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Abstract

In contrast to classical ion mobility spectrometers (IMS) operating at ambient pressure, the High Kinetic
Energy lon Mobility Spectrometer (HiKE-IMS) is operated at reduced pressures between 10 — 40 mbar
and higher reduced electric field strengths of up to 120 Td. Thus, the ion-molecule reactions occurring
in the HIiKE-IMS can significantly differ from those in classical ambient pressure IMS. In order to predict
the ionization pathways of specific analyte molecules, a profound knowledge about the reactant ion
species generated in HiKE-IMS and their dependence on the ionization conditions are essential. In this
work, the formation of positive reactant ions in HiKE-IMS is investigated in detail. Based on kinetic and
thermodynamic data from literature, the ion-molecule reactions are kinetically modeled. To verify the
model, we present measurements of the reactant ion population and its dependence on the reduced
electric field strength, the operating pressure and the water concentration in the sample gas. All of
these parameters significantly affect the reactant ion population formed in HiKE-IMS.

Introduction

lon mobility spectrometers (IMS) generate ions in a reaction region and separate the ions by their
motion through a neutral gas under the influence of an electric field in a drift region. High Kinetic
Energy IMS (HiKE-IMS) also generate ions in a reaction region, for example by corona discharge (CD)
ionization, before they are separated in a drift region. However, in contrast to classical ambient
pressure IMS, the HiKE-IMS is operated at a reduced pressure of 10 — 40 mbar and reaches high
reduced electric field strengths of up to 120 Td in both the reaction region and the drift region 3. The
reduced electric field strength E/N is the ratio of electric field strength E to neutral molecule density N,
usually given in units of Townsend (Td). In this context, the reduced field is a measure of the average
ion kinetic energy resulting from acceleration in the electric field and deceleration by collisions with
neutrals. According to Wannier 4, this energy can be expressed in terms of an effective ion temperature
Tes. Compared to ambient pressure IMS, the operation at reduced pressure and high reduced electric
field strengths leads to a significant enhancement of the linear dynamic range and a strong decrease
in chemical cross sensitivities, as known from proton transfer reaction mass spectrometers (PTR-MS)
>, Furthermore, HiKE-IMS enables the ionization of compounds normally not detectable at ambient
pressure due to the inhibition of clustering reactions 2. Other major benefits are orthogonal ion
separation using the field-dependent ion mobility (alpha-function) known from differential ion
mobility spectrometers (DMS) ® and ion collision induced fragmentation for improved compound
identification 7®. However, until now only limited knowledge about the occurring ion-molecule



reactions in HiKE-IMS is available. Thus, to gain maximum benefit from HiKE-IMS, a profound
knowledge about the occurring chemical processes during ionization is essential.

The ionization process in HIKE-IMS with corona discharge ionization source follows the principles of
atmospheric pressure chemical ionization (APCI). Initially, reactant ions are generated by ionizing the
main constituents of the sample gas. Subsequently, the ionization of analyte molecules is achieved
through a reaction with these reactant ions. Dependent on the generated reactant ion species, various
ionization pathways are possible, ranging from simple charge transfer to chemical reactions such as
proton transfer, ligand switching, hydride ion transfer or ion-molecule adduct formation. In a previous
study, by coupling the HIiKE-IMS to a mass spectrometer, the occurring positive reactant ions in HiKE-
IMS in purified air containing 60 ppm, of H,0 could be identified as H(H20),, O,*(H,0), and NO*(H,0),
%, In this work, the ion-molecule reactions underlying the formation of these reactant ion species are
extensively studied in dependence on the reduced electric reaction field strength, the water
concentration in the sample gas and the operating pressure. In a parallel study, the formation of
negative reactant ions in HiKE-IMS is investigated °.

Typically, H*(H,0), drives proton transfer and ligand switching reactions °. Proton transfer reactions
are possible when the proton affinity of the analyte molecule exceeds that of (H,0),. However, the
proton affinity of (H,0), increases with increasing cluster size n %', which in turn depends on the
water concentration, the pressure and the effective ion temperature 38, In contrast, NO*(H,0), drives
charge transfer %, hydride ion transfer 2%21° or adduct formation reactions 2%, Analytes with
ionization energies below that of NO react rapidly via charge exchange reactions with NO*(H,0),,
whereas adduct formation with NO* is possible when the ionization energy of the analytes is only
slightly lower or higher than that of NO. Reactions of O,*(H,0), with organic molecules are dominated
by charge transfer reactions. However, due to the high ionization energy of O,, there is a high amount
of excess energy on charge transfer that will be deposited in the product ion and may result in ion
fragmentation %%,

Thus, to predict the ionization pathways of specific analytes in HiKE-IMS, a detailed knowledge about
the reactant ion species generated in HiKE-IMS in dependence on the conditions during ionization is
necessary. Hence, the aim of this work is to develop a simple model predicting the ion-molecule
reactions in HiKE-IMS, based on thermodynamic and kinetic data. To verify the model, the positive
reactant ion population in HiKE-IMS in air is experimentally investigated as a function of the reduced
electric field strength in the reaction region, the water concentration in the sample gas and the
operating pressure. All of these parameters do not only affect the reactant ion species formed in HiKE-
IMS, but also their relative abundances and thus the ionization pathways of analytes.

Experimental
HiKE-IMS

The HiKE-IMS used in this work is identical to the setup reported previously 3. A schematic of the HiKE-
IMS is shown in Figure 1 and the default operating parameters are given in Table 1. The HiKE-IMS
consists of a 77 mm long reaction region and a 306 mm long drift region. lons are generated in the
reaction region using a corona discharge ionization source before they are separated in the drift region.
In both, the reaction and drift region, the reduced electric field strength can be independently
increased up to 120 Td by altering the reaction and drift voltage at constant pressure. lons are injected
from the reaction region into the drift region through an ion gate consisting of three grids invoking the
low-discrimination tristate ion shutter mechanism 3. The gate opening time is 1 us. A fast current
amplifier (Femto, DLPCA-200, 400 kHz, 1 x 107 V/A) is connected to the Faraday plate detector. Spectra
are recorded and averaged using a digitizer with onboard averaging (Keysight, U1082A). The HiKE-IMS
resolving power varies from R = 140 at 120 Td to R = 80 at 25 Td in the drift region. Drift and sample



gas are connected to the HIiKE-IMS via capillaries with 250 um inner diameter and adjusted lengths to
provide gas flow rates of 19 mls/min (milliliter standard per minute, mass flow at reference conditions
20 °C and 1013.25 hPa). The drift gas flows through the drift tube and the reaction tube and mixes
within the reaction tube with the sample gas. The HiKE-IMS is evacuated via a membrane pump
(Pfeiffer Vacuum, MVP 40). The pressure within the HiKE-IMS is monitored with a capacitive pressure
gauge (Pfeiffer Vacuum, CMR 362). By adjusting the pumping rate by a throttle valve (Pfeiffer Vacuum,
EVN 116), the pressure within the HiKE-IMS can be varied between 14 and 22 mbar. Furthermore, the
HIiKE-IMS is embedded in a temperature-controlled housing.
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Figure 1: Schematic of the HiKE-IMS

Table 1: HIKE-IMS operating parameters.
% mlis/min: milliliter standard per minute, mass flow at reference conditions 20 °C and 1013.25 hPa

Parameter Value
Temperature 45 °C
Pressure 14 - 22 mbar
Drift gas flow 19 mls/min @
Sample gas flow 19 mls/min @
Drift region length 306 mm
Reduced drift field up to 120 Td

Reaction region length | 77 mm
Reduced reaction field | upto 120 Td
CD voltage 1250V

CD current 3 pA

Effective CD voltage 930V

Injection time 1ps

Corona discharge ionization source

The HIiKE-IMS is equipped with a stainless steel corona discharge needle from Agilent (corona needle
APCl, G1947-20029) with a needle diameter of 660 um. The corona discharge ionization source is
operated in reverse flow regime %, which essentially means a gas flow from the reaction region
towards the corona needle. For all measurements presented in this work, flow rates of 19 ml/min for
the drift gas and 19 mls/min for the sample gas have been used. Thus, an overall reverse gas flow of



38 mls/min results to flush radicals and neutrals generated by the corona discharge from the reaction
region.

A stainless steel grid with 80 % optical transparency serves as counter electrode for the corona
discharge needle in a point-to-plane electrode configuration. The gap distance between needle tip and
grid is 2 mm. Using an external series resistance of 100 MOhm, the applied corona discharge voltage
of 1250 V results in a corona discharge current of 3 pA leading to an effective corona discharge voltage
of 930 V between the needle tip and grid electrode.

Gas supply

Purified air containing less than 1 ppm, of water is supplied by a zero air generator (JAG, JAGZAG600S)
combined with a pressure swing absorber (PureGas, CAS1) in series with an additional moisture trap
and an activated carbon filter. The water concentration in the sample and drift gas can be
independently varied by mixing the supplied purified air with air that is passed through a water
container. The resulting humidity of the sample and drift gas is measured by a dew point sensor
(Michell Instruments, Easidew Transmitter).

However, due to diffusion through seals and tubings, the residual water concentration in the HiKE-IMS
may well exceed 1 ppm,. Thus, to ensure comparability of the results under different environmental
conditions (ambient temperature, pressure and humidity), the lowest water concentration in the
sample and drift gas was intentionally increased to 70 ppm,.

Formation of positive reactant ions in HiKE-IMS

In the last decades, the formation of positive ions using various atmospheric pressure chemical
ionization (APCI) sources in air, pure nitrogen, and oxygen has been the subject of intense research.
Thus, the underlying ion-molecule reactions resulting in the formation of the observed ions in the HiKE-
IMS are well known from literature. In particular, at thermal ion-molecule interaction energies, the
occurring ion-molecule reactions are well characterized with respect to thermodynamic and kinetic
data, enabling an accurate kinetic modelling.

In Figure 2, a simplified reaction scheme is shown summarizing the formation of positive ions in APCI
sources in air at thermal (~ 300 K) conditions. Typically, the ion formation mechanisms are initiated by
the ionization of the main constituents of the sample gas resulting mainly in nitrogen N, and oxygen
0O," radical cations. Additionally, considerable amounts of nitrogen oxide cations NO* and nitrogen
dioxide cations NO,* may form. However, the lifetime of the primary ions N;*, O,", NO*, and NO;" is
limited, as they react with water via complex reaction cascades to protonated water clusters H*(H,0)n.
In the following, relevant ion-molecule reactions are described in detail.

0," N,* NO* NO,*
leO H20 lHQO lHQO
0,'(H20), NO*(H20)n  NO2"(H;0)q
H,O
N‘ W
p=1 v q=3
H"(H;0),

Figure 2: Simplified reaction scheme for the formation of positive ions in APCl sources in air.

In the literature, three different reaction pathways have been proposed to describe the conversion of
the primary N,* radical cation to the hydronium ion H30* 2372%;



(a) H30"is formed through the intermediate N,H*,
N," + H,0 - N,H* + OH (1)
N,H* + H,0 - H;0* + N, (2)
(b) H3O"is formed through the intermediate H,0",
N,* + H,0 - H,0" + N, (3)
H,0" + H,0 - H;0" + OH (4)
(c) H3O"is formed through the intermediates H,O* and N4*.
N, "+ N, + Mo N +M (5
N, + H,0 > H,0* +2N, (6)
H,0* + H,0 - H;0" + OH (4)

In pure nitrogen and pressures exceeding 1 mbar, the vast majority of H;O" is generated via reaction
channel (c), as the three-body-process (5) is very fast due to the high concentration of neutral
molecules M 2°. Once H3:0* has been generated, the ion forms clusters with further neutral water
molecules. The cluster size n depends on the water content of the sample gas, the pressure and the
effective ion temperature 2%,

H30%(Hy0)p_1 + H,0 + M = H;0% (H,0),, + M (7)

In air, the radical cation O," is the dominant precursor ion for the formation of protonated water
clusters H*(H,0),, as N2*, N;s* and H,O" react very fast via direct charge transfer reaction to O," when
colliding with neutral oxygen 2430,

N, +0,-0,"+N, (8)
N, +0,-50,"+2N, (9)
H,0* + 0, - 0,* + H,0 (10)

The conversion of the radical cation O, to protonated water clusters H*(H,0), has been investigated
in various studies 373, Typically, it is assumed that protonated water clusters H*(H,0), are generated
from the oxygen-water cluster O,*(H,0). In the literature, three different reaction pathways have been
proposed to describe the formation of O,*(H,0):

(a) direct clustering,
0, +H,0+M = 0,"(H,0) + M (11)
(b) via the intermediate O,",
0,"+0,+M=0,"+M (12)
0," + H,0 - 0,7 (H,0) + 0, (13)
(c) via the intermediate O,"Na.
0"+ N+ M =20, (N)+ M (14)

0,*(N,) + H,0 - 0,*(H,0) + N, (15)



At a subsequent collision with water, O,*(H,0) reacts with H,0 to form directly H30*(H,0), or via the
intermediates H3O*OH or 0,*(H,0)..

0,*(H,0) + H,0 - H;0" + OH + 0, (16)

0,%(H,0) + H,0 - H;0Y0H + 0, (17)
H;0"0H + H,0 - H;0*(H,0) + OH (18)

0,"(H,0) + H,0 - 0,%(H,0), (19)
0," (H,0), + H,0 > (Hy0)3" + 0, (20)
(H,0)3;" + H,0 » H;07(H,0), + OH (21)

Comparable to 05", the primary ions NO* and NO;" also form clusters with water molecules. In contrast
to 0%, these clusters are stable for cluster sizes m, q < 3 4041,

NO*(Hy0)p—q + H,0 + M = NOT(H,0),, + M (22)
NO,"(H,0)4—1 + H,0 + M = NO," (H,0), + M (23)

However, at a subsequent collision with H,0, the ions NO*(H,0)3and NO,*(H,0)s are also converted to
protonated water clusters H*(H,0); accompanied by the release of either nitrous acid (HNO3) or nitric
acid (HNO3) 442,

NO*(H,0)5 + H,0 - H*(H,0)5 + HNO, (24)
NO,*(H,0); + H,0 - H*(H,0)3 + HNO; (25)

In summary, in the thermodynamic equilibrium at thermal conditions (~ 300 K), the protonated water
clusters H*(H20), are the predominant positive ion species formed in air even at low background water
concentrations of just 1 ppm,. However, due to the operation at reduced pressure accompanied by
short reaction times, this thermodynamic equilibrium may not be reached in the HiKE-IMS. Depending
on the reduced electric field strength, the ions residence time in the reaction region of the HiKE-IMS is
between 60 ps (120 Td) and 500 ps (20 Td). Thus, to predict the ion population formed in the reaction
region of the HIiKE-IMS, the kinetics of the reactions discussed above are highly relevant. Furthermore,
due to the operation at high reduced electric field strengths, the ion-molecule interaction energies in
the HiKE-IMS significantly exceed thermal ion-molecule interaction energies. As elevated collisional ion
energies favor cluster dissociation processes, particularly the cluster formation and dissociation
equilibria (5), (7), (11), (12), (14), (22) and (23) are strongly affected by the reduced electric field
strength.

In order to evaluate the time-dependent changes of the concentration of each ion species in the
reaction region of the HiKE-IMS, reactions (1) - (25) and their corresponding reaction rate constants
can be expressed by a system of ordinary differential equations. Since the neutral reaction partners
are present in vast excess, all reactions are considered to be pseudo-first order with respect to the
ionic species. The numerical solution of the resulting differential equation system provides the
concentration of each ionic species as a function of time. In this work, the differential equation system
is solved using the MATLAB function “ode45” which implements a Runge-Kutta (4,5) integration
scheme.



The field dependence of the reaction system is estimated using the temperature dependence of the
equilibrium constants of the equilibria reactions (5), (7), (11), (12), (14), (22) and (23). According to
Wannier, the energy of ions in an electric field can be expressed in terms of an effective ion
temperature Ter +%2.

2
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eoff =1 T3, Ve T T3,

Here, kp is the Boltzmann constant and Ny the Loschmidt constant (number density at 273.15K and
1013 mbar). The effective ion temperature T depends on the absolute temperature T, the mass M of
the neutral gas molecule and the drift velocity vq of the ions which in turn depends on the reduced ion
mobility Ko and the reduced electric field strength (E/N). The reduced ion mobility Ko represents the
ion mobility at 273.15 K and 1013 mbar. Considering a simple clustering reaction of an analyte A*, a
clustering agent S and the third body M,

A*+S+M=AST+ M (27)

the equilibrium constant Keq is calculated by the ratio of the forward rate constant ksr and the
backward rate constant kpgck-

kfor
Kequi = P (28)
back
A connection between the equilibrium constant Keq.i and the temperature T is given by the van’t Hoff

equation (29)

d ln(Kequi) _ AT'HO(T)
dT ~ RT?

(29)

with the molar standard reaction enthalpy A,-H° as function of T and the universal gas constant R. The
assumption of A, H°(T) = const. in a temperature interval allows simple integration to calculate the
equilibrium constant Kegi> at a temperature T, from a known equilibrium constant Kegu: at

temperature T;:
Kooy AHC /1 1
ln( equl,2> _ (___) 30)
Kequi,l R

It follows for Kequi2:

Kequi,z = Kequi,l e

Kequi1 can be calculated from the Gibbs enthalpy of the reaction A,-G° or the molar standard reaction
enthalpy A, H® as well as the molar standard reaction entropy A,S° at standard temperature
(298.15 K) according to equation 32.

A.GO(T)  AHO(T) —T-AS%(T)
RT RT

ln(Kequi,1) = - (32)

Assuming the forward rate constant ks to be independent on the electric field, equation 33 finally
yields the backward reaction rate constant ksack in dependence on the effective ion temperature T

k k
for for
K T _ — 33
vack(Ters) Kequi2(Tery) (“ArTHO(TL_TLD >
eff 11



Thus, the forward rate constant ks, the molar standard reaction enthalpy ATH0 and the molar
standard reaction entropy A,.S® at standard temperature (298.15 K) are required to model the field-
dependence of the reaction system. Additionally, the reduced ion mobilities K, are needed to calculate
the effective ion temperature. Fortunately, particularly at thermal ion-molecule interaction energies,
comprehensive thermodynamic and kinetic data are available from the literature. Furthermore, as
implemented in the statistical diffusion simulation (SDS) user program for SIMION, the reduced ion
mobilities Ko can be estimated from the mass of the ions. In this estimation, the diameter di,, of the
ion in nm is calculated by equation 34 using the mass mj,, of the ion in the unified atomic mass unit u.

dion = 0.12- 3\/ Mion  (34)
The reduced ion mobility Ko in cm?/Vs results from equation 35.

Ko = 1-107°- 104-91—1-45(10910(dion))_o-zs(lo.glo(dion))2+0-07(lo.910(dion))3 (35)

A detailed derivation of equations 34 and 35 is described in *°. The only data that are not available
from the literature are the molar standard reaction entropies A,.S° at standard temperature for the
hydration of O,* (reaction 11 in Table 2) and NO*(H,0), (reaction 22c in Table 2). In accordance with
the experimental results from this work, these values are assumed to be -18 cal mol* K and -30 cal
mol? K%, respectively.

In Table 2, the thermodynamic and kinetic data used in this work are summarized. Based on these
data, the time-dependent ion abundances in Figure 3 have been calculated for three different reduced
electric field strengths at a temperature of 45 °C, a pressure of 14.3 mbar and a background water
concentration of 70 ppm,. According to the neutral gas composition of air and the experimental
results, we assume a primary ion distribution of 10 % NO*, 70 % N," and 20 % O;*. However, due to the
high concentration of oxygen in air, the primary ions N,* react to O," within nanoseconds. Furthermore,
as shown in Figure 3, at a reduced electric field strength of 20 Td, it takes about 100 ps to convert these
0O," ions to protonated water clusters H*(H,0),. In contrast, the NO* bound water cluster system
NO*(H,0)n does not reach an equilibrium even after 1 ms. With increasing reduced electric field
strength, not only the cluster sizes n and m of H*(H.0), and NO*(H,O), in the thermodynamic
equilibrium decrease, but also the lifetime of O,* increases. At a reduced electric field strength of 60 Td,
the conversion of O," to protonated water clusters H*(H,0), takes about 600 pus, as the conversion of
0O," via the intermediate cluster O,"(H,0) to protonated water clusters H*(H,0), is increasingly inhibited
at elevated field strength due to the collision induced dissociation of O,"(H,0). At a reduced electric
field strength of 100 Td, the conversion of O,* to H*(H,0), is completely inhibited.



—H'(H,0) —0, ——NO*

~--HHO),  ---0 - - -NO'(H,0)
..... HHO),  -oo0/(H0)  — NOTHO),
--—- H'(H,0),

1
20 Td, 14.3 mbar, 70 ppm, water

1,0

Relative abundance

60 Td, 14.3 mbar, 70 ppm, water

Relative abundance

il

Ly -

0,0 T T T T

1,0 1 1 1 1
100 Td, 14.3 mbar, 70 ppm,  water

Relative abundance

0,0 T T T T
0,0 0,2 04 0,6 0.8 1,0

Time in ms

Figure 3: Time-dependent ion abundances in air for three different reduced electric field strengths at a pressure of 14.3 mbar,
a temperature of 45 °C and a background water concentration of 70 ppm,. The values are calculated based on the kinetic data
listed in Table 2. The initial ion distribution is: 70 % N5*, 20 % O,* and 10 % NO".

Additionally to the reduced electric field strength, the results of the kinetic model demonstrate the
dependence of the ion formation processes in the HiKE-IMS on the background water concentration
and the operating pressure, as shown in Figure 4. At the background water concentration of 500 ppm,,
equilibrium (11) is shifted to O,"(H20) clusters leading to a higher conversion rate of O,* to protonated
water clusters even at the high reduced electric field strength of 100 Td. A similar effect is observed
when increasing the operating pressure from 14.3 mbar to 25.3 mbar, as the rate of the three-body
cluster association reactions grows faster than the rate of the two-body cluster dissociation reactions.
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Figure 4: Time-dependent ion abundances in air at a reduced electric field strength of 100 Td and a temperature of 45 °C. The
values are calculated based on the kinetic data listed in Table 2. The initial ion distribution is: 70 % N,*, 20 % O, and 10 %
NO*. Upper panel: Background water concentration: 500 ppm,, Pressure: 14.3 mbar. Lower panel: Background water
concentration: 70 ppm,, Pressure: 25.3 mbar. In comparison to the lowest panel of Figure 3, in the upper panel of this figure,
the water concentration is varied and in the lower panel of this figure, the operating pressure is varied.

In summary, the ion formation processes in the HiKE-IMS are strongly defined by the kinetics of the
cluster association and dissociation reactions. In particular, the effective ion temperature, the
background water concentration as well as the operating pressure affect the rates of the cluster
association and dissociation reactions and thus the equilibrium state. In the following section, these
dependencies are experimentally investigated.

Table 2: Thermodynamic and kinetic data used in this work to model the positive reactant ion formation mechanisms in the
HIKE-IMS. The listed data are determined at ~ 300 K. The stated reduced ion mobilities Ko are estimated from the mass of the
ions according to equations (34) and (35). The field-dependence of the reduced ion mobility is neglected.

Forward rate constant | A prin AnS in Ko of product
Reaction P — R R o
in— or— kcal mol? | cal mol*K?! | ion in cm?/Vs
S S
N,* + H,0 > _
1 2 2 5-1 10 24
N,H* + OH 9510
N,H* + H,0 - . 109 24
2 .0+ + N, 2.9-10
N2+ + H,0 » .10-9 25
3 H,0% + N, 1-10
H,0" + H,0 » =925
4 0% 1 O 1.8-10
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Results and discussion

In order to experimentally investigate the reactant ion formation mechanisms in the reaction region
of the HIKE-IMS, it is important to avoid any reactions in the drift region altering the ion population.
Thus, in the presented measurements, the reduced electric field strength in the drift region is set to
values exceeding 100 Td and the water concentration in the drift gas is kept constant at 70 ppm,. Under
these conditions, further conversion of O," or NO* to H*(H,0), should not occur, as the cluster
formation should be completely inhibited in the drift region. To identify the ion species in the HiKE-
IMS spectrum, a previously presented HiKE-IMS-MS setup has been used °.

Influence of the reduced electric field strength

Figure 5a exhibits the recorded reactant ion spectra at a sample gas humidity of 70 ppm, and a pressure
of 14.3 mbar for different reduced electric field strengths in the reaction region. The resulting relative
abundances of the different ion species in dependence on the reduced electric field strength are shown
in Figure 5b. Additionally, the relative abundances predicted by the kinetic model described in the
previous section are plotted. To model the dependence of the relative abundances on the reduced
electric reaction field strength, the calculated time interval is adjusted according to the dwell time of
the ions in the reaction region of the HiKE-IMS. At every simulated time step, an average reduced ion
mobility of all occurring ion species is used to estimate the drift length covered by the ions.
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Figure 5: Variation of the reduced electric reaction field strength at a constant reduced electric drift field strength of 115 Td,
a sample and drift gas humidity of 70 ppm, and a pressure of 14.3 mbar. a) lon mobility spectra at different reduced electric
reaction field strengths, b) measured and simulated relative abundances of the ion species forming the ion mobility spectra in
dependence on the reduced electric reaction field strength.



In good accordance with the kinetic model, H;0*, O,* and NO* occur in the recorded ion mobility
spectra as a function of the reduced electric reaction field strength. At a reduced electric reaction field
strength of 20 Td, only H30* and NO™ are observed in the ion mobility spectrum. Increasing the reduced
electric reaction field strength, the conversion of O," to H*(H,0), is increasingly inhibited. Thus, at
reduced electric field strengths exceeding 40 Td, the relative abundance of O," in the ion mobility
spectrum increases while the relative abundance of H;O* decreases. At reduced electric field strengths
exceeding 105 Td, the conversion of O,* to H*(H,0), is almost entirely inhibited, resulting in the visible
saturation of the relative abundance of O,*. However, in contrast to the results predicted by the kinetic
model, at 110 Td, H3O" is still observed in the recorded ion mobility spectrum. This deviation may be
due to several reasons. For example, modelling the field-dependence of the reaction system using the
van’t Hoff approach is only valid in a limited temperature interval. Furthermore, the reduced ion
mobilities are only rough estimates from the ion masses. Additionally, the residence times of the ions
in the reaction region is estimated based on an average reduced ion mobility. Nonetheless, the results
of the kinetic model are in good agreement with the measurements and enable a qualitative
interpretation.

Influence of the sample gas humidity

In Figure 6a, the recorded reactant ion spectra at constant reduced electric reaction field strength of
115 Td, constant pressure of 14.3 mbar and variable sample gas humidity are shown. The sample gas
humidity is given as relative sample gas humidity (rH) at 298 K and 1013 mbar. It is noteworthy that
the actual water concentration in the reaction region is about half the relative sample gas humidity
due to mixing the sample gas in the reaction region with comparably dry drift gas. Increasing the
sample gas humidity, the measured and simulated relative abundance of O," in the spectra decreases,
as depicted in Figure 6b. This is explained by an increasing cluster association rate favoring the
conversion of O,* to protonated water clusters.
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Figure 6: Variation of the relative sample gas humidity at constant reduced electric drift field strength of 110 Td, constant
reduced electric reaction field strength of 115 Td and constant pressure of 14.3 mbar. a) lon mobility spectra at different
relative sample gas humidities, b) measured and simulated relative abundances of the ion species in the ion mobility spectra
in dependence on the relative sample gas humidity. The relative sample gas humidity (rH) refers to 298 K and 1013 mbar.

Comparing the influence of the reduced electric reaction field strength on the ion formation
mechanisms at four different relative sample gas humidities in Figure 7, this effect is also apparent. As
elevated sample gas humidities favor the formation of water clusters, the minimum field strength
required to inhibit the conversion of O," to H*(H,0). increases with increasing sample gas humidity. At
a water concentration of 70 ppm, (0.35 % rH), O," can be observed at a reduced electric field strength
above 40 Td. At a water concentration of 600 ppm, (3 % rH), 60 Td is required to observe O," in the
spectrum, at 1500 ppm, (7 % rH), 80 Td is required and with 4500 ppm, (22 % rH) water concentration,
0O," is barely visible in the spectra even at 115 Td. A similar effect is observed considering the relative
abundance of NO*. For example, at a water concentration in the sample gas of 4500 ppm,, NO* does



not occur in the ion mobility spectrum at a reduced electric field strength of 20 Td. Here, a minimum
field strength of 40 Td is required to inhibit the conversion of NO* to H*(H,0),. Comparing the
measurements with the values predicted by the kinetic model, it is noteworthy that the influence of
the sample gas humidity is underestimated in the model. As stated above, this might be due to the
rather rough estimates used in the model. Nonetheless, the kinetic model is in good qualitative
agreement with the measurements.
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Figure 7: Variation of the reduced electric reaction field strength at four different sample gas humidities at constant reduced
electric drift field strength of 115 Td and constant pressure of 14.3 mbar. Measured and simulated relative abundances are
plotted.

To assess the humidity dependence of the ionization of certain analytes in the HiKE-IMS, the results
depicted in Figure 7 are highly relevant. Due to the significant change of the reactant ion population
when increasing the relative sample gas humidity from 0.35 % rH to 20 % rH, a strong dependence of
the ionization pathways on the water content of the sample gas is expected. However, when operating
the HiKE-IMS in field applications using a direct sample gas inlet, the relative humidity of the sample
gas typically ranges between 20 % rH and 80 % rH. In this range, the variation of the reactant ion
population is small. At such conditions, O," is rapidly converted into H*(H,0), that dissociate to H30" at
reduced electric reaction field strength exceeding 100 Td. Thus, between 20 % rH and 80 % rH, the
humidity dependence of the reactant ion population is low. To decrease the humidity dependence
even further, it is possible to intentionally add a constant amount of water vapor close to the tip of the
corona needle, as utilized in the first HiKE-IMS setup * and as known from PTR-MS °. This water vapor
promotes the conversion of O," to H*(H,0),. Furthermore, the water content in the reaction region is
mainly governed by this added amount of water and thus the influence of sample gas humidity is
further decreased if not eliminated.



Influence of the operating pressure

In Figure 8, the influence of the reduced electric reaction field strength on the ion formation
mechanisms are compared between the three different operating pressures 14.3 mbar, 17.5 mbar and
21.3 mbar. The water concentration in the sample gas is kept constant at 70 ppm,. Unfortunately, in
the current setup, it is not possible to expand the investigations to a larger pressure range. However,
as predicted by the kinetic model, these measurements already illustrates very well that an elevation
of the operating pressure favors cluster association reactions. The reduced electric reaction field
strength required to observe O," in the spectrum increases when increasing the operating pressure
from 14.3 mbar to 21.3 mbar.
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Figure 8: Variation of the reduced electric reaction field strength at three different operating pressure at constant reduced
electric drift field strength of 115 Td and constant sample gas humidity of 70 ppm,. Measured and simulated relative
abundances are plotted.

Origin of nitrogen oxides

In addition to NO*(H20),, under certain conditions also small amounts of NO,*(H,0), occur in the HiKE-
IMS spectrum. The origin of these cations has been discussed thoroughly in the literature 4°-5!
particular, with a corona discharge ionization source, nitrogen oxide cations have been observed.
Usually, the collision of energetic electrons with neutral N, or O, molecules results in the production
of N," or O," cations. However, in some cases also a dissociation of N, or O; in the excited radicals N or
0 occurs °*°3, These radicals can react to NO* according to the following reactions 8.

. In

N,"+0->NOT+N (36)
N+0+M->NO+M (37)
N, + NO - NO* + N, (38)

However, the abundance of NO* significantly depends on the operating parameters of the corona
discharge ionization source. It has been shown for example, that the NO* abundance is a function of
the corona discharge current °>** and the reverse flow rate 2. In the HiKE-IMS, these dependencies are



also observed. As shown in Figure 9, the relative abundance of NO* and NO," in the spectrum increases
with increasing corona discharge current and decreases with increasing reverse flow rate. In particular,
the latter implies the important role of radicals and neutrals in the formation of NO* and NO;" in the

HiKE-IMS.
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Figure 9: Measured relative abundances of NO* and NO* in the HiKE-IMS spectrum in dependence on the corona discharge
(CD) current and the reverse flow rate. a) Variation of the corona discharge current by altering the corona discharge voltage
from 1000 V and 1400 V, corresponding to an effective corona discharge voltage of 864 V and 941 V between the needle tip
and grid electrode considering the 100 MOhm series resistor. b) Variation of the reverse flow rate at constant pressure by
altering the drift gas flow while adjusting the pumping rate. The measurements are performed at constant reduced electric
reaction and drift field strength of 115 Td, the sample gas flow is zero, the relative humidity of the drift gas is 3%.

Conclusion

In this work, we investigated the mechanisms leading to the formation of positive reactantions in HiKE-
IMS. Based on kinetic and thermodynamic data from the literature, we developed a model describing
the underlying ion-molecule reactions. This model is in good agreement with measurements at various
operating pressures, sample gas humidities, and reduced electric field strengths. The reactant ion
population in the HiKE-IMS is mainly determined by the conversion processes of O," and NO* to
protonated water clusters H*(H,0).. Increasing the reduced electric field strength inhibits these
conversion processes, whereas increasing the operating pressure and the sample gas water humidity
favors the formation of H*(H,O).. Thus, the relative abundances of 0,", NO* and H*(H,0), strongly
depends on the operating conditions. The findings obtained in this study are not only useful for HiKE-
IMS coupled to corona discharge ionization sources. The investigated ion-molecule reactions might
also be relevant in other devices such as PTR-MS or SIFDT-MS.
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