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Here we report the first High Kinetic Energy-Ion Mobility Spectrometry-Mass Spectrometric (HiKE-IMS-
MS) investigations involving four fluranes; isoflurane, enflurane, sevoflurane and desflurane. Unlike
standard (atmospheric pressure) IMS, HiKE-IMS can detect these compounds in positive ion mode. This is
because its low-pressure environment (~ 14 mbar) and the associated short ion drift times in the HiKE-
IMS ensure the reagent ions O2

þ� and H3O
þ are present in the reaction region, and these can react with

the fluranes by dissociative charge and proton transfer, respectively. However, their ion intensities are
very dependent on the value of the reduced electric field (E/N) applied and the humidity of the air in the
reaction region of the HiKE-IMS. In this paper we explore the potential use of HiKE-IMS for air quality
control and breath analysis of fluranes. To help in the interpretation of the ion mobility spectra, and
hence the ion-flurane chemistry occurring in reaction region, a HiKE-IMS was coupled to a Time-of-Flight
Mass Spectrometer so that the m/z values of both the reagent and product ions that are contained within
the various ion mobility peaks observed could be identified with a high level of confidence. The de-
pendencies of the intensities of these ions as functions of E/N (30e115 Td) and humidity in the reaction
region are reported. A number of product ions have been observed only under low humidity conditions
(H2O volume-mixing ratio ~ 100 ppmv), including CHF2

þ and CHFCl þ for isoflurane and enflurane, CHF2
þ,

CF3þ and C3H2F5Oþ for desflurane, and CH3Oþ, CHF2þ, C3H3F4Oþ, C4H3F6Oþ and C4H3F6Oþ(H2O) for sevo-
flurane. It is interesting to note that CH3Oþ, CHF2þ, CHFClþ and CF3þ have shorter drift times than that
measured for O2

þ�. This is explained by resonant charge transfer reaction processes occurring in the drift
region: O2

þ� þ O2 # O2
þ�.O2 # O2 þ O2

þ�.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fluranes are common inhalation anaesthetics that are widely
used in surgery. These include, among others, the following three
highly volatile halogenated ethers: isoflurane (C3H2ClF5O), which
rch, University of Innsbruck,
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currently is the one most commonly used worldwide, desflurane
(C3H2F6O) and sevoflurane (C4H3F7O) [1]. Enflurane is now rarely
used as an inhalation anaesthetic, but, being a structural isomer of
isoflurane, it is of interest to include it in this study for comparison
with the reagent ion-isoflurane chemistry.

A possible biochemical pathway for the metabolism of iso-
flurane has been reported byHitt et al [2], with it beingmetabolized
to trifluoroacetic acid (CF3CO2H), HF and CO2. Sevoflurane is
considered to be metabolized in renal tissue cells by the iso-
enzymes cytochrome P450 2A1, 2A6 and 3A4, and hepatically by
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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P450 2E1 to hexafluoro-2-propanol [3]. However, the metabo-
lization rates of the fluranes are very low, resulting in low meta-
bolism; isoflurane z 0.3%, enflurane z 2e5%, desflurane z
0.02e0.03%, and sevoflurane z 3e6% [3]. The major loss of these
fluranes from the body is through urination and exhalation. Hence,
after surgery, an halogenated anaesthetic remains in a person’s
blood for some time, with a fraction becoming stored in fat (tissue
uptake) according to the blood-fat partition coefficient, lblood:fat [4].
The part of the anaesthetic that remains in the blood will be
delivered to the lungs by the systemic circulation. Diffusion from
the blood to the breath occurs, and the alveolar breath concentra-
tionwill therefore be dependent on the solubility of the anaesthetic
in blood, which is expressed by the blood-air partition coefficient
lblood:air [5]. The actual concentration of a given anaesthetic in end-
tidal breath will be directly related to the alveolar concentration
and hence indirectly to blood concentrations. Thus, an analysis of
exhaled breath provides a method to determine the levels of these
compounds circulating in the human body, and temporal mea-
surements can be used to investigate their washout characteristics
(the so-called pharmacokinetics) from the body. The clearance of a
flurane out of the body will depend on many factors such as a pa-
tient's health, body-mass-index, type of ventilation during surgery,
and the duration of the surgery [4]. In addition, any premedication
before the administration of an inhaled anaesthetic can also affect
the washout, as has been shown in a study involving morbidly
obese patients [6].

Ideally, exhaled breath volatiles should be analysed in real-time
to limit sampling issues. Another, and perhaps more important,
application for the real-time monitoring of inhalation anaesthetics
is for determining occupational health exposure in medical settings
(e.g., in operating theatres and post-anaesthetic care units) [7]. One
analytical technique that is well proven for the detection of breath
volatiles in clinical environments is Proton Transfer ReactioneMass
Spectrometry, PTR-MS [8e13]. Using PTR-Time-of-Flight-MS (PTR-
TOF-MS), Mal�askov�a et al investigated in detail the reactions of
H3Oþ with the four fluranes associated with this study, with that
investigation focussing on the potential real-time monitoring of
volatile halogenated anaesthetics in breath [14]. For that study the
reagent ions were generated via a series of ion-molecule reactions
following an electrical discharge in a hollow cathode containing a
mixture of air and water [15]. Upon entering the drift (reaction)
region, these reagent ions reactedwith trace levels of the individual
fluranes introduced in trace quantities (~ 400e500 parts per billion
by volume (ppbv)) via an air carrier gas flow into the front-end of
the drift tube. At the end of the drift tube, a fraction of the reagent
and product ions entered the TOF-MS for analysis to determine
their mass-to-charge ratios (m/z) [16]. The dependence of the
product ion distributions on the reduced electric field (E/N), which
is the ratio of the electric field (E) to the buffer gas density (N) in the
drift tube, was investigated over a range from 80 to 220 Td (where 1
Td ¼ 10-21 V m2). The product ions identified in that PTR-TOF-MS
study with high intensities were CHFClþ(m/z 66.98) for isoflurane
and enflurane, C3H2F5Oþ(m/z 149.00) for desflurane, and
C4H3F6Oþ(m/z 181.01) for sevoflurane, with all them/z values being
given for the lightest isotopomer. Earlier studies involving lower
mass resolution PTR-quadrupole-MS and Selected Ion Flow Tube
Mass Spectrometer (SIFT-MS) systems investigated the reactions of
H3Oþ with sevoflurane [17]. C4F7OH2

þ was mainly found in the PTR-
quadrupole-MS study, while C4F6H2OHþ was predominantly found
in the SIFT-MS investigation. Another SIFT-MS study reported the
ion chemistry of H3Oþ and O2

þ� with sevoflurane and isoflurane
[18].

Although PTR-TOF-MS and SIFT-MS are ideal for discovery
studies and excellent analytical tools in a research environment,
they are both expensive and complex analytical tools that are
2

unsuitable for routine point-of-care (PoC) clinical measurements.
IonMobility Spectrometry (IMS) is better suited for this owing to its
good detection limits (double-digit parts per trillion by volume
(pptv) range) and portability, being also available in miniaturized
form, as shown by Ahrens et al [19]. In addition, IMS does not
require major training to use, so that PoC applications become
straightforward for medical staff, although certain PTR-MS appli-
cations nowadays also run automatically.

A recent development in IMS is High Kinetic Energy-Ion
Mobility Spectrometry (HiKE-IMS), as described first by Lange-
juergen et al [20]. Here we investigate its potential analytical
application for detecting the four inhalation anaesthetics in posi-
tive polarity mode, under relatively dry buffer gas conditions, e.g.,
for use in determining air quality in operating theatres or in re-
covery rooms, and under more humid conditions, e.g., for use in
volatile breath analysis.

Unlike a classic IMS system, which operates at just above the
pressure of the atmosphere where the instrument is located, the
HiKE-IMS is operated at much lower pressures of between 10 and
40 mbar. Therefore, using typical atmospheric pressure IMS drift
tube voltages, E/N strengths up to 120 Td can be readily reached in
the HiKE-IMS, making it comparable to those used in standard PTR-
TOF-MS operation, but at much lower instrumental size and cost.
However, unlike PTR-TOF-MS, for which H3Oþ is the dominant re-
agent ion over a large E/N range, with HiKE-IMS operating in air a
number of reagent ions are observed to be present with significant
intensities, namely (and in order of observed drift times (see later)),
NOþ(H2O)m (m ¼ 0 and 1), H3Oþ(H2O)n (n ¼ 0, 1, 2 and 3) and O2

þ�

[21e23]. Their relative intensities and the cluster sizes depend not
only on the value of E/N, which determines the ion-neutral colli-
sional energies and the reaction/drift times of the ions, but also of
course on the humidity of the air in the drift tube. For fixed E/N (and
hence fixed reaction/drift times) clustering with water molecules
increases with increasing humidity in both the reaction and drift
regions [24].

To determine the potential analytical application of HiKE-IMS to
detect the four specified fluranes, either in a room environment
(e.g., in operating theatres or in post operation recovery rooms) or
in exhaled breath, we report here details on their ionmobilities and
identify the product ions as a function of E/N over a range of 30e120
Td under normal humidity operating conditions, ~ 0.5% relative
humidity (rH), and higher humidity conditions, ~ 25% rH, for the
inlet (sample) air flows entering the reaction region. The airflow in
the drift region was maintained at ~ 0.5% rH for all measurements.

2. Methods

2.1. High Kinetic Energy - Ion Mobility Spectrometer (HiKE-IMS)

Information on the HiKE-IMS and its operating parameters have
already been published in detail elsewhere [21,25]. Here we will
only provide information pertinent to this study. In brief, the HiKE-
IMS was operated at 14 mbar and maintained at just above room
temperature (35 oC) using a temperature-controlled housing, with
the sample gas inlet located opposite to its ionisation source, which
is a corona discharge built in a point-plane design (corona needle
APCI, Agilent Technologies) operating at 1300 V [21]. The drift gas is
introduced into the HiKE-IMS near to the end of the drift tube. Both
the drift and sample gases flow in the same direction, being
pumped out of the instrument using a membrane pump (MVP 40,
Pfeiffer Vacuum) connected to the front end (corona discharge re-
gion) of the HiKE-IMS. The outlet gas flow was controlled by an
EVN-116 gas dosing valve (Pfeiffer Vacuum). A CMR-362 capacitive
pressure gauge (Pfeiffer Vacuum) was used for monitoring the
pressure in the drift tube (see Fig. 1 in Allers et al for clarification of
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the positions of the membrane pump and the sample and drift gas
inlets [26]).

The reaction and drift regions have lengths of 7.7 cm and
30.6 cm, respectively, with each having its own individual voltage
supply to permit independent adjustment of the E/N values over
the range of 30e120 Td. For this study, the E/N values were kept the
same in both regions, but it should be appreciated that differing E/N
can be applied to the separate sections in the drift tube, which
could be used, for example, to manipulate the ion-chemistry in
order to enhance analytical sensitivity and selectivity. Drift times in
the reaction and drift regions are dependent on the value of E/N. In
this study, the drift region E/N value was maintained at between
115 and 120 Td. This results in drift times for the reagent ions of
Fig. 1. HiKE-IMS-TOF-MS positive reagent ion percentage distributions for experimental (left
purified air for both the sample and drift gases as a function of E/N. For clarity, the three type
(b) NOþ(H2O)m (m ¼ 0, 1 and (only for simulation) 2), and (c) O2

þ� are shown separately for e
made for any m/z transmission dependencies in the system.

3

between 300 and 400 ms, which is significantly less than the drifts
times for IMS systems (typically tens of ms), and more comparable
to the reaction (and drift) times associated with PTR-MS systems
[16].

Sample and drift gases were connected via 250 mm inner
diameter capillaries to the HiKE-IMS with lengths adjusted to
provide 19 mL/min (millilitre standard per minute) flow rate (at
reference conditions of 20 �C and 1013.25 hPa). The drift gas mixes
within the reaction regionwith the sample gas. To provide purified
dry air, a zero-air generator (JAG, JAGZAG600S) followed by a
pressure swing absorber (Parker, K-MT 3 LAB), a moisture trap
(<1 parts per million by volume (ppmv) water) and a hydrocarbon
filter were used. However, due to diffusion through various seals
side of figure) and simulated (right side of figure) values using dry (~ 100 ppmv of H2O)
s of reagent ions, namely (a) H3Oþ(H2O)n (n ¼ 0, 1, 2, 3, and (only for the simulation) 4),
ase of comparison. In determining the percentage distributions, no allowance has been
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and tubing, the residual water volume-mixing ratio in the HiKE-
IMS significantly exceeds 1 ppmv. To avoid variations in the HiKE-
IMS, and for what we will define as normal operating (humidity)
conditions, the humidity in the IMS was intentionally set to provide
a H2O volume-mixing ratio of ~ 100 ppmv, providing a residual
backgroundwater of ~ 0.5% rH. Themeasurements were then either
carried out with this normal operating (relatively dry) air flow (~
0.5% rH) for both the sample and drift gases, to mimic the condi-
tions for potential analytical use in air quality control, or with a
higher humid air flow into the reaction region (~ 25% rH), whilst
retaining the normal operating drift gas humidity, in order to assess
its value for breath-flurane measurements. The water volume-
mixing ratio in the sample inlet airflow was varied by mixing the
supplied purified air with purified air that was passed through a
water container. With humid sample and normal operational drift
air flows, the humidity of the air exhausting from the reaction re-
gion was measured to be ~ 2000 ppmv (~ 10% rH), as measured by a
dew point sensor (Michell Instruments, Easidew Transmitter).
However, the humidity of the air in the reaction region of the HiKE-
IMS is expected to be slightly lower than this value, because the
humidity measurement was taken before the dew point sensor
reached a stable signal (which can take days).

Reagent ions generated in the ionisation region and product
ions created through reactions with the reagent ions in the reaction
region migrated under the influence of the applied electric field
towards an ion-gate. Using a square wave pulse of 1 ms width
operating at a frequency of between 100 and 500 Hz, ions were
pulsed into the drift region of the HiKE-IMS’s drift tube. Ion cur-
rents were measured at the end of the drift region by using a
Faraday plate that was connected to a fast current amplifier (Femto,
DLPCA-200, 400 kHz, 1 � 107 V/A). These currents, recorded as a
function of drift time, generated the ion mobility spectral profiles.
The HiKE-IMS resolving power (R) varies from amaximum of about
R ¼ 140 at 120 Td to a minimum of approximately R ¼ 80 at 30 Td.

For themass spectrometric measurements a secondHiKE-IMS of
slightly different design from the one used to measure the ion
mobility spectra was coupled to a self-built time-of-flight mass
spectrometer (TOF-MS). This second HiKE-IMS contained a second
ion-gate that had been incorporated into the instrument near to its
three-gate construction at the end of the drift tube. This second ion
gate was operated by being either (i) fully opened in order to allow
a percentage of all of the ion types (reagents and products)
continuously through to the ion transfer region and then into the
mass spectrometer or (ii) gated to allow ions that have a selected
range of drift times through for m/z analysis in order to determine
which ions are associated with a given ion mobility peak. The
transmission efficiencies of the ions between the drift tube and the
MS ion detection are very low, as is true for all IMS-MS systems in
general, because only an extremely small percentage of ions will
pass through to the detection region. This can be quantified by
comparing the count rates per second for a given m/z in the mass
spectra compared to its ion mobilty intensity (see results later).
However, this is not an issue here for identifying them/z of the ions
given the sensitivity of the MS.

2.2. Ion transfer and time-of-flight-mass spectrometer regions

Details of the self-built TOF-MS and its coupling to the HiKE-IMS
are provided by Allers et al [21]. In brief, a percentage of the reagent
and product ions exited the drift tube region via a pinhole of
0.8 mm diameter that is at the centre of the three gate construction
to enter the ion transfer region, whichwasmaintained at a pressure
of 3 � 10-3 mbar by using a turbo pump (Pfeiffer Vacuum, HiPace
300). The transferred ions were then drawn towards a skimmer
cone, placed at a distance of 2 cm behind the Faraday plate, that
4

itself contains a central hole of 1.0 mm diameter. Through this, the
ions entered the TOF-MS detection region, which was operated at a
pressure of 6 � 10-6 mbar, being maintained by the turbo pump
used for the ion transfer region.

The TOF-MS consists of an orthogonal acceleration path, ac-
cording to theWiley-McLaren arrangement, a short linear field free
flight path (28.5 cm), and a microchannel plate as the detector for
the ions. The mass resolution (m/Dm) of the TOF-MS is low, being
only approximately 80 at an m/z of about 100, but this is sufficient
to provide reasonably accurate peak positions. Given that we know
what volatile analyte is introduced into the system, the molecular
formula of the product ions can usually be determined with little
ambiguity. As mentioned above, depending on how the second
HiKE-IMS ion-gate is used, two modes of recording mass spectra
are possible, namely: Total Ion Mode (all types of ions transmitted
through) or Selected Ion Mode (selected ions only transmitted
within a given range of drift times). The spectrum-to-spectrum
acquisition rate of the TOF-MS was set to 2 kHz.

For Total Ion Mode, both ion gates are left open, so that a per-
centage of the reagent and product ions present at the end of the
drift tube is continuously transferred into the TOF-MS, as described
by Allers et al [21]. A mass spectrum is acquired for a selected
acquisition period (in this study 90 s was used) at fixed specified
values of E/N. Once a mass spectrum is completed, the voltage
across the drift region is increased to raise the E/N value, and
another mass spectrum is recorded. In this way, for this study, mass
spectra were recorded over an E/N range of 30e115 Td in steps of 5
Td, with threemass spectra being recorded and averaged for each E/
N value. A Gaussian was fitted to each ion mass spectral peak, and
the corresponding areas were averaged for each E/N value.

For Selected Ion Mode, only ions arriving at the second ion-gate
with a pre-defined range of drift times were injected into the TOF-
MS, allowing the recording of mass spectra associated only with
specified ion mobility regions (full peaks or selected parts of peaks
for which shoulders are present). This was achieved by pulsing the
first gate and then opening the second grid at the end of the drift
region at a specific time after the first gate is opened and for a
desired drift time interval. Thus, in this mode of operation, ions
with specificm/z values could be assigned to specific regions in the
ion mobility spectra.

2.3. Fluranes

Surgical grade inhalation anaesthetics were used for the present
studies. Enflurane (CAS: 13838-16-9) was purchased from Abbott
Products Operations AG, isoflurane (CAS: 26675-46-7) and sevo-
flurane (CAS: 28523-86-6) came from AbbVie, and desflurane (CAS:
57041-67-5) was sourced from Baxter International. All were used
without further purification. Individual fluranes were introduced
into the reaction region of the HiKE-IMS using a permeation tube
placed inside the inlet line that is coupled to the reaction region.
Permeation tubes were created from low-density polyethylene pi-
pettes (Baxter International) and maintained at 35 oC in the inlet
line. Diffusion through the permeation tubes, at known measured
rates, provided sufficient flurane concentrations in the reaction
region of the HiKE-IMS to provide good ion mobilty peaks and
sufficient product ion intensities, but for which the reagent ion
signals were still present. This was done in order to minimise
possible secondary product ion-flurane reaction processes.
Through this method, anaesthetics’ volume-mixing ratios in the
range of approximately 1.2e4.0 ppmv were achieved. The higher
concentration values were used for the mass spectrometric mea-
surements in order to increase the product ion intensities for higher
accuracy in the determination of their m/z values, and hence the
identification of the product ions with a higher level of confidence.
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Isotope ratios were also taken into account to aid in the identifi-
cation of the product ions.

2.4. Simulation of the reagent ion populations in HiKE-IMS

To simulate the reagent ion populations at the end of the reac-
tion region in the HiKE-IMS for fixed water concentration values as
a function of E/N, a simple kinetic model was used, based on kinetic
and thermodynamic data available in the literature. The kinetic
modelling used for the simulations presented in this paper is
described in detail in a previous work by Allers et al [26]. We also
adopted the simplified reaction scheme used by Allers et al (see
Fig. 2 of that paper). For this particular study, the following con-
ditions were used. An initial signal percentage intensity of
Fig. 2. Modelling the positive reagent ion concentrations in the HiKE-MS for (a) H3Oþ(H2O
centrations in the reaction region corresponding to volume-mixing ratios of 50 ppmv (left s
ion signal intensities for relatively small changes in water concentrations.

5

NOþ(H2O)m (m¼ 0,1, 2 and 3) to be 20% between 30 and 115 Tdwas
applied for the simulation. This was based on the observation that
this is the approximate measured percentage of NOþ(H2O)m (m ¼ 0
and 1) compared to the total reagent ion signals. N2

þ� and O2
þ� initial

relative intensities were set to the same ratio as their correspond-
ing neutral abundances found in air. This assumes that the ionisa-
tion efficiency for N2 and O2 in the corona discharge are the same
and ignores the formation of Oþ� and Nþ precursor ions. Thus, in
summary, for the simulations, we started with the relative pre-
cursor ion abundances to be N2

þ� ¼ 0.63, O2
þ� ¼ 0.17 and NOþ ¼ 0.2.

Using Van’t Hoff's theorem [27], and the standard molar entropy
and enthalpy change of the reactions, the rates of the back reactions
were also determined. The effective ion temperature used in the
reactions for specific E/N values was determined from the Wannier
)n (n ¼ 0, 1, 2, 3, and 4), (b) NOþ(H2O)m (m ¼ 0, 1 and 2), and (c) O2
þ� for H2O con-

ide of figure) and 150 ppmv (right side of figure) to demonstrate the sensitivities of the
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equation [28].

2.5. Density functional theory calculations

Density functional theory (DFT) calculations have been under-
taken to determine for the first time the values for the changes in
the gas-phase enthalpies (DH) and free energies (DG) of certain key
ion-molecule reactions leading to the formation of the reagent ions
(see equations (1) e (9) later). These calculations were conducted
using the Gaussian09W program with the GaussView05 for Win-
dows interface and the B3LYP functional with 6e31 þ G(d,p) basis
set at 298 K [29]. It should be noted that the translational tem-
perature of the ions (the effective ion temperature) is higher than
this due to the presence of the electric field (as expressed by the
Wannier equation previously mentioned). However, this is not
considered important, because the energetics are used only as a
guide in this paper to help understand the key ion reaction
processes.

3. Results and discussion

3.1. Reagent ion distributions as a function of E/N using “normal”
operating (low humidity) air (H2O volume-mixing ratio ~ 100 ppmv)
for both sample and drift gas flows

Compared to HiKE-IMS, for normal atmospheric pressure IMS
systems operating in positive ion mode and using air as the buffer
gas, the effect of the high pressure leads to an increased number of
reactions per unit time and increased reaction (drift) times, which
in turn leads to complete conversion of all the precursor ions
(mainly N2

þ� and O2
þ�, but also NOþ) to the terminal reagent ion

species H3Oþ(H2O)n (n ¼ 0, 1, 2, 3, …). Together, these terminal
H3Oþ(H2O)n reagent ions result in just one dominating reagent ion
peak (RIP) being observed in the ionmobility spectrum (ion current
versus ion drift time) owing to their interconversion during transit
through the drift region of the IMS’s drift tube.

Compared to atmospheric pressure IMS instruments, under the
operational parameters of the HiKE-IMS system, also operating in
positive ion mode, the associated low reaction and drift regions’
pressure and the decreased number of reactions and drift times
lead to incomplete conversion of the precursor ions to the terminal
ions, namely H3Oþ(H2O)n. This lack of ion conversion leads to three
types of reagent ions being present in the reaction region of the
drift tube, which in the mass spectra are measured to be
H3Oþ(H2O)n (n ¼ 0, 1, 2, and 3), NOþ(H2O)m (m ¼ 0 and 1), and O2

þ�,
with their intensities being very much dependent on the E/N value
for fixed humidity. When these ions are pulsed into the drift region,
differences in their ionmobilities result in threewell separated RIPs
being measured in the ionmobility spectrum, as is illustrated in the
paper by Allers et al (see Fig. 4 of that paper) [21]. In addition, in this
study two other reagent ions, namely NO2

þ and O4
þ�, have also been

detected. However, as these were found to have negligible in-
tensities compared to the other reagent ions (typically <1% of the
total reagent ion signal) they are not considered important for
analytical purposes, and hence they will not be discussed in any
detail in this paper. Although the presence of three types of reagent
ions in the reaction region can make the ion chemistry involving a
neutral analyte more complex than would occur in high pressure
IMS systems, their simultaneous presence can be used to improve
volatile selectivity, which is achieved in PTR-TOF-MS normally by
switching reagent ions [30].

Fig. 1 provides information on the measured and simulated
percentages of the three reagent ions (including water clusters)
determined using the total ion mode mentioned above, namely
Fig. 1 (a) for H3Oþ(H2O)n, (b) for NOþ(H2O)m, and (c) for O2

þ� as a
6

function of E/N and when using purified air with a volume-mixing
ratio of H2O ~ 100 ppmv as the buffer gas in both the reaction and
drift regions of the HiKE-IMS. For the simulations a water volume-
mixing ratio was set to exactly 100 ppmv. The simulations show
that the reagent ion signal intensities for NOþ(H2O)m, H3Oþ(H2O)n,
and O2

þ� are very sensitive to the value of the water concentration
used. This is illustrated in Fig. 2 for simulated ion intensities using
H2O at concentration values corresponding to volume-mixing ra-
tios of 50 ppmv (left side of figure) and 150 ppmv (right side of
figure). Using H2O volume-mixing ratios of 50 ppmv and 150 ppmv
compared to the experimental value of ~ 100 ppmv, it can be seen
from these reagent ion simulations that there is a poorer agreement
to the experimental values than that obtained in the simulation
using an H2O volume-mixing ratio of 100 ppmv. This is particularly
true for the NOþ(H2O)m and O2

þ� signal intensities. The comparison
of all simulated reagent ion intensities to the experimental values
for the H3Oþ(H2O)n reagent ions is discussed later.

In order to understand why NOþ(H2O)m and O2
þ� remain as re-

agent ions in the HiKE-IMS, and not in a standard atmospheric
pressure IMS system, and to explain their intensity dependences on
E/N (effectively their dependence on reaction (drift) times and
collisional energy), the ion chemistry and collisional induced pro-
cesses that are occurringwithin the reaction and drift regions of the
HiKE-IMS need to be considered. Although this has been discussed
to some extent by Allers et al [26], here we provide more details on
these processes and combine themwith DFTcalculations to provide
the associated changes in enthalpy and free energy in order to have
a firmer knowledge on the thermochemistry of the various ion
reaction processes. Perhaps the most interesting observation is the
dramatic increase in the percentage of the O2

þ� reagent ions with
increasing E/N, which at first glance may seem strange, and hence
we shall start with this.

3.1.1. Formation and loss of the O2
þ� reagent ions

The observed increase in intensity of O2
þ� with increasing E/N

can be explained by the corresponding decrease in the associated
reaction times and the decreasing water clustering owing to the
higher collisional energies involved leading to rapid declustering.
The results shown in Fig. 1(c) suggest that for low E/N (<50 Td)
there is sufficient reaction time and limited collisional induced
dissociation for the production of O2

þ�(H2O) that can lead to a re-
action sequence resulting in the production of hydronium ions and
hence the complete removal of O2

þ� containing ions from the re-
action region. Ion-molecule reaction mechanisms that are based on
those proposed in the 1960s and 1970s for lower atmospheric
chemistry can be adopted here to explain our observations [31e35],
which have been also adopted for use in the paper by Allers et al
[26].

Following production of O2
þ� in the HiKE-IMS ionisation source,

via direct electron impact ionisation of O2 through an electrical
discharge in the corona source, or through a charge transfer reac-
tion with N2

þ� [36], which itself is created through an electrical
discharge that ionizes N2, the initial process involves the formation
of O2

þ�(H2O)p (p ¼ 1 and 2) via the following association processes:

O2
þ� þ H2O / O2

þ�(H2O) DH ¼ -181 kJ mol-1 DG ¼ -149 kJ mol-1 ,(1)

and

O2
þ�(H2O)þH2O/O2

þ�(H2O)2DH¼ -106 kJ mol-1DG¼ -72 kJ mol-1

. (2)

Following formation of O2
þ�(H2O), and according to Fehsenfeld

et al [31], a follow-on reaction with H2O leads to the product ion
H3Oþ(OH�) via a fast exchange reaction at a rate coefficient of
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k ¼ 1.9 � 10-9 cm3 s-1, which is close to the collisional value:

O2
þ�(H2O) þ H2O / H3Oþ(OH�) þ O2 DH ¼ -43 kJ mol-1 DG ¼ -

44 kJ mol-1 . (3)

However, this pathway must first involve the formation of
O2
þ�(H2O)2, because this is the most favourable route, both ther-

modynamically and mechanistically, which sequentially makes an
intramolecular rearrangement to the proposed bimolecular reac-
tion pathway (3). Thus,

O2
þ�(H2O)2/H3Oþ(OH�)þ O2 DH¼þ65 kJ mol-1 DG¼þ28 kJ mol-

1 , (4)

with the overall process of O2
þ� þ 2(H2O) leading to H3Oþþ OH� þ

O2 being exoergic, DH ¼ -125 kJ mol-1 and DG ¼ -125 kJmol-1.
H3Oþ(OH�) can also be rapidly converted to H3Oþ(H2O) via a
switching reaction involving the replacement of OH� with H2O:

H3Oþ(OH�) þ H2O / H3Oþ(H2O) þ OH� DH ¼ -59 kJ mol-1 DG ¼ -
55 kJ mol-1 . (5)

The amount of conversion of O2
þ� to H3Oþ(OH�), and hence ul-

timately to H3Oþ(H2O), for fixed humidity, will be dependent on the
reaction times and collisional energies as defined by E/N. Hence,
with continuously increasing E/N, the ever decreasing reaction time
and increasing collisional energy lead to a continuing reduction in
the conversion of the O2

þ� ions to protonated water clusters, so that
within the HiKE-IMS system O2

þ� becomes the dominant reagent
ion species after about an E/N value of 80 Td under normal oper-
ating conditions. Given the high amount of oxygen in the system,
O2
þ� will also be associating with O2 to form O4

þ�, and then a sub-
stitution reaction with water can lead to O2

þ�(H2O) þ O2, i.e., O4
þ�

will also be lost through deionization, which ultimately leads to the
production of protonated water clusters. Moreover, O2

þ� can also
react via a bimolecular process with O2 via resonant charge trans-
fer. This has important implications for the ion mobility of O2

þ� in
the drift region of the HiKE-IMS when operating in air. This is
discussed later in section 3.4, which deals with the ion mobility
spectra.

3.1.2. Formation and loss of the H3O
þ(H2O)n (n ¼ 0, 1, 2 and 3)

reagent ions
Formation of H3Oþ(H2O)n (with n ¼ 0, 1, 2 and 3 for the exper-

imentally observed ions found in this study) also takes place
through the same reaction processes as occurs in atmospheric
pressure IMS systems e namely sequential clustering, with the
distribution of the H3Oþ(H2O)n clusters being dependent on the
humidity, gas temperature, and the type of buffer gas, and in the
case of HiKE-IMS the value of the E/Nwithin the drift tube. H3Oþ is a
short lived intermediate in atmospheric pressure IMS systems, and
therefore the dominant reagent ions are H3Oþ(H2O)n (n > 1).
However, given the much higher values of E/N that are operating in
the HiKE-IMS system, collision-induced dissociation of these ions
results in rapid declustering (loss) and hence sufficient H3Oþ ion
intensities that increase with increasing E/N. Under the HiKE-IMS
operational conditions used in this study with low humidity air
(~ 100 ppmv) (normal operating conditions), the mass spectral
analysis indicates that H3Oþ appears to have become the dominant
water containing reagent ion available for reaction above approx-
imately 90 Td, although at somewhat lower concentrations than
that found for O2

þ�. However, compared to the simulations, the
experimental mass spectrometric values indicate that far less water
clustering is observed to occur than should be expected (see Fig. 1).
In the simulations, even protonated water clusters up to n ¼ 4
7

(although in small amounts) are found. However, the simulations
do not reflect any possible collisional induced processes that occur
in the transfer region between the end of the drift tube of the HiKE-
IMS and the TOF-MS, as discussed by Allers et al [22]. If this occurs,
as is suggested from a comparison of the simulated to experimental
reagent ion percentages, there is no reason to expect a simple one-
to-one correspondence between what is detected at the micro
channel plate of the TOF-MS and the actual protonated water
cluster distribution that is present in the drift tube of the HiKE-IMS
for a fixed E/N value. Thus, the simulations may provide more
realistic information on what is actually present for the protonated
water cluster distributions in the drift tube of the HiKE-IMS than
the experimental mass spectrometric values provide. However,
given the simplicity of the simulations, they can only provide semi-
quantitative information at best. Furthermore, the simulations
cannot be a completely accurate representation of what is present,
because other studies have shown that there must be significant
H3Oþ available for reaction in the HiKE-IMS for E/N above about 90
Td, even when the reaction region is under high humidity condi-
tions [37].

3.1.3. NOþ(H2O)m (m ¼ 0 and 1) reagent ions
Unlike O2

þ� and H3Oþ(H2O)n, the NO þ reagent ions do not
demonstrate a strong dependence on E/N, only NOþ(H2O) shows
any dependence. This is largely due to the fact that to convert NOþ

to the terminal protonated water clusters, NO(H2O)3þ needs to be
formed [35]. Here we propose that initially third body association
occurs:

NOþ þ H2O / NOþ(H2O) DH ¼ -118 kJmol-1 DG ¼ -88 kJ mol-1(6)

and

NOþ(H2O)þH2O/NOþ(H2O)2DH¼ -84 kJmol-1DG¼ -45 kJ mol-1

. (7)

Intramolecular rearrangement of NOþ(H2O)2 via a transition
state leading to H3Oþ(HONO) is calculated to be endoergic:

NOþ(H2O)2 / H3Oþ(HONO) DH ¼ þ78 kJ mol-1 DG ¼ þ86 kJ mol-
1. (8)

However, following a third association, intramolecular rearrange-
ment leading to a reagent ion not containing NO then becomes
thermoneutral:

NOþ(H2O)3 / H3Oþ(H2O)þ HNO2 DH ¼ -6 kJmol-1 DG ¼ -1 kJ mol-
1. (9)

Given that the NOþ signal intensities (percentages) remain
stable throughout the E/N range investigated, we can safely assume
from the experimental and simulated results presented in Fig. 1(b)
that only a small contribution to the H3Oþ(H2O) signal occurs via
pathway (9), and then only at very low E/N (<40 Td).

3.2. Reagent ion distribution as a function of E/N using humidified
sample air (at inlet an H2O volume-mixing ratio of ~4000 ppmv) and
“normal” (low humidity) drift air (H2O volume-mixing ratio of ~100
ppmv)

Fig. 3 provides information on the measured and simulated
percentages of the reagent ions as a function of E/N over the range
of 30e115 Td. This shows a dramatic change in ion signal intensities
compared to the lower humidity (~ 100 ppmv) measurements
presented in Fig. 1. Instead of three, only two types of reagent ions



Fig. 3. HiKE-IMS-TOF-MS positive reagent ion percentage distributions (measured and simulated) using humidified (~ 4000 ppmv) sample and dry drift (~ 100 ppmv) inlet air flows
as a function of E/N. For clarity, the three types of reagent ions, namely (a) H3Oþ(H2O)n, (b) NOþ(H2O)m, and (c) O2

þ� are shown separately. To determine the experimental per-
centages, no allowance has been made for any m/z transmission dependencies. An H2O volume-mixing ratio of 1555 ppmv simulated the best O2

þ� signal in comparison to the
experimental measurements.
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are now experimentally found to be dominant, namely H3Oþ(H2O)n
(n¼ 0, 1, 2 and 3) and NOþ(H2O)m (m¼ 0 and 1). It can be seen that
the O2

þ� signal is significantly suppressed compared to that for
which both the sample and drift gas flows are under relatively dry
(~ 100 ppmv) conditions. This is because at the higher humidity in
the reaction region the formation of O2

þ�(H2O) and O2
þ�(H2O)2 ions

is favoured over the full range of E/N, which in turn react with water
to form ultimately the H3Oþ(H2O)n terminal reagent ions before
entry to the drift region. To obtain a good qualitative agreement
with the experimental observation, a water volume-mixing ratio
value of 1555 ppmv had to be set for the simulations, which is less
than that measured entering from the reaction region (~ 4000
ppmv). However, it needs to be appreciated that only relatively low
8

humid air is used as the drift gas, which will lower the volume-
mixing ratio in the reaction region. In agreement with this, a wa-
ter volume-mixing ratio is measured to be ~ 2000 ppmv in the
exhaust line.

3.3. Product ion distribution as a function of E/N for “normal” (low
humidity) air (H2O volume-mixing ratio of ~100 ppmv) for both
sample and drift gas flows

Fig. 4 shows the product ions detected under normal operating
conditions (H2O ~ 100 ppmv) as a function of E/N. As described
above, these product ions predominantly result from reactions with
O2
þ�, but also to some extent H3Oþ. Based on the ionisation energy



Fig. 4. Product ion signals (total counts over a 90 s integration time) for the enflurane, isoflurane, desflurane, and sevoflurane in purified dry air (sample and drift gas at ~ 100 ppmv)
as a function of E/N. Measurements for each E/N value were taken three times and the associated standard deviation is shown as error bars.
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of enflurane at 11.7e12.2 eV [38], and the fact that the RIP associ-
ated with the NOþ containing reagent ions does not show any
decrease in intensity when the fluranes are introduced into the
reaction region (see Fig. 5) we can exclude electron transfer to the
NOþ containing reagent ions from any of the four fluranes. This is in
line with the low recombination energy of NOþ (9.26 eV). NOþ
Fig. 5. HiKE-IMS ion mobility spectra recorded under normal operating airflow conditions (H
of 115 Td containing (a) no analyte and with (b) enflurane, (c) isoflurane, (d) desflurane an

9

could potentially react via a three body process with the fluranes to
form adducts, as has been observed in a SIFT-MS study with iso-
flurane (NOþ.C3H2ClF5O) and seveoflurane (NOþ.C4H3F7O) [18], but
SIFT-MS studies are undertaken under thermal (300 K) conditions,
i.e., collisional induced dissociation would not have occurred in the
flow tube of the instrument. Given the higher non-thermal
2O volume-mixing ratio ~ 100 ppmv) used for both sample and drift airflows at an E/N
d (e) sevoflurane having been introduced into the reaction region in trace amounts.
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collisional energies involved in the HiKE-IMS, no adduct ion, even if
formed, is likely to survive in the reaction or drift regions. Indeed
none is observed in the mass spectra, unless of course they frag-
ment in the ion transfer region, which cannot be completely ruled
out, especially at low E/N values.

For the two isomers, enflurane and isoflurane, two product ions
have been identified in the mass spectra at m/z 51 (CHF2þ) and m/z
67/69 (CHFClþ). For enflurane, two other m/z peaks were observed
in themass spectra, at approximatelym/z 98 andm/z 100. However,
their associated intensities were extremely low, which made
definitive m/z assignment and hence product ion identification
difficult. Therefore, we investigated the reactions of enflurane (and
all the other fluranes) with O2

þ� using a high sensitive (> 2000 cps/
ppbv, with a detection limit < 1 pptv (in 60 s)) and high mass res-
olution (>6000 m/Dm (FWHM)) PTR-TOF-MS, namely an Ionicon
Analytik GmbH PTR-TOF 6000� 2 [39]. The full results of that study
will be the subject of another paper. Here we just confirm that two
spectral peaks (among others) in the mass spectrum that results
from the reaction of O2

þ� with enflurane are observed at m/z 97.97
and 99.97, with their relative intensities in the ratio of approxi-
mately 3 to 1, respectively, which is consistent with the corre-
sponding product ion containing one chlorine atom. Given this, and
that the measuredm/z peak positions are at a high accuracy, we can
state that the product ion that produces low intensity signals at
about m/z 98 and m/z 100 in the HiKE-IMS-MS measurements
result from C2HF2Clþ. Three product ions are observed for des-
flurane atm/z 51 (CHF2þ),m/z 69 (CF3þ), andm/z 149 (C3H2F5Oþ). For
sevoflurane, product ions were observed atm/z values of 31, 51, 131,
181 and 199, which are assigned to be the product ions CH3Oþ,
CHF2þ, C3H3F4Oþ, C4H3F6Oþ, and C4H3F6Oþ(H2O), respectively. For
the last two sevoflurane product ions, i.e., C4H3F6Oþ and
C4H3F6Oþ(H2O), interconversion down the drift region must occur
because of their identical drift times. For convenience, Table 1
provides a summary of the relative intensities of the product ions
for three sample E/N values, namely 80, 100 and 115 Td.

Similar product ions to those observed in this study have been
reported from the PTR-TOF-MS and SIFT-MS studies [14,17,18]. A
direct quantitative comparison of the product ions between the
three analytical instruments is not useful owing to the presence of
the two reagent ions that react with the fluranes in the reaction
region of the HiKE-IMS and because of differences in sensitivities
for ion detection between the instruments. It is sufficient that good
qualitative agreement has been obtained between all soft chemical
Table 1
Product ion intensities in percentages at three E/N values of 80, 100, and 115 Td with ai
formula for the product ions are given, together with their nominalm/z values for themain
of ±10%.

Analyte,sum formula, monoisotopic-mass Product Ions nominal (m

enflurane CHF2þ (51)
C3H2ClF5O CHFClþ (67/69)
183.97 g mol-1

isoflurane CHF2þ (51)
C3H2ClF5O CHFClþ (67/69)
183.97 g mol-1

desflurane CHF2þ (51)
C3H2F6O CF3þ (69)
168.00 g mol-1 C3H2F5Oþ (149)

sevoflurane CH3Oþ (31)
C4H3F7O CHF2þ (51)
200.01 g mol-1 C3H3F4Oþ (131)

C4H3F6Oþ (181)
C4H3F6Oþ(H2O) (199)
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ionisation mass spectrometric and HiKE-IMS measurements.
However, we comment on one particular anomaly, that is of
CH2FOþ (m/z 49) being a significant product ion observed in the
two SIFT-MS studies of sevoflurane [17,18], but not in this HiKE-IMS
study or in our earlier PTR-TOF-MS investigation [14]. The study by
Wang et al [18] showed that this product ion results from reactions
with both H3Oþ and O2

þ�, with its intensity increasing with
increasing reaction length, which indicates that, in part, this could
also be a result of a secondary reaction. Thus, there are interesting
complications associated with the ion-chemistry of these fluranes
that need further investigation. This is further emphasised by the
additional observation of Wang et al that H3Oþ/sevoflurane ion
chemistry catalyses the production of H3Oþ.

According to the DFT calculated proton affinities (PAs) and gas
phase basicities (GBs) provided in the paper byMal�askov�a et al [14],
the four fluranes cannot react with protonated water clusters via
proton transfer. This is evident by comparing the calculated PA
(H2O) ¼ 684 kJmol-1 and GB (H2O) ¼ 653 kJmol-1 and PA
(H2O)2 ¼ 842 kJmol-1 and GB (H2O)2 ¼ 777 kJmol-1 with the
calculated PA (desflurane) ¼ 652 kJ mol-1 and GB
(desflurane) ¼ 638 kJ mol-1, PA (sevoflurane) ¼ 678 kJ mol-1 and GB
(sevoflurane) ¼ 660 kJ mol-1, PA (isoflurane) ¼ 670 kJ mol-1 and GB
(isoflurane) ¼ 665 kJ mol-1, and PA (enflurane) ¼ 662 kJ mol-1 and
GB (enflurane) ¼ 646 kJ mol-1 (with the PA and GB values given for
the fluranes corresponding to the most energetically favoured
protonation sites). Thus, proton transfer fromH3Oþ is close to being
thermoneutral for sevoflurane (DG298 ¼ -7 kJ mol-1) and isoflurane
(DG298 ¼ -2 kJ mol-1), and can be driven by the collisional energy
gained in the electric field for enflurane and desflurane, and
following this proton transfer dissociation in the product ions
rapidly occurs [14]. Proton transfer reactions with the protonated
water clusters are highly endoergic, and therefore cannot take
place. Moreover, as discussed above, and from the SIFT-MS study of
Wang et al [18], O2

þ� has sufficient recombination energy (12.07 eV)
to react with all the fluranes via dissociative charge transfer.

3.4. Reagent and product ions mobility spectra in the HiKE-IMS
under conditions of low humidity

Fig. 5 presents examples of the HiKE-IMS ion mobility spectra
using “normal” air in the drift tube (with an H2O volume-mixing
ratio of ~ 100 ppmv) for (a) reagent ions with no analyte present
(the RIPs) and the reagent and product ions for (b) enflurane, (c)
r as the buffer gas with a water volume-mixing ratio of ~ 100 ppmv. The molecular
isotopologues. Errors on percentages are conservatively estimated to be of the order

/z) Product Ion Intensities in %

80 Td 100 Td 115 Td

48 56 62
52 44 38

38 48 65
62 52 35

50 62 86
6 11 14
44 27 e

77 69 50
e 1 12
e 3 4
e 13 18
23 14 16



Fig. 6. HiKE-IMS ion mobility spectra for different inlet relative humidity (rH) sample airflows whilst maintaining the inlet drift air at ~ 100 ppmv for (a) no analyte (the RIPs), (b)
enflurane, (c) isoflurane, (d) desflurane and (e) sevoflurane. The drift airflow was maintained at ~ 100 ppmv. All of the ion mobility spectra shownwere recorded at an E/N of 120 Td.
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isoflurane, (d) desflurane and (e) sevoflurane. The ion mobility
spectra were all recorded at the same fixed E/N value of 115 Td.

In Fig. 5 (a) (no analyte), three RIPs can be identified. These are,
in order of their increasing drift times, NOþ(H2O)m, H3Oþ(H2O)n
and O2

þ�. Comparing the reagent ion drift times with the product
ions for the four fluranes, it can be seen that the drift times for
certain product ions with m/z > 32 are less than that found for O2

þ�.
These include CHF2þ and CHFCl þ for isoflurane and enflurane, CHF2þ

and CF3þ for desflurane, and CH3Oþ and CHF2þ for sevoflurane. That
all of these product ions have lower drift times than that of O2

þ� in
the HiKE-IMS, is perhaps not what should be expected, especially
given that the drift times for the product ion CH3Oþ associated with
sevoflurane, which has an m/z close to that of O2

þ�, is clearly much
shorter than that of O2

þ�. However, the long drift times associated
with O2

þ� can be explained by the phenomenon of resonant charge
transfer: O2

þ� þ O2 # O2
þ�.O2 # O2 þ O2

þ� in the drift region [22].
Following charge transfer, the new O2

þ� will start with essentially a
zero mean velocity in the direction of the Faraday plate. Accelera-
tion in the electric field and decelerations through collisions will
ultimately result in this O2

þ� attaining a drift velocity appropriate to
that of O2

þ�, but this will take time. Then another resonant charge
transfer occurs, starting the process all over again. This “stopping”,
which is caused by the resonant charge transfer, and “starting”
(initial acceleration by the E field, leading to a terminal speed
through deceleration from collisions with the buffer gas) of the O2

þ�

reagent ions in the drift tube results in the observed decrease in the
mobility of O2

þ�. This leads to O2
þ� having a significantly longer drift

time in the drift tube than it would otherwise have if no oxygen
were present [40]. A slightly alternative argument that could
explain the longer drift times is that O2

þ� forms a loosely bound
complex with O2, and the charge is resonantly oscillating between
the two oxygen molecules, so that effectively we are dealing with
the transit of O4

þ�, down the drift region, which results in the longer
drift times observed than would be for O2

þ�.
Possible evidence for the alternative argument comes, and as

mentioned earlier, from O4
þ� being observed, although in low in-

tensities in the mass spectrum. Its drift time is observed to be the
same as that for O2

þ�, which is to be expected if the majority of its
formation is through the transient species O2

þ�.O2 leading to reso-
nant charge transfer. The low ion intensity associated with O4

þ� is
consistent with the transient nature of O2

þ�.O2 and possible
11
fragmentation through collisional processes as it passes through
the three grid construction at the end of the drift tube to the ion
transfer optics region. Another route for O4

þ� production is through
three-body association, which will also be susceptible to dissocia-
tion during its transfer from the drift tube of the HiKE-IMS into the
TOF-MS. Given its low intensity, we have ignored it as a major
contribution to the reagent ion-mobility peak assigned to O2

þ�.
3.5. Product ion formation as a function of E/N using humidified air
in the reaction region (inlet H2O volume-mixing ratio ~4000 ppmv)

For those investigations using higher humidity in the reaction
region, no product ions were observed over an E/N range of 30e100
Td. Only very small product ion signal intensities were observed
above about an E/N of 105 Td, presumably resulting from reactions
with the remaining O2

þ�, which itself is present in the reaction re-
gion only in low concentrations. Even at an E/N of 115 Td, O2

þ� ac-
counts for only about 4% of the total reagent ion signal (see Fig. 3).
Product ions observed are given as CHFClþ for enflurane and iso-
flurane, C4H3F6Oþ for sevoflurane, and CHF2þ for desflurane.

Given the dramatic loss of reagent and product ion signals under
the higher humid conditions, we have investigated the changes in
product ion intensities as the humidity of the air entering the re-
action region was changed from being relatively dry to about 25%
rH. The drift airflow remained at an H2O volume-mixing ratio of
about 100 ppmv.

The resulting ion mobility spectra as a function of sample inlet
humidity are summarised in Fig. 6, all of which were recorded at an
E/N value of 120 Td. From Fig. 6 it can be seen that with increasing
humidity the O2

þ� and the analyte ion mobility peak intensities
progressively decrease, whilst the one associated with H3Oþ(H2O)n
steadily increases. The NOþ(H2O)m ion signals remain essentially
unaltered. This is to be expected, the explanation for which has
already been provided in the previous discussions above.

The continuing loss of product ion signal with increasing hu-
midity in the reaction region could be taken to suggest that no
H3Oþ is present in the reaction region, with H3Oþ(H2O)n (n ¼ 1, 2, 3
…) becoming the dominant reagent ions. If that is the case, then a
volatile, M, that has a proton affinity less than that of (H2O)m
(m > 1), or for which a substitution reaction is not energetically
available, namely H3Oþ(H2O)n þ M / MHþ(H2O)x þ yH2O
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(x þ y ¼ nþ1), then the volatile cannot be detected with a good
sensitivity. However, that cannot be the case for HiKE-IMS, for
which there is evidence to suggest that H3Oþ is present for reaction
in the ionisation region. The loss or changes of product ion signal
with increasing humidity is therefore not fully understood, but this
behaviour has also been noted in the SIFT-MS and PTR-TOF-MS
studies of Wang et al [18], and Mal�askov�a et al [14], respectively.

4. Concluding remarks

This paper has presented the first positive ion HiKE-IMS-MS
studies of four fluranes, three of which are currently used as
inhalation anaesthetics. The aim was to investigate the HiKE-IMS
potential to detect in real-time the four fluorinated compounds in
either low humidity air (e.g., in a room environment) or in humid
air (i.e., relating to breath analysis) and compare that with similar
measurements made with PTR-MS. These studies show that HiKE-
IMS would be well suited for air quality control of these fluranes,
e.g., in operating theatres, but that in humid air, and as found in
PTR-MS studies, the sensitivity of the HiKE-IMS for detection of the
four anaesthetics is too low to be of practical use for breath analysis.
In part, this is because of the complex ion chemistry that occurs in
the HiKE-IMS over all E/N values that significantly suppresses both
O2
þ� and because of thermodynamically unfavourable substitution

reactions with H3Oþ(H2O)n (n � 1) [41]. However, there should still
be sufficient H3Oþ reagent ions in the reaction region for proton
transfer to occur. One possible explanation is that once MHþ is
formed, there is a back reaction with H2O leading to its loss before
the transient product ion has a chance to dissociate. However, if
that were to occur, it would also have happened under the high
humid conditions used in the PTR-TOF-MS measurements of
Mal�askov�a et al [14]. One plausible explanation is that the product
ions formed are lost through secondary reactions with water.

An interesting observation, was the dependence of the O2
þ� in-

tensity on E/N, as shown in Fig. 1(c). This has been carefully
explained in section 3.1.1. However, it raises the question as to why
O2
þ� is not a major reagent ion in PTR-MS instruments when using

water to generate reagent ions and operating in air? The answer to
this must relate in part to the design of the ion source being used.
Within the ionisation source and transfer region to the drift tube
(the reaction region) of a PTR-MS, there must be sufficient reaction
time and reactions to eliminate the majority of O2

þ� (and NOþ)
containing precursor ions, leading to less complex ion chemistry in
the reaction drift tube region compared to that occurring in a HiKE-
IMS. This implies that if a different ionisation source in a HiKE-IMS
were to be used, namely something that is closer to that used in a
PTR-MS, then this should result in H3Oþ(H2O)n reagent ions
becoming the dominant species in the reaction region over a large
range of E/N, just as occurs in the higher pressure standard IMS
system, for which only one reagent ion peak is observed, but for
HiKE-IMS under much lower drift tube pressures. Investigations
and development of different HiKE-IMS ion sources will be the
subject of further study.

Although operating the HiKE-IMS in positive ion mode high-
lighted challenges for detecting the fluranes in humid air, which is
of relevance to breath analysis, the fluranes should be readily
detected in breath with high sensitivity by operating the HiKE-IMS
in negative ion mode, as demonstrated in a number of recent
negative ion IMS studies [42,43]. This will also be the subject of a
separate investigation.

For the continuing development of HiKE-IMS as an analytical
tool, this study has highlighted the need to understand fully the
ion-chemistry occurring in the reaction region of the HiKE-IMS for
analytes of analytical interest; ion-chemistry bridging that oper-
ating in PTR-TOF-MS and atmospheric pressure IMS systems.
12
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