not see a mobility shift in either aniline
peak (Fig. S7, ESIT) compared to no added water vapor in Fig. 4 nor
do we observe a shoulder on the aniline Peak 1 that corresponds to
phenol’s Peak 1 (Fig. S8 and S9, ESIt). The largest piece of evidence
is we do not see a peak at 95 Da in the mass spectrum for aniline
(Fig. 2) nor 113 Da for any of the n-fluoroanilines (Fig. 8), whereas
the mass spectra in Kune et al. clearly show the 95 Da species.*®
The lack of mobility shift and m + 2 Da peak in the mass spectra
suggest that the substituted nucleophilic reaction to phenol does
not happen under the APCI conditions in our HiKE-IMS.
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Fig. 8 When the HIiKE-IMS-MS is used to measure 4-fluoroaniline in nitrogen the following mobilities and mass spectra are recorded. The
chromatographic resolution between Peak 1 and Peak 1.1 is 1.2 and the reduced mobilities of each peak are: Peak 1 = 1.971 cm? V™! s7%, Peaks 1.1 =
1.927 cm? V1 571 and Peak 2 = 1.794 cm? V™1 51 The center of the Gaussian mass spectrum underneath each peak is as follows: Peak 1 = 111 Da
(molecular ion peak), Peak 1.1 = 112 Da (para-protonated peak), and Peak 2 = 112 Da (amine-protonated peak). All pertinent experimental details are given

in Table 2.

The second mechanism for the appearance of Peak 1.1 is the
label proton theory, where one proton systemically moves from
the para-protonated position to the amine protonated position
or vice versa. The original version of this idea comes from
Karpas et al.>* where the hydrogen ‘walks’ around the benzene-
ring to the amine-nitrogen before fragmenting with one of the
amine’s electrons to give the molecular-ion peak.>**° An
updated version of the mobile proton was first presented by
Campbell et al. where they examined 4-aminobenzoic acid in
the presence of water and methanol to examine the abundances
of species with different protonation sites (at the amine or the
carbonyl group) with DMS.>° They showed with HDX that when
clusters are present, protons from the amine group can rapidly
transfer to the carboxyl group via a solvent bridge across the
molecule in the form of a water or methanol cluster in a
Grotthuss-like mechanism. Xia and Attygalle perform a similar
study a year later using benzocaine with a traveling wave IMS.
They added water to their ion source to drive the speciation of
the N-protomer and O-protomer, again suggesting speciation of
the O-protomer arises from a solvent bridge.”

While this mechanism might be possible, the solvent
mediated proton transfer likely is not happening in this work
for two reasons. First, the studies by Campbell et al. and Xia
and Attygalle examined molecules similar to aniline, but those
molecules had 2 functional groups capable of hydrogen bond-
ing to the clusters;’*”" aniline only has the amine group and
hydrogen bonding to the benzene ring seems unlikely. Second,
this mechanism relies on sizable water clusters capable of
forming a bridge over the analyte (z > 5), and the corona

This journal is © the Owner Societies 2023

ionization in our HiKE-IMS is operated at reduced pressure
under the presence of strong electric fields, which discourages
large cluster formation. If the solvent bridge was causing the
appearance of the para-protonated aniline (Peak 1.1), we would
see this peak appear in the presence of high water concentra-
tions at low Egg/N (i.e. appear in Fig. 6). Instead, Peak 1.1 is only
visible present at high Erg/N in pure N, (Fig. 7 and 8). The
appearance of Peak 1.1 under these conditions and these
conditions only indicate that desolvated hydronium ions can
protonate aniline at the para-position.

The last possible mechanism for Peak 1 to discuss is charge
transfer from the O," and NO" radicals in the reaction region of
the HiKE-IMS to molecular ion aniline. With this mechanism,
aniline loses an electron to produce neutral O, or NO and
produces an aniline radical explaining the molecular ion peak
in the mass spectrometer. With aniline now a radical, it is
possible rearrangement and possible subsequent fragmenta-
tion can occur (Scheme 1) as first suggested by Lalli et al.*?
More details about the exact mechanism of the rearrangement
are in the electron impact mass spectrometry literature, where
the aniline radical can form into a more compact ring shape via
azacaradiene then azepine.>>>>>* Since the ionization energy of
aniline is lower than that of the reactant ions (8.05 eV) and
activation energy for rearrangement is relatively low (AH aza-
caradiene = 27.7 k] mol ' or AH azepine = 88.8 k] mol ), the
rearrangement pathway in the HiKE-IMS, especially at high
reduced electric field strengths in the reaction region cannot be
ruled out as a possiblility.”>*>*” Whether or not a rearrange-
ment occurs, since the abundance of O," and NO" are so high
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Scheme 1 The two (or three for 4-fluoro and 2-fluoro) aniline peaks can originate from four possible gas-phase reaction pathways as described by the
literature. The proton transfer and subsequent clustering pathway is the most likely origin of Peak 2. The fragmentation pathway describes the ionization
of para-H aniline and subsequent fragmentation into molecular ion (MI) aniline. Lastly is the charge transfer/rearrangement pathway where the molecular
ion aniline is directly formed from collisions with O,* or NO™ radicals in the reaction region and subsequent rearrangement. Additionally, all named
compounds in dotted boxes were modeled in IMoS (Table 4) to obtain reduced mobilities to later identify Peaks 1, 2, and 1.1 from Fig. 2 and 8.

in the HiKE-IMS at high E/N, Peak 1 is almost certainly an
aniline radical originated from these reactant ions.

Finally, the para-protonated species in Fig. 7 and 8 may be
explained with observations from Langejuergen et al. where
benzene was measured in the HIKE-IMS under similar

148 | Phys. Chem. Chem. Phys., 2023, 25, 1139-1152

conditions to the ones used in this work, and they observed
protonated benzene that appears only at high Egg/N.** Schaefer
et al. also observed a protonated species of toluene, chloroben-
zene, and fluorobenzene but the protonated species appears at
a different E/N for each functional group.”” Langejuergen et al.
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explain the appearance of this protonated benzene is due to the
decreased size in water clusters allowing for a greater chance of
proton transfer from hydronium to benzene rather than hydro-
nium to another larger water cluster.>* However, another thing
that happens at high E/N is the extremely short drift times of
the ion in HiKE-IMS. It is possible, both for benzene and the
anilines used in this work, that the drift times of the ions are
short enough that the protonated species do not have time to
dissociate into the molecular ion via hydrogen atom
abstraction.

With possible origins of these three peaks identified, it is
worth emphasizing these aniline species are ionized via APCIL.
In the literature, similar abundances of the two aniline peaks
were observed using instruments with ESI and helium plasma
ionization (HePI).>'"2%?28

While HePI may operate similar to APCI and generate
similar ion abundances, ESI is a softer ionization source that
ionizes analytes with a very different mechanism. However, for
many of the studies using ESI, source conditions were changed
such as the cone inlet voltage immediately following the ESI
source before transfer into the low pressure stage of the
instrument. For instance, Attygalle et al. report at a sample
cone voltage of 70 V, the aniline peaks are in equal
abundance,?® which happens at an effective temperature of
350 K (or Exg/N = 38 Td with no water added) in our HiKE-IMS
data in Fig. 6. By changing the cone voltage, fragmentation
occurs before the mobility separation, which means in the
measurements where ESI is the ionization source that the
molecular ion radical has the same mobility as the para-
protonated aniline. If these mobilities are the same, yet, we
see three peaks for 2-fluoraniline and 4-fluoroaniline, do the
instruments used in literature lack the resolving power to
separate these species, or does Peak 1 actually undergo a
rearrangement into azepine in the HiKE-IMS?

With accurate mobility spectra obtained over the entire
reduced electric field strengths in the HiKE-IMS in both nitro-
gen and air that agree with literature mobility values, compu-
tationally modeled mobilities may aid in assigning structure to
the two (or three) experimentally observed peaks. When com-
paring average experimental reduced mobilities of each peak to
those modeled with IMoS (Table 4), helpful information can be
obtained about the potential identity of each peak. Six possible
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prerequisite structures for each analyte (Boxed analytes in
Scheme 1) were generated in Avogadro v1.2.0 before under-
going energy optimization using the B3LYP density functional
theory with the 611(d) basis set with Gaussian 16.>**> Those
optimized structures were inserted into the ion mobility mod-
eling software, IMoS v1.10 (https://www.imospedia.com/imos/)
and CCS values and mobilities were calculated using the
trajectory method accounting for the quadrupole moment in
nitrogen with Lennard-Jones parameters.’®>” As a suitability
test, methyl phosphonic acid and dimethyl methyl phospho-
nate were modeled using the workflow mentioned above, and
the generated mobilities and cross-sections were the same as
those reported by Kwantwi-Barrima et al. within 1% error of
their theoretical CCS values using their experimental para-
meters to generate mobility models.® It should also be noted
that although the structures from Gaussian are optimized, the
found minimum energy may not necessarily be the global
minimum energy. Additionally, it should be pointed out that
in the HiKE-IMS, the global energetic minimum structure may
not be the most abundant species observed, especially at higher
reduced electric field strengths.>*3**”

Regardless, both the low-field experimental mobilities and
modeled reduced mobilities from these calculations are listed
in Table 4. Peak 1.1 for 2-fluoroaniline is not listed because it is
not separated from Peak 1 at this reduced electric field
strength. For Peak 2 in nitrogen, the closest modeled mobilities
are that for the N-protonated isomer (aniline NH;") and the
aniline clustered with one hydronium ion (Aniline-H;0"). At
low E/N it is possible that Peak 2 is a cluster in equilibrium
between these two structures and the additional water molecule
dissociates upon transfer to the mass spectrometer. Peak 1.1 is
unmistakably the para-protonated structure, although it should
be noted that this peak has the same mobility as Peak 1 at low
E/N for both 2-fluoroaniline and 4-fluoroaniline. The experi-
mental mobilities for both Peak 1 and Peak 1.1 are system-
atically lower than the modeled mobilities for all species, so
direct comparison is impossible without adding an offset value
to the modeled mobilities. Instead, since Peak 1 and Peak 1.1
are the same at low mobility for all species except 4-
fluoroaniline, we can compare which modeled molecular ion
structure is closest in mobility to the para-protonated structure.
For all 4-fluoroaniline, the para-protonated structure has a

Table 4 Simulated reduced mobilities in N, for each structure in Scheme 1 modeled in IMoS and the experimental low field mobilities in N, (6 Td < Epgr/

N < 15 Td). Peak 1.1 is only observed for 4-fluoroaniline at low field

Prerequisite Structure Modelled
Ko (em®>V''s ) in N,

Experimental Low Epr/N K,
(em®* vV 's ) inN,

MI Aniline- Aniline(H;0"), Aniline, (H;0")
Azepine Aniline Azacaradiene Para-H" NH;' H;0" H,0 H,0 Peak 1 Peak 1.1 Peak 2

Ion type M+ M + M+ M+H M+HM+H30 M+ H,OH;0 M + H,OH;0

(m/z aniline) 93 93 93 94 94 112 130 130

(m/z n—ﬂuoro) 111 111 111 112 112 130 148 148

Aniline 2.0750 2.0772 2.0573 2.0792 1.9920 1.8335 1.7280 1.7506 1.956 + 0.03 1.795 £ 0.03
2-Fluoroaniline 1.9638 1.9660 1.9283 1.9541 1.9120 1.7892 1.6927 1.6958 1.921 £+ 0.02 1.749 + 0.02
3-Fluoroaniline 1.9535 1.9230 1.9468 1.9212 1.8447 1.7140 1.6267 1.6450 1.898 + 0.03 1.700 + 0.03
4-Fluoroaniline 1.9297 1.9315 1.9277 1.9063 1.8377 1.7003 1.6193 1.6378 1.915 £+ 0.03 1.848 + 0.02 1.713 £+ 0.03
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mobility of 1.9063 cm® V' s~ " and the molecular ion structure
with the closest mobility is azacaradiene at 1.9277 cm* V™' s,
but the mobilities of all molecular ion species differ by
<0.005 cm® V' s~ which is too small of a difference account-
ing for experimental error to accurately assign structure. The
other aniline and n-fluoroaniline isomers, however, the mole-
cular ion structure has the closest mobilities to the para-
protonated structure. For all species, even though there is an
offset, the mobility for the para-protonated species and the
molecular ion species in nitrogen is nearly the same for 3-
fluoroaniline and aniline, and different enough for 2-
fluoroaniline and 4-fluoroaniline that these two species can
be separated in the HiKE-IMS. It is also possible that the
mobility of these species are too similar in air to be resolved.
Therefore, the appearance of the 3 peaks depends on the ability
to gain a resolving power high enough to separate the mole-
cular ion peak from the para-protonated peak.

Conclusions

HiKE-IMS offers unique opportunities to examine ion chemis-
try through the independent, variable electric fields in the
reaction and drift regions. Here, changing the E/N separately
in those regions allows for a closer examination of the ioniza-
tion and separation of aniline as independent processes. Pre-
vious literature in different IMS platforms including traveling
wave, TIMS, and drift tube IMS have never been able to fully
baseline resolve the aniline peaks in the mobility domain
alone, i.e. the tails of both peaks always overlapped to some
degree.”’>*?® When observed in HiKE-IMS and HiKE-IMS-MS,
both peaks were always baseline separated, reaching a max-
imum resolving power of 118, and each peak possessed the
same m/z as reported in previous literature. Additionally, chan-
ging the drift region reduced electric field strength had no
change on the speciation of each peak whereas increasing the
reduced electric field strength in the reaction region changed
the speciation from the protonated peak as the most abundant
to the molecular ion peak as the most abundant. Greater
electric field strengths were required to change the speciation
when water was added as a reactant gas or when the buffer gas
was changed from air to nitrogen. These observations when
changing the ionization conditions and the parameters of the
drift region separately determine that aniline speciation is
dependent on ionization conditions only in this study.

An additional finding when the buffer gas was changed to
nitrogen was the appearance of a third peak for both 2-
fluoroaniline and 4-fluoroaniline, where the third peak for 4-
fluoroaniline was baseline-resolved from the other two peaks
for the first time in the literature. This third peak was a
protonated ion in the mass spectra suggesting showing for
the first time that the C-protonated isomer can be separated in
the mobility domain, without requiring a mass spectrometer,
from the molecular ion aniline and also illustrates for the
first time changing the drift gas from air to nitrogen
can separate structural isomers. Additionally, the separation
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of para-protonated and molecular ion peaks may not be exclu-
sive to aniline compounds and should be explored using other
benzene derivatives such as toluene or phenol, or by changing
the substituents at the para and ortho positions. As more ion
mobility spectrometry instruments develop with higher resol-
ving powers, more complex ionization mechanisms, thermo-
dynamics, and the separation of distinctly different ion
structures can be accomplished.
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