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Abstract 

Due to the operation at background pressures between 10 – 40 mbar and high reduced electric field 
strengths of up to 120 Td, the ion-molecule reactions in High Kinetic Energy Ion Mobility Spectrometers 
(HiKE-IMS) differ from those in classical ambient pressure IMS. In the positive ion polarity mode, the 
reactant ions H+(H2O)n, O2

+(H2O)n and NO+(H2O)n are observed in the HiKE-IMS. The relative 
abundances of these reactant ion species significantly depend on the reduced electric field strength in 
the reaction region, the operating pressure, and water concentration in the reaction region. In this 
work, the formation of negative reactant ions in HiKE-IMS is investigated in detail. Based on kinetic 
and thermodynamic data from literature, the processes resulting in the formation of negative reactant 
ions are kinetically modeled. To verify the model, we present measurements of the negative reactant 
ion population in the HiKE-IMS and its dependence on the reduced electric field strength as well as the 
water and carbon dioxide concentration in the reaction region. The ion species underlying individual 
peaks in the ion mobility spectrum are identified by coupling the HiKE-IMS to a time-of-flight mass 
spectrometer (TOF-MS) using a simple gated interface that enables the transfer of selected peaks of 
the ion mobility spectrum into the TOF-MS. Both, the theoretical model as well as the experimental 
data suggest the predominant generation of the oxygen based ions O-, OH-, O2

-, and O3
- in purified air 

containing 70 ppmv of water and 30 ppmv of carbon dioxide. Additionally, small amounts of NO2
- and 

CO3
- are observed. Their relative abundances highly depend on the reduced electric field strength as 

well as the water and carbon dioxide concentration. An increase of the water concentration in the 
reaction region results in the generation of OH- ions, whereas increasing the carbon dioxide 
concentration favors the generation of CO3

- ions, as expected. 

Introduction 

Ion mobility spectrometers (IMS) characterize and separate ions by their motion through a neutral gas 
under the influence of an electric field. Similar to classical drift tube IMS operating at ambient pressure, 
ions are generated in a reaction region by corona discharge ionization in High Kinetic Energy IMS (HiKE-
IMS) before being separated in a drift region. However, in contrast to classical ambient pressure IMS, 
the HiKE-IMS is operated at background pressures between 10 and 40 mbar and reaches high reduced 
electric field strengths of up to 120 Td in both, the reaction region and the drift region 1–3. The reduced 
electric field strength E/N is the ratio of the electric field strength E to the neutral molecule density N, 
usually given in units of Townsend (Td). As known from Proton Transfer Reaction Mass Spectrometry 
(PTR-MS) 4, the operation at reduced pressure and high reduced electric field strengths might be 
beneficial for two main reasons: First, the temporally much shorter and better defined residence time 



of ions in the reaction region might lead to an enhancement of the linear range and a decrease in 
chemical cross sensitivities. Second, at elevated reduced electric field strengths, all charge bound 
cluster formation equilibria are shifted towards smaller sizes, enabling potentially new ionization 
pathways to ionize e.g. low proton or electron affine substances not detectable when using ambient 
pressure chemical ionization 2. Other major benefits are orthogonal ion separation using the field-
dependent ion mobility (alpha-function), known from field asymmetric ion mobility spectrometers 
(FAIMS) and differential ion mobility spectrometers (DMS) 5,6, and ion collision induced fragmentation 
for improved compound identification 7,8. However, due to the operation at decreased pressures and 
high reduced electric field strengths, the ion-molecule chemistry in the HiKE-IMS generally differs from 
that in classical ambient pressure IMS. In order to predict the ionization pathways of specific analyte 
molecules, a detailed knowledge about the dominant reactant ion species generated in HiKE-IMS in 
dependence on the operating conditions is essential.  

By coupling the HiKE-IMS to a mass spectrometer, the occurring positive reactant ions in HiKE-IMS in 
purified air with different water concentrations were identified as H+(H2O)n, O2

+(H2O)n, and NO+(H2O)n 
9. Their relative abundances significantly depend on the reduced electric field strength, the operating 
pressure and the water concentration in the reaction region, as these parameters affect the conversion 
processes of O2

+ and NO+ to proton bound water clusters H+(H2O)n 10.  

Compared to the spectra of positive reactant ions, the HiKE-IMS spectra of negative reactant ions are 
more complex. Instead of three distinct peaks, at least five peaks are observed in the negative reactant 
ion spectrum. Until now, only limited knowledge about the ion formation processes in the HiKE-IMS in 
the negative ion polarity mode is available. However, some compounds, such as halocarbons, organic 
acids or explosives are mainly detected in the negative ion polarity mode. Thus, a detailed knowledge 
about the negative reactant ion population dominant in the reaction region is essential to predict the 
ionization pathways in HiKE-IMS operated in the negative ion polarity mode.  

The formation of negative ions in corona discharges ionization sources has been investigated in many 
studies in the last decades 11–18. It has been shown that the yield of the individual ion species is strongly 
affected by trace concentrations of ozone, nitrogen oxides, carbon dioxide, and water. Thus, the 
negative ion species and their relative abundances observed in these studies differ significantly due to 
varying experimental conditions. For example, in the pioneering work of Shahin 11, NO2

- and NO3
- ions 

were found to be predominant in negative corona discharge ionization sources whereas other groups 
detected various additional ion species such as O3

-, OH-, CO3
- or HCO3

- 12,13,15–18. Furthermore, Ross and 
Bell 14 pointed out the important role of radicals and neutrals in negative ion formation in corona 
discharge ionization sources. When removing radicals and neutrals from the corona discharge by a 
reverse gas flow, O2

- and CO4
- ions occurred.  

The aim of this work is to identify the occurring negative reactant ion species in HiKE-IMS and to 
understand the mechanisms underlying their formation. Therefore, the HiKE-IMS is coupled to a mass 
spectrometer (MS) as presented in detail in a previous work 9. Furthermore, based on thermodynamic 
and kinetic data from literature, a simple kinetic model is developed predicting the ion formation 
processes. To verify the model, the negative reactant ion population in HiKE-IMS in air is 
experimentally investigated as a function of the reduced electric field strength in the reaction region 
as well as the water and carbon dioxide concentration in the reaction region.  

Experimental section 

HiKE-IMS 

The HiKE-IMS setup used in this work equals the setup reported previously 3. A schematic of the setup 
is shown in Figure 1 and the default operating parameters are given in Table 1. The HiKE-IMS consists 



of a corona discharge ionization source, a reaction region, and a drift region. It is operated at a constant 
pressure of 14.3 mbar. By inverting all applied voltages, it is possible to switch between the positive 
and negative ion polarity mode. The reduced electric field strength in the reaction and in the drift 
region can be independently increased up to 120 Td in the positive ion polarity mode. However, in the 
negative ion polarity mode, electrical breakdowns occur due to the high amount of electrons injected 
into the HiKE-IMS coming from the corona discharge. Thus, in the negative ion polarity mode, the 
maximum reduced electric field strength in the reaction and the drift region is limited to 100 Td. In this 
work, the HiKE-IMS is operated at a constant temperature of 45 °C. Drift and sample gas are transferred 
into the HiKE-IMS via capillaries with 250 μm 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) for both, the drift gas and sample gas. The drift gas flows through the drift tube and mixes within 
the reaction region with the sample gas. In close vicinity to the corona needle, 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).  

 

Figure 1: Schematic of the HiKE-IMS 

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

Parameter Value 
Temperature 45 °C 

Pressure 14.3 mbar 

Drift gas flow 19 mls/min a 

Sample gas flow 19 mls/min a 

Drift tube length 306 mm 

Reduced drift field up to 100 Td 

Reaction tube length 77 mm 

Reduced reaction field up to 100 Td 

CD voltage 1100 V 

CD current 11 µA 

Injection time 1 µs 

 



Corona discharge ionization source 

The HiKE-IMS is equipped with a stainless steel corona discharge needle from Agilent (corona needle 
APCI, G1947-20029) with a needle diameter of 660 µm. The needle is mounted in a chamber containing 
the gas outlet. Due to the chosen pneumatic setup, the corona discharge ionization source is operated 
in the so-called reverse flow regime as described by Ross and Bell 14. For all measurements presented 
in this work, flow rates of 19 mls/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 of the corona needle. 
The gap distance between corona tip and counter grid electrode is 2 mm. Using an external series 
resistance of 100 MOhm, the applied corona discharge voltage of 1100 V results in an average corona 
discharge current of 11 µA.  

HiKE-IMS-MS coupling 

To identify individual ion species associated with certain peaks in the ion mobility spectrum, the 
previously presented coupling of a HiKE-IMS to a self-built time-of-flight mass spectrometer (TOF-MS) 
is used. A detailed description of the coupling is given elsewhere 9. The coupling is realized by replacing 
the Faraday detector at the end of the HiKE-IMS drift region by a Faraday grid shielded by two aperture 
grids. A fast current amplifier (self-built, 150 kHz, gain = 3 × 108 V/A 19) is connected to the Faraday grid 
for measuring the ion mobility spectrum at the end of the drift region. By varying the potential of the 
Faraday grid according to the tristate ion shutter mechanism 3, this grid formation also serves as second 
ion gate allowing to transfer selected sections or peaks of the ion mobility spectrum into the MS 
(selected-mobility-mode). In this way, clear allocation of ion masses to a certain peak in the HiKE-IMS 
spectrum is possible. 

Gas supply 

As stated in the introduction, it has been shown that the negative ion population generated in air is 
strongly affected by the concentrations of carbon dioxide and water. In this work, purified air 
containing < 1 ppmv of water and < 1 ppmv of carbon dioxide is supplied by a zero air generator (JAG, 
JAGZAG600S) combined with a pressure swing absorber (PureGas, CAS1) in series with an additional 
moisture trap (Supelco, Molecular Sieve 5A Moisture Trap, 23991) and an activated carbon filter 
(Supelco, Supelcarb® HC Hydrocarbon Trap, 24564). The water concentration in the sample gas can 
independently be 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 dew point sensors (Michell 
Instruments, Easidew Transmitter). Similarly, the carbon dioxide concentration in the sample and drift 
gas can be independently adjusted by mixing the supplied purified air with carbon dioxide from a gas 
cylinder (Linde AG, 5.3 purity). The resulting carbon dioxide concentration is calculated from the mixing 
ratio of the gases.  

However, due to diffusion through seals and tubings, the residual water and carbon dioxide 
concentration in the HiKE-IMS may well exceed 1 ppmv. Thus, to ensure comparability of the results 
under different environmental conditions (temperature, ambient pressure, and humidity), the lowest 
water and carbon dioxide concentration in the sample and drift gas was intentionally increased to 
70 ppmv and 30 ppmv, respectively.   

Formation of negative reactant ions in HiKE-IMS 

In order to understand the formation of negative reactant ions in HiKE-IMS, several processes have to 
be taken into account. The following review is largely based on the work of Li et al. 20. Similar kinetic 



schemes have been used by e.g. Zhao et al. 21, Pancheshnyi 22, Ponomarev and Aleksandrov 23 as well 
as Haefliger et al. 24.  

In HiKE-IMS, the formation of negative reactant ions is initiated by free electrons generated in the 
negative corona discharge. When colliding with neutral molecules, these electrons may induce 
different processes depending on their kinetic energy. The distribution of kinetic energies of the 
electrons is determined by the applied reduced electric field and the background gas composition. 
Close to the corona tip, the reduced electric field strength is far above 100 Td 25. Entering the reaction 
region, the kinetic electron energy decreases. Here, the reduced electric field strength can be varied 
between 20 Td and 100 Td.   

In dry purified air (approx. 80 % N2 and 20 % O2) containing neither water nor carbon dioxide residues, 
the formation of negative ions is initiated by electron attachment to the electron affine oxygen 
molecule (electron affinity of 0.43 eV 26). Since nitrogen molecules exhibit no electron affinity, they are 
of minor importance for the formation of negative ions.  

At low electron energies, O2
- ions are generated in the three-body reaction (1) involving a neutral 

molecule M to remove the excess energy 27–29. The neutral molecule M may be either N2 or O2.  

𝑒𝑒− + 𝑂𝑂2 + 𝑀𝑀
𝑘𝑘1→ 𝑂𝑂2− + 𝑀𝑀     (1) 

In contrast, at higher electron energies, mainly O- ions are formed by the dissociative electron 
attachment reaction (2) 27,30,31, which is endothermic by 6.7 eV 28. 

𝑒𝑒− + 𝑂𝑂2
𝑘𝑘2→ 𝑂𝑂− + 𝑂𝑂     (2) 

Figure 2 depicts the rate constants of reactions (1) and (2) as a function of the reduced electric field 
strength E/N. To enable the comparison of the termolecular rate constant k1 with the bimolecular rate 
constant k2, the termolecular rate constant k1 is multiplied with the number density at the operating 
pressure of 14.3 mbar (3.3∙1017 1/cm3) to gain a bimolecular rate constant k1b. According to the data 
in Figure 2, the three-body process (1) is dominant at reduced electric field strengths below 45 Td while 
the dissociative electron attachment process (2) predominates in HiKE-IMS at reduced electric field 
strengths exceeding 45 Td.  

After being captured by oxygen molecules, electrons may be released again through the detachment 
processes (3) and (4) 30,32. Detachment process (3) is endothermic by 0.43 eV and detachment process 
(4) is endothermic by 0.23 eV 33. Thus, as shown in Figure 2, the rate constants k3 and k4 of these 
detachment processes increase with increasing reduced electric field strength.  

𝑂𝑂2− + 𝑀𝑀
𝑘𝑘3→ 𝑂𝑂2 + 𝑀𝑀 + 𝑒𝑒−     (3) 

𝑂𝑂− + 𝑁𝑁2
𝑘𝑘4→ 𝑁𝑁2𝑂𝑂 + 𝑒𝑒−     (4) 

Additionally, when colliding with oxygen molecules, the primary O- ion may undergo conversion 
reactions 34,31,35. Ozone anions O3

- may be formed in the three-body reaction (5). As reaction (5) is 
exothermic, a neutral molecule M is required to remove the excess energy. Thus, increasing the 
reduced electric field strength, the rate constant k5 decreases, see Figure 2, where the reaction is 
represented by the bimolecular rate constant at the operating conditions k5b. 

𝑂𝑂− + 𝑂𝑂2 + 𝑀𝑀
𝑘𝑘5→ 𝑂𝑂3− + 𝑀𝑀     (5) 

Furthermore, O2
- ions may be generated by the conversion reaction (6). Reaction (6) is endothermic by 

at least 0.6 eV 34. Nonetheless, at elevated reduced electric field strengths, the kinetic energy of the 



colliding ions may supply the energy deficit. Thus, as shown in Figure 2, at reduced electric field 
strengths exceeding 75 Td, the conversion reaction (6) is more likely than the three-body reaction (5).  

𝑂𝑂− + 𝑂𝑂2
𝑘𝑘6→ 𝑂𝑂2− + 𝑂𝑂     (6) 

The occurring processes become more complex when water is added to the purified air. In addition to 
O- and O2

-  ions, H- and OH-  ions may be created by dissociative electron attachments to water 
molecules according to reactions (7) – (9) 20,23,36,17,37. 

𝑒𝑒− + 𝐻𝐻2𝑂𝑂
𝑘𝑘7→ 𝑂𝑂− + 𝐻𝐻2     (7) 

𝑒𝑒− + 𝐻𝐻2𝑂𝑂
𝑘𝑘8→ 𝐻𝐻− + 𝑂𝑂𝑂𝑂     (8) 

𝑒𝑒− + 𝐻𝐻2𝑂𝑂
𝑘𝑘9→ 𝑂𝑂𝑂𝑂− + 𝐻𝐻     (9) 

Figure 2 depicts the rate constants k7, k8 and k9 as a function of the reduced electric field strength E/N. 
Increasing the reduced electric field strength, the rate constants of these dissociative electron 
attachment processes increase.  

In addition to the detachment processes (3) and (4), the processes (10) and (11) may occur in humid 
air 20,23. Their rate constants k10 and k11 increase with increasing reduced electric field strength. 

𝐻𝐻− + 𝑂𝑂2
𝑘𝑘10�� 𝐻𝐻𝑂𝑂2 + 𝑒𝑒−     (10) 

𝑂𝑂− + 𝐻𝐻2𝑂𝑂
𝑘𝑘11�� 𝐻𝐻2𝑂𝑂2 + 𝑒𝑒−     (11) 

Furthermore, O- and H- ions may be converted to OH- ions according to reactions (12) and (13) 23,20 
when colliding with water. 

𝑂𝑂− + 𝐻𝐻2𝑂𝑂
𝑘𝑘12�� 𝑂𝑂𝑂𝑂− + 𝑂𝑂𝑂𝑂     (12) 

𝐻𝐻− + 𝐻𝐻2𝑂𝑂
𝑘𝑘13�� 𝑂𝑂𝑂𝑂− + 𝐻𝐻2     (13) 

  
Figure 2: Rate constants k1 – k13 of the attachment, detachment and conversion reactions (1) – (13) in air. The data are taken 
from the work of Li et al. 20 and Pancheshnyi 22. For the three-body processes (1) and (5), the rate constants have been 
multiplied by the number density at 14.3 mbar to gain bimolecular rate constants k1b and k5b. The underlying analytical 
expressions are listed in Table 2. 

Additionally to the attachment, detachment and conversion reactions stated above, further reactions 
such as e.g. cluster association and dissociation reactions may proceed in the HiKE-IMS. As will be 
described below, the field-dependence of the rate constants of these reactions can be estimated using 
van’t Hoff equations 38 as well as the field-dependent effective ion temperature according to Wannier 
39. The corresponding thermodynamic and kinetic data are stated in Table 2. However, we refrain from 



additionally plotting the resulting reaction rates as a function of the reduced electric field strength at 
this point. 

In the presence of water, O- ions are converted to OH-(H2O) via the intermediate cluster O-(H2O) 40 
according to reactions (14) and (15). 

𝑂𝑂− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀     (14) 

𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 → 𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑂𝑂𝑂𝑂     (15) 

In contrast, OH-, O2
-, and O3

- ions form stable water clusters via the three-body processes (16) - (18) 
41,13,16,42,40. 

𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂)𝑛𝑛+1 + 𝑀𝑀     (16) 

𝑂𝑂2−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 𝑂𝑂2−(𝐻𝐻2𝑂𝑂)𝑛𝑛+1 + 𝑀𝑀     (17) 

𝑂𝑂3−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 𝑂𝑂3−(𝐻𝐻2𝑂𝑂)𝑛𝑛+1 + 𝑀𝑀     (18) 

Figure 3 shows a schematic overview of the processes in purified air containing water. In dependence 
on the reduced electric field strength and the water concentration, O-(H2O)n, OH-(H2O)n, O2

-(H2O)n and 
O3

-(H2O)n are expected as primary ion species in the HiKE-IMS. 

 

Figure 3: Simplified reaction scheme for the formation of negative reactant ions in air. Depending on the electron energy Ee-, 
the attachment of the primary electron e- to O2 might result in either O- or O2

-. Furthermore, depending on the energy of O-, 
the collision of O- with O2 might result in either O2

- or O3
-.  

However, the presence of CO2 may significantly influence the observed ion population in the HiKE-IMS. 
Since CO2 exhibits no electron affinity, direct charge transfer reactions involving CO2 are not possible. 
Nonetheless, the presence of CO2 results in the production of CO3

-, HCO3
- and/or CO4

- ions by the three-
body clustering processes (19) – (21) or by the exothermic switching reaction (22) 13,40.  

𝑂𝑂− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 𝐶𝐶𝐶𝐶3− + 𝑀𝑀     (19) 

𝑂𝑂2− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 𝐶𝐶𝐶𝐶4− + 𝑀𝑀     (20) 

𝑂𝑂𝑂𝑂− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 𝐻𝐻𝐻𝐻𝐻𝐻3− + 𝑀𝑀     (21) 

𝑂𝑂3− + 𝐶𝐶𝐶𝐶2 → 𝐶𝐶𝐶𝐶3− + 𝑂𝑂2     (22) 

In the presence of water, CO3
- and HCO3

- ions form stable water clusters via the three-body processes 
(23) and (24) 43. 



𝐶𝐶𝑂𝑂3−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 𝐶𝐶𝐶𝐶3−(𝐻𝐻2𝑂𝑂)𝑛𝑛+1 + 𝑀𝑀     (23) 

𝐻𝐻𝐻𝐻𝑂𝑂3−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 𝐻𝐻𝐻𝐻𝐻𝐻3−(𝐻𝐻2𝑂𝑂)𝑛𝑛+1 + 𝑀𝑀     (24) 

Furthermore, reactions (25) – (28) may occur 13,44.  

𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝐶𝐶𝑂𝑂2 → 𝐶𝐶𝐶𝐶3− + 𝐻𝐻2𝑂𝑂     (25) 

𝑂𝑂2−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐶𝐶𝐶𝐶2 → 𝐶𝐶𝐶𝐶4−(𝐻𝐻2𝑂𝑂)𝑛𝑛−𝑘𝑘 + 𝑘𝑘 ∙  𝐻𝐻2𝑂𝑂    (26) 

𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐶𝐶𝐶𝐶2 → 𝐻𝐻𝐻𝐻𝐻𝐻3−(𝐻𝐻2𝑂𝑂)𝑛𝑛−𝑘𝑘 + 𝑘𝑘 ∙ 𝐻𝐻2𝑂𝑂     1 ≤  𝑘𝑘 ≤ 𝑛𝑛     (27) 

𝑂𝑂3−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐶𝐶𝐶𝐶2 → 𝐶𝐶𝐶𝐶3−(𝐻𝐻2𝑂𝑂)𝑛𝑛−𝑘𝑘 + 𝑘𝑘 ∙ 𝐻𝐻2𝑂𝑂 + 𝑂𝑂2     0 ≤  𝑘𝑘 ≤ 𝑛𝑛     (28) 

However, it is noteworthy that the rate constant of reactions (26) – (28) significantly decreases with 
increasing cluster size n 40,44.  

Although the corona discharge ionization source in the HiKE-IMS is operated in reverse flow, residual 
amounts of the neutral discharge products O3 and NOx may influence the observed ion population in 
the HiKE-IMS. Due to the high electron affinity of 2.1 eV 26, O3 can be ionized via direct charge transfer 
by O-(H2O)n, OH-(H2O)n and O2

-(H2O)n 16,45. Additionally, CO4
- reacts to O3

- when colliding with O3 14,40. In 
contrast, neither a reaction of CO3

-(H2O)n nor a reaction of HCO3
-(H2O)n with O3 has been observed 13. 

𝑂𝑂−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝑂𝑂3 → 𝑂𝑂3−(𝐻𝐻2𝑂𝑂)𝑛𝑛−𝑘𝑘 + 𝑂𝑂 + 𝑘𝑘 ∙ 𝐻𝐻2𝑂𝑂    (29) 

𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝑂𝑂3 → 𝑂𝑂3−(𝐻𝐻2𝑂𝑂)𝑛𝑛−𝑘𝑘 + 𝑂𝑂𝑂𝑂 + 𝑘𝑘 ∙ 𝐻𝐻2𝑂𝑂    (30) 

𝑂𝑂2−(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝑂𝑂3 → 𝑂𝑂3−(𝐻𝐻2𝑂𝑂)𝑛𝑛−𝑘𝑘 + 𝑂𝑂2 + 𝑘𝑘 ∙ 𝐻𝐻2𝑂𝑂     (31) 

𝐶𝐶𝐶𝐶4− + 𝑂𝑂3 → 𝑂𝑂3− + 𝐶𝐶𝑂𝑂2 + 𝑂𝑂2     (32) 

Moreover, the neutral discharge products NO and NO2 may undergo several reactions resulting in 
NO2

-(H2O)n or NO3
-(H2O)n ions 40,13,46,16. However, according to the experimental results, nitrogen oxides 

seem to be of minor importance in the HiKE-IMS.  

In order to kinetically model the formation of negative ions in the HiKE-IMS, reactions (1) - (32) 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. 

To include the influence of the reduced electric field strength, the forward rate constants of the 
attachment, detachment and conversion processes (1) – (13) are assumed to be field-dependent 
according to the curves plotted in Figure 2. Furthermore, the field-dependence of the water cluster 
formation and dissociation equilibria (14), (16), (17), (18), (23) and (24) is included in the model by 
calculating field-dependent cluster dissociation rate constants. As presented in detail in a previous 
work 10, using van’t Hoff equations 38, the field-dependence of the cluster dissociation rate constants 
can be estimated from the rate constant of the cluster association reaction at 300 K, its molar standard 
reaction enthalpy, its molar standard reaction entropy as well as the field-dependent effective ion 
temperature according to Wannier 39. In addition to the field-dependence of the water cluster 
equilibria (14), (16), (17), (18), (23) and (24), the field-dependence of the equilibria (5), (19), (20) and 
(21) of the clusters O3

- ( = O-.O2), CO3
- ( = O-.CO2), CO4

- ( = O2
-.CO2) and HCO3

- ( = OH-.CO2) may be taken 
into account. However, the dissociation enthalpies of O3

- (43 kcal/mol 47), CO3
- (47,8 kcal/mol 26) and 

HCO3
- (88 kcal/mol 48) are very high. Thus, the dissociation of these clusters is of minor relevance at 



reduced electric field strength between 20 Td and 100 Td 45 and neglected in this work. Nonetheless, 
the dissociation enthalpy of CO4

- (19 kcal/mol 49) is comparably low. Hence, the dissociation of CO4
- is 

included in the model. The rate constants of the simple bimolecular charge transfer reactions (15), 
(22), (25) – (32) are assumed to be field-independent.  

In Table 2, the thermodynamic and kinetic data used in the kinetic model are summarized. Based on 
these data, the negative reactant ion population at the end of the reaction region of the HiKE-IMS is 
modeled. It is noteworthy that the processes occurring during corona discharge are obviously more 
complex than those stated above. In particular under the influence of the high electric field in close 
vicinity to the corona tip, electrons may also initiate ionization, dissociation or excitation processes 
37,50,51 leading to the generation of e.g. the neutral discharge products O3 and NOx. However, a 
complete description of all these processes would exceed the scope of this work. Instead, the following 
simplified boundary conditions are assumed to model the negative reactant ion population in HiKE-
IMS: 

1) The ozone concentration in the reaction region of the HiKE-IMS is unknown. The generation of 
ozone in corona discharges depends on various parameters such as the corona discharge 
current 52,53, the temperature 54, the geometry of corona needle and counter electrode 52,53, 
the background gas composition 55,56 and the gas flow 54,14. Thus, the ozone concentrations 
reported in the literature range from hundreds of ppbv to a few %v 14,53,55,13. In accordance with 
the experimental results, we assume a constant O3 background concentration of 120 ppmv in 
the reaction region of the HiKE-IMS in this model.  

2) As the residence time of electrons in the discharge gap of 2 mm length is negligibly small 
compared to the residence time of electrons in the reaction region of 77 mm length, any 
reactions that might occur inside the discharge gap are neglected in the model. The simulation 
starts with electrons being injected into the reaction region. These electrons traverse the 
reaction region under the influence of the electric field and generate primary ions, which in 
turn undergo various reactions with neutral molecules.  

3) To model the negative reactant ion population at the end of the reaction region, the 77 mm 
long reaction region is divided into 77 segments of 1 mm length. In the first step, the time 
required by the electrons to cross the first segment is calculated from the electron drift velocity 
57. Subsequently, the kinetic model described above is used to estimate the ion population 
generated by the electrons during this time. In the second step, the remaining electrons and 
the generated ion population cross the second segment. The times required by every 
individual ion species to cross the second segment are calculated from their reduced ion 
mobilities. Again, these times are used in the kinetic model to estimate the conversion of the 
respective ion species during traversing the second segment. In the third step, the remaining 
electrons and the overall ion population resulting from the conversion processes in the second 
part cross the third part, and so on.  

In the next section, the results predicted by this model are compared with experimental results. It is 
shown that these assumptions allow a qualitative prediction of the processes in HiKE-IMS. 

 

 

 

 

 



Table 2: Thermodynamic and kinetic data used in this work to model the negative reactant ion formation mechanisms in the 
HiKE-IMS. The listed data are determined at ~ 300 K. The stated reduced ion mobilities K0 are estimated from the mass of the 
ions as presented by Appelhans et al. 58 and used in a previous work 10. The field-dependence of the reduced ion mobility is 
neglected.  

 Reaction 
Forward rate constant 

in 𝒄𝒄𝒄𝒄
𝟑𝟑

𝒔𝒔
 or 𝒄𝒄𝒄𝒄

𝟔𝟔

𝒔𝒔
 (as a function of 

E/N in Td) 

∆𝑹𝑹𝑯𝑯 in   
kcal mol-1 

∆𝑹𝑹𝑺𝑺 in  
cal mol-1 
K-1 

K0 of 
product ion 
in cm²/Vs 

1 𝑒𝑒− + 𝑂𝑂2 + 𝑀𝑀 → 
𝑂𝑂2− + 𝑀𝑀 1.1 ∙ 10−30 ∙ 𝑒𝑒(−�𝐸𝐸/𝑁𝑁

120�
2

)     20    

2 𝑒𝑒− + 𝑂𝑂2 → 
𝑂𝑂− + 𝑂𝑂 8 ∙ 10−11 ∙ 𝑒𝑒(−� 125

5.6+𝐸𝐸/𝑁𝑁�
2

)     20    

3  𝑂𝑂2− + 𝑀𝑀→ 
𝑂𝑂2 + 𝑀𝑀 + 𝑒𝑒− 1.24 ∙ 10−11 ∙ 𝑒𝑒(−� 179

8.8+𝐸𝐸/𝑁𝑁�
2

)     22    

4  𝑂𝑂− + 𝑁𝑁2 → 
𝑁𝑁2𝑂𝑂 + 𝑒𝑒− 1.16 ∙ 10−12 ∙ 𝑒𝑒(−� 48.9

11+𝐸𝐸/𝑁𝑁�
2

)     22    

5 𝑂𝑂− + 𝑂𝑂2 + 𝑀𝑀 → 
𝑂𝑂3− + 𝑀𝑀 1.1 ∙ 10−30 ∙ 𝑒𝑒(−�𝐸𝐸/𝑁𝑁

65 �
2

)     22 - 43      47   

6 𝑂𝑂− + 𝑂𝑂2 → 
𝑂𝑂2− + 𝑂𝑂 6.96 ∙ 10−11 ∙ 𝑒𝑒(−� 198

5.6+𝐸𝐸/𝑁𝑁�
2

)     22    

7 𝑒𝑒− + 𝐻𝐻2𝑂𝑂 → 
𝑂𝑂− + 𝐻𝐻2 2 ∙ 10−11 ∙ 𝑒𝑒(−� 130

5.6+𝐸𝐸/𝑁𝑁�
2

)     20    

8 𝑒𝑒− + 𝐻𝐻2𝑂𝑂 → 
𝐻𝐻− + 𝑂𝑂𝑂𝑂 1.35 ∙ 10−10 ∙ 𝑒𝑒(−� 118

5.6+𝐸𝐸/𝑁𝑁�
2

)     20    

9 𝑒𝑒− + 𝐻𝐻2𝑂𝑂 → 
𝑂𝑂𝑂𝑂− + 𝐻𝐻 8 ∙ 10−12 ∙ 𝑒𝑒(−� 132

5.6+𝐸𝐸/𝑁𝑁�
2

)     20    

10 𝐻𝐻− + 𝑂𝑂2 → 
𝐻𝐻𝑂𝑂2 + 𝑒𝑒− 1 ∙ 10−9 ∙ 𝑒𝑒(−� 260

5.6+𝐸𝐸/𝑁𝑁�
2

)     20    

11 𝑂𝑂− + 𝐻𝐻2𝑂𝑂 → 
𝐻𝐻2𝑂𝑂2 + 𝑒𝑒− 5.5 ∙ 10−13 ∙ 𝑒𝑒(−� 140

5.6+𝐸𝐸/𝑁𝑁�
2

)     20    

12 𝑂𝑂− + 𝐻𝐻2𝑂𝑂 → 
𝑂𝑂𝑂𝑂− + 𝑂𝑂𝑂𝑂 6 ∙ 10−13 ∙ 𝑒𝑒(−� 200

5.6+𝐸𝐸/𝑁𝑁�
2

)     20    

13 𝐻𝐻− + 𝐻𝐻2𝑂𝑂 → 
𝑂𝑂𝑂𝑂− + 𝐻𝐻2 2 ∙ 10−9 ∙ 𝑒𝑒(−� 365

10+𝐸𝐸/𝑁𝑁�
2

)     20    

14 𝑂𝑂− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 1.3 ∙ 10−28     40 -31     40 -20 2.85 

15 𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 → 
𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑂𝑂𝑂𝑂 1 ∙ 10−11     40     

16a 𝑂𝑂𝑂𝑂− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 2.5 ∙ 10−28     40 -22.5      41 -19.1     

41 2.82 



16b 𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂)2 + 𝑀𝑀 3.5 ∙ 10−28     40 -16.4     41 -19.3     

41 2.38 

17a 𝑂𝑂2− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂2−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 1.6 ∙ 10−28     42 -18.4     41 -20.1     

41 2.44 

17b 𝑂𝑂2−(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂2−(𝐻𝐻2𝑂𝑂)2 + 𝑀𝑀 5.4 ∙ 10−28     42 -17.2     41 -25.1     

41 2.15 

18a 𝑂𝑂3− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 2.7 ∙ 10−28     40 -18.7     59 -23.8     

59 2.17 

18b 𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂3−(𝐻𝐻2𝑂𝑂)2 + 𝑀𝑀 3 ∙ 10−28     -15.2     59 -31.8     

59 1.96 

19 𝑂𝑂− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 
𝐶𝐶𝐶𝐶3− + 𝑀𝑀 3.1 ∙ 10−28     40 -47.8     26   

20 𝑂𝑂2− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 
𝐶𝐶𝐶𝐶4− + 𝑀𝑀 4.7 ∙ 10−29     40 -19     49 -24     49 2.05 

21 𝑂𝑂𝑂𝑂− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 
𝐻𝐻𝐻𝐻𝐻𝐻3− + 𝑀𝑀 7.6 ∙ 10−28     40 -88     48   

22 𝑂𝑂3− + 𝐶𝐶𝐶𝐶2 → 
𝐶𝐶𝐶𝐶3− + 𝑂𝑂2 4 ∙ 10−10     13    

23 𝐶𝐶𝑂𝑂3− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝐶𝐶𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 1 ∙ 10−28     40 -14.1     43 -25.2     

43 2.02 

24 𝐻𝐻𝐻𝐻𝑂𝑂3− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝐻𝐻𝐻𝐻𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 1 ∙ 10−28  -15.7     43 -24.1     

43 2.017 

25 𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝐶𝐶𝐶𝐶2 → 
𝐶𝐶𝐶𝐶3− + 𝐻𝐻2𝑂𝑂 1 ∙ 10−10     

26 𝑂𝑂2−(𝐻𝐻2𝑂𝑂) + 𝐶𝐶𝐶𝐶2 → 
𝐶𝐶𝐶𝐶4− +  𝐻𝐻2𝑂𝑂 5.2 ∙ 10−10     44    

27a 𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝐶𝐶𝐶𝐶2 → 
𝐻𝐻𝐻𝐻𝐻𝐻3− + 𝐻𝐻2𝑂𝑂 6 ∙ 10−10     40    

27b 𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂)2 + 𝐶𝐶𝐶𝐶2 → 
𝐻𝐻𝐻𝐻𝐻𝐻3−(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 6 ∙ 10−10     40    

28a 𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝐶𝐶𝐶𝐶2 → 
𝐶𝐶𝐶𝐶3− + 𝐻𝐻2𝑂𝑂 + 𝑂𝑂2 3.5 ∙ 10−10     40    

28b 𝑂𝑂3−(𝐻𝐻2𝑂𝑂)2 + 𝐶𝐶𝐶𝐶2 → 
𝐶𝐶𝐶𝐶3−(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 + 𝑂𝑂2 1 ∙ 10−10     40    

29a 𝑂𝑂− + 𝑂𝑂3 → 
𝑂𝑂3− + 𝑂𝑂 5.3 ∙ 10−10     13    

29b 𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑂𝑂3 → 
𝑂𝑂3− + 𝑂𝑂 +  𝐻𝐻2𝑂𝑂 5.3 ∙ 10−10     



30a 𝑂𝑂𝑂𝑂− + 𝑂𝑂3 → 
𝑂𝑂3− + 𝑂𝑂𝑂𝑂 8 ∙ 10−10         

30b 𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑂𝑂3 → 
𝑂𝑂3− + 𝑂𝑂𝑂𝑂 + 𝐻𝐻2𝑂𝑂 8 ∙ 10−10         

30c 𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂)2 + 𝑂𝑂3 → 
𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝑂𝑂𝑂𝑂 + 𝐻𝐻2𝑂𝑂 8 ∙ 10−10         

31a 𝑂𝑂2− + 𝑂𝑂3 → 
𝑂𝑂3− + 𝑂𝑂2 7.8 ∙ 10−10      44    

31b 𝑂𝑂2−(𝐻𝐻2𝑂𝑂) + 𝑂𝑂3 → 
𝑂𝑂3− + 𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 8 ∙ 10−10     44    

31c 𝑂𝑂2−(𝐻𝐻2𝑂𝑂)2 + 𝑂𝑂3 → 
𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 7.8 ∙ 10−10     44    

32 𝐶𝐶𝐶𝐶4− + 𝑂𝑂3 → 
𝑂𝑂3− + 𝐶𝐶𝑂𝑂2 + 𝑂𝑂2 1.3 ∙ 10−10     40    

 

Results and discussion 

In order to experimentally investigate the negative reactant ion population formed at the end of the 
reaction region, it is necessary to suppress reactions in the drift region, which alter the ion population. 
Thus, the H2O and CO2 concentrations in the drift gas are kept constant at the minimum concentrations 
of 70 ppmv and 30 ppmv, respectively. Furthermore, the reduced electric field strength in the drift 
region is set to a constant value of 80 Td in the present experiments. Under these conditions, the 
formation of water clusters and thus conversion reactions initiated by H2O should be mostly inhibited 
in the drift region. However, other conversion reactions in the drift region cannot be avoided. For 
example, electrons entering the drift region may attach to neutrals inside the drift region. 
Furthermore, O- ions are not stable. If these ions are injected into the drift region, they will convert to 
O2

- or O3
- while traversing the drift region. Finally, conversion reactions in the drift region initiated by 

residual amounts of CO2 cannot be inhibited entirely.   

In the following, negative reactant ions in HiKE-IMS are identified by the previously introduced HiKE-
IMS-MS method 9. Their abundances are subsequently analyzed in dependence on the reduced electric 
field strength as well as on the H2O and CO2 concentration in the reaction region. Furthermore, the 
experimental results are compared with the theoretical predictions of the kinetic model.  

Analysis of the HiKE-IMS spectrum at 100 Td, 70 ppmv H2O and 30 ppmv CO2 

At a reduced electric reaction field strength of 100 Td as well as a background water concentration of 
70 ppmv and a background carbon dioxide concentration of 30 ppmv, the kinetic model presented in 
the previous section predicts that the negative ion population generated in the reaction region is 
composed of 53 % O3

-, 27 % O-, 12 % CO3
- and 8 % O2

-. Furthermore, the model predicts that only 19 % 
of the electrons injected into the reaction region attach to neutrals while traversing the reaction 
region. Hence, opening the ion shutter, it is likely that besides ions also electrons are injected into the 
drift region. The drift time of electrons at the reduced electric drift field strength of 80 Td is about 
850 ns. However, the first microseconds of the HiKE-IMS spectrum are interfered by electrical 
crosstalks due to the ion shutter pulse. Thus, it is not possible to observe an electron peak in the HiKE-
IMS spectrum.  



Figure 4a depicts the experimentally recorded HiKE-IMS spectrum at a reduced electric reaction field 
strength of 100 Td as well as at H2O and CO2 concentrations in reaction region of 70 ppmv and 30 ppmv, 
respectively. In the spectrum, five distinct peaks occur. Furthermore, a raise of the baseline between 
the drift times t = 0 s and t = 540 µs is observed. To identify the individual ion species underlying the 
ion mobility spectrum, the sections marked in Figure 4a are successively transferred to a custom built 
time-of-flight mass spectrometer (TOF-MS) using a simple gated interface as described in detail in 9. In 
this way, clear allocation of ion masses to a certain peaks or section in the HiKE-IMS spectrum is 
possible. In Figure 4b, the recorded mass spectra corresponding to the marked sections are shown.  

As expected, we do not observe any signals in the mass spectrum when transferring section b of the 
ion mobility spectrum into the mass spectrometer. However, investigating the raised baseline in 
section a, signals at m/z=32 and m/z=48 occur in the mass spectrum. These signals are related to the 
oxygen anion O2

- (32 u) and the ozone anion O3
- (48 u). As the theoretical model predicts the injection 

of considerable amounts of electrons and O- ions in the drift region, we assume that the observed 
oxygen anions O2

- and ozone anions O3
- result from reactions inside the drift region initiated by 

electrons or O- ions. While traversing the drift region at the reduced electric drift field strength of 
80 Td, electrons may attach to oxygen according to reaction (2’) and thus generate O- ions at random 
positions in the drift region.  

𝑒𝑒− + 𝑂𝑂2 → 𝑂𝑂− + 𝑂𝑂     (2′) 

The O- ions generated in the drift region by electrons and the O- ions injected directly into the drift 
region in turn undergo conversion reactions (5’) and (6’) while traversing the drift region resulting in 
the observed O2

- and O3
- ions.  

𝑂𝑂− + 𝑂𝑂2 + 𝑀𝑀→𝑂𝑂3− + 𝑀𝑀     (5′) 

𝑂𝑂− + 𝑂𝑂2 → 𝑂𝑂2− + 𝑂𝑂     (6′) 

As the generated oxygen anions O2
- and ozone anions O3

- reach the detector according to their random 
point of origin and their ion mobility, the baseline is expected to be raised.  



 

Figure 4: a) Recorded negative HiKE-IMS spectrum of purified air at constant reduced electric reaction field strength of 100 Td 
and constant reduced electric drift field strength of 80 Td, the H2O and CO2 concentrations in reaction and drift region are 
70 ppmv and 30 ppmv, respectively. The pressure is 14.3 mbar, the temperature is 45 °C, b) Mass spectra corresponding to the 
marked sections in the HiKE-IMS spectrum recorded by the HiKE-IMS-MS coupling operated in the selected-mobility-mode. 

With this effect in mind, the ion species associated with the distinct peaks in the ion mobility spectrum 
can be identified. Due to the electron and O- driven generation of ion species in the drift region, every 
mass spectrum consists of mass signals that can be allocated to the selected peak and additional mass 
signals related to the background ion species. Based on the recorded mass spectra, peak 3 and 5 are 
identified as O3

- (m/z = 48) and O2
- (m/z = 32), respectively. However, as explained above, these m/z 

ratios also occur as background signals in the other mass spectra. Nonetheless, NO2
- ions (46 u) can be 

associated with peak 2, as a mass signal at m/z=46 occurs in addition to the background signals at 
m/z=32 and m/z=48. Furthermore, CO3

- ions (m/z = 60) are found under peak 4. However, the 
identification of the ion species underlying peak 1 is more difficult as the mass spectrum of peak 1 is 
almost identical to the mass spectrum of the baseline in section a and exhibits only the background 
signals at m/z = 32 and m/z = 48. Nonetheless, taken into account the predictions of the kinetic model, 
we speculate that this signal is composed of O- ions (m/z = 16) although corresponding signals are not 
observed in the mass spectrum. Here, it is important to note that masses below m/z = 20 are 
significantly discriminated in the transfer stage of the HiKE-IMS-MS 9 and may be suppressed. 



Comparing the reduced ion mobilities determined in this work with reduced ion mobilities from the 
literature for a temperature of 300 K and a reduced drift field strength of 80 Td as listed in Table 3, the 
allocation of peak 1 to O- ions seems to be reasonable. However, as the mobilities from literature in 
Table 3 are determined at different background water concentrations and operating pressures, the 
mobility-based identification of peak 1 is only valid to a limited extend. Furthermore, as shown below, 
measurements at elevated H2O concentrations indicate that OH- ions are also covered by peak 1. Thus, 
it is not clear whether peak 1 is composed of O-, OH-, or both.  

Table 3: Reduced ion mobilities measured in this work in comparison to reduced ion mobilities from the literature (all given 
values refer to a reduced electric drift field strength of 80 Td and a temperature of 300 K). 

 Reduced ion mobility 
in air in cm²/Vs 

Reduced ion mobility 
in O2 in cm²/Vs 

Reduced ion mobility 
in He in cm²/Vs 

 This 
work 

Reference 
60,61 

Reference 62 Reference 61,62 
 

O- 4.45 4.49 4.43 17.8 
OH-    16.4 
NO2

- 3.07 3.05  12.9 
O3

- 2.94 2.98 3.22  
CO3

- 2.74   11.7 
O2

- 2.66 2.81 2.11 14.4 
 

Considering these results, two further effects are noteworthy. First, the reduced ion mobility of O2
- is 

lower than the reduced ion mobility of O3
- even though the molecular mass and shape of O2 in 

comparison to mass and shape of O3 suggest the opposite. This may be due to the effect of resonant 
charge transfer, which occurs when ions move in a gas containing the neutral precursors or molecules 
of similar structure. In this case, the transfer of an electron from an ion to a neutral occurs easily 
resulting in an increase of the effective ion neutral collision cross section and thus in a decrease of the 
mobility 63–65. In the positive ion polarity mode, this effects leads to a significant decrease of the 
reduced ion mobility of O2

+ in air (containing 20 vol.-% O2) in comparison to the reduced ion mobility 
of O2

+ in nitrogen 9.  

The distortion between the O3
- signal and the CO3

- signal is also a noteworthy finding. With regard to 
reaction (22’), this distortion strongly suggests the conversion of O3

- ions to CO3
- ions inside the drift 

region due to the residual CO2 concentration of 30 ppmv. 

𝑂𝑂3− + 𝐶𝐶𝐶𝐶2 → 𝐶𝐶𝐶𝐶3− + 𝑂𝑂2     (22′) 

In the following, the effect of the reduced electric reaction field strength on the negative reactant ion 
population is investigated in detail.  

Effect of the reduced electric reaction field strength on the negative reactant ion population 

Varying the reduced electric field strength in the reaction region, the kinetic energy of both, electrons 
and ions is changing. Furthermore, the ions’ residence times in the reaction region und thus the total 
reaction times changes. These effects significantly influence the negative reactant ion population 
formed in the HiKE-IMS, as illustrated in Figure 5. 

Figure 5a exhibits the recorded reactant ion spectra for different reduced electric field strengths in the 
reaction region containing purified air with 70 ppmv of H2O and 30 ppmv of CO2, while the reduced 
electric drift field strength was kept constant at 80 Td. Thus, the drift times of the ion species remain 
constant, when sweeping the reduced electric field strength in the reaction region. However, both, the 
amount of charge carriers as well as the ion population being injected into the drift region change.  



In Figure 5b, the charge underlying the peaks of the individual ion species as well as the charge 
underlying the total spectrum is plotted against the reduced electric reaction field strength. Here, the 
charge represents the area under the peaks. Taken into account the conversion reactions that likely 
proceed inside the drift region, the integral limits are chosen as indicated in Figure 5a. Increasing the 
reduced electric reaction field strength, the total charge in the spectrum increases. This is mainly due 
to an effect explained and theoretically described by Kirk et al. 66: While traveling through the reaction 
region, the charge carrier beam generated in the corona discharge source expands radially due to 
coulomb repulsion, causing charge carriers to be lost at the ring electrodes. As the charge carrier beam 
has less time to expand and the charge density is lower at higher velocities, the ion current reaching 
the the end of the reaction region grows with the reduced electric reaction field strength. According 
to Kirk et al. 66, this effect results in a quadratic increase of the total charge in the spectrum. However, 
the curve depicted in Figure 5b shows small deviations from a quadratic growth. These deviations 
might be due to the field-dependent electron attachment efficiency. Figure 5c illustrates the 
theoretically predicted electron attachment coefficient as a function of the reduced electric reaction 
field strength. According to the kinetic model, at a reduced electric reaction field strength of 20 Td, 
6 % of the electrons released during the corona discharge attach to neutrals inside the reaction region, 
while at a reduced electric reaction field strength of 100 Td, 19 % of the electrons attach to neutrals. 
At reduced electric reaction field strengths around 50 Td, this value reaches a minimum. 

In addition to the total charge underlying the spectrum, the composition of the negative reactant ion 
population changes with the reduced electric reaction field strength. In Figure 5d, the measured 
relative abundances of every individual ion species are plotted against the reduced electric reaction 
field strength. The relative abundance of an individual ion species is calculated from the charge 
underlying the peak of the respective ion species divided by the total charge underlying the spectrum. 
As shown in Figure 5d, increasing the reduced electric field strength, the relative abundance of CO3

- in 
the spectrum continously decreases. Simultaneously, the relative abundance of O3

- increases and 
reaches a maximum at a reduced electric reaction field strength around 50 Td. At reduced electric 
reaction field strength exceeding 50 Td, the relative abundances of O3

- decreases while those of O2
- as 

well as O- and OH- increase. The simulated relative abundances are in good qualitative agreement with 
the experimental results, see Figure 5e. According to the kinetic model, the continous decrease of the 
relative abundance of CO3

- is mainly due to a reduction of the available reaction time between CO2 and 
O3

- as well as O- according to reactions (19’) and (22’). 

𝑂𝑂− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 𝐶𝐶𝐶𝐶3− + 𝑀𝑀     (19′) 

𝑂𝑂3− + 𝐶𝐶𝐶𝐶2 → 𝐶𝐶𝐶𝐶3− + 𝑂𝑂2     (22′) 

The increase of the relative abundance of O3
- between 20 Td and 50 Td can be explained by the field-

dependence of reactions (1’) and (2’).  

𝑒𝑒− + 𝑂𝑂2 + 𝑀𝑀→𝑂𝑂2− + 𝑀𝑀     (1′) 

𝑒𝑒− + 𝑂𝑂2 → 𝑂𝑂− + 𝑂𝑂     (2′) 

Within this Td range, the direct electron attachment process (1’) resulting in O2
- ions is increasingly 

shifted towards the dissociative electron attachment process (2’) resulting in O- ions, which react via 
reaction (5’) to O3

-. Increasing the reduced electric reaction field strength further, the relative 
abundance of O3

- decreases and that of O2
- increases as reaction (6’) is favored over reaction (5’) in this 

range. 

𝑂𝑂− + 𝑂𝑂2 + 𝑀𝑀→𝑂𝑂3− + 𝑀𝑀     (5′) 

𝑂𝑂− + 𝑂𝑂2 → 𝑂𝑂2− + 𝑂𝑂     (6′) 



It is noteworthy that the kinetic model predicts a significant higher O- abundance at high reduced 
electric field strengths than the measurements show. This discrepancy might be due to the rapid 
conversion of O- to O3

-, CO3
- or O2

- inside the drift region. Thus, it is most likely that the peaks of O3
-, 

CO3
- and O2

- also contain charge that can be assigned to O-. However, these fractions are not easily 
distinguished in the HiKE-IMS spectrum. Nonetheless, the kinetic model reaches a good qualitative 
agreement with the measurements although it provides the negative ion population at the end of the 
reaction region while the measurements show the negative ion population at the Faraday detector at 
the end of the drift region.  

 

Figure 5: Variation of the reduced electric reaction field strength at a constant reduced electric drift field strength of 80 Td, 
the H2O and CO2 concentrations in reaction and drift region are 70 ppmv and 30 ppmv, respectively. The pressure is 14.3 mbar, 
the temperature is 45 °C. a) Recorded ion mobility spectra at different reduced electric reaction field strengths, b) measured 
charge underlying the peaks in the spectrum as a function of the reduced electric reaction field strength, c) simulated fraction 
of electrons that have attached to neutrals inside the reaction region as a function of the reduced electric reaction field 
strength, d) measured relative abundances of the ion species forming the ion mobility spectra as a function of the reduced 
electric reaction field strength, e) simulated relative abundances of the ion species as a function of the reduced electric reaction 
field strength. 

In summary, the negative reactant ion population in HiKE-IMS at 70 ppmv H2O and 30 ppmv CO2 in the 
reaction region is dominated by the oxygen-based ions O-, O2

- and O3
-. Only small amounts of NO2

- and 
CO3

- ions are observed. However, when using the HiKE-IMS in field applications with a direct sample 
gas inlet, the concentrations of H2O and CO2 in the reaction region are significantly higher than 70 ppmv 
and 30 ppmv, respectively. Therefore, the negative reactant ion population is investigated in 
dependence on the H2O and CO2 concentration in the following.  

Effect of H2O and CO2 on the negative reactant ion population 

Figure 6a shows the recorded HiKE-IMS spectra at a reduced electric reaction field strength of 80 Td 
and a CO2 concentration of 30 ppmv for various H2O concentrations in the reaction region. 
Furthermore, Figure 6b depicts the charge underlying the peaks of the individual ion species as well as 
the charge underlying the total spectrum as a function of the H2O concentration in the reaction region 
given as relative humidity (rH) referring to 298 K and 1013 mbar. The relative humidity in the reaction 



region is varied by altering relative sample gas humidity. This leads to a relative humidity in the reaction 
region of about half the relative sample gas humidity due to mixing the sample gas with comparably 
dry drift gas in the reaction region. Increasing the relative humidity in the reaction region, the charge 
underlying peak 1 (K0 = 4.45 cm²/Vs), presumable consisting of O- or OH- ions increases, whereas the 
charge underlying the peaks of the other ions (NO2

-
, O3

-, CO3
- and O2

-) remains almost constant. Thus, 
the total charge underlying the spectrum increases with increasing relative humidity in the reaction 
region. This effect can be explained by an increased electron attachment efficiency at elevated 
humidities. As illustrated by the simulated electron attachment coefficient in Figure 6c, at a relative 
humidity of 0.4 % (70 ppmv of water) in the reaction region, the kinetic model predicts that about 12 % 
of the electrons injected into reaction region attach to neutrals while traversing the reaction region. 
In contrast, at a relative humidity of 19 % (3800 ppmv of water), about 21 % of the electrons attach to 
neutrals while traversing the reaction region. The increase of the electron attachment coefficient is 
due to the additional dissociative attachment processes (7’), (8’), and (9’) which occur in the presence 
of H2O.  

𝑒𝑒− + 𝐻𝐻2𝑂𝑂 → 𝑂𝑂− + 𝐻𝐻2     (7′) 

𝑒𝑒− + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻− + 𝑂𝑂𝑂𝑂     (8′) 

𝑒𝑒− + 𝐻𝐻2𝑂𝑂 → 𝑂𝑂𝑂𝑂− + 𝐻𝐻     (9′) 

However, H- ions are not stable. As stated above, H- ions may either lose their charge in the detachment 
reaction (10’) or they may react to OH- ions when colliding with water according to reaction (13’).  

𝐻𝐻− + 𝑂𝑂2 → 𝐻𝐻𝑂𝑂2 + 𝑒𝑒−     (10′) 

𝐻𝐻− + 𝐻𝐻2𝑂𝑂 → 𝑂𝑂𝑂𝑂− + 𝐻𝐻2     (13′) 

In the presence of H2O, O- ions may also initiate the formation of OH- ions via reactions (12’) as well as 
reaction (14’) followed by reaction (15’).  

𝑂𝑂− + 𝐻𝐻2𝑂𝑂 → 𝑂𝑂𝑂𝑂− + 𝑂𝑂𝑂𝑂     (12′) 

𝑂𝑂− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀     (14′) 

𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 → 𝑂𝑂𝑂𝑂−(𝐻𝐻2𝑂𝑂) + 𝑂𝑂𝑂𝑂     (15′) 

Thus, the presence of H2O mainly results in the formation of additional OH- ions. The formation of OH- 
ions is experimentally confirmed by the detection of HCO3

- ions at high relative humidities, see Figure 
6d. According to reaction (21’), HCO3

- ions result from a reaction between OH- and CO2. 

𝑂𝑂𝑂𝑂− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 𝐻𝐻𝐻𝐻𝐻𝐻3− + 𝑀𝑀     (21′) 

The results predicted by the kinetic model also confirm these findings. As illustrated by the theoretical 
results shown in Figure 6e, increasing the relative humidity, the relative abundances of OH- and HCO3

- 
increase.  



 

Figure 6: Variation of the relative humidity in the reaction region at constant reduced electric reaction field strength of 80 Td 
and constant reduced electric drift field strength of 80 Td, the CO2 concentration in the reaction region is 30 ppmv, the H2O 
and CO2 concentrations in the drift region are 70 ppmv and 30 ppmv, respectively. The pressure is 14.3 mbar, the temperature 
is 45 °C. a) Recorded ion mobility spectra at different relative humidities in the reaction region, b) measured charge underlying 
the peaks in the spectrum as a function of the relative humidity in the reaction region, c) simulated fraction of electrons that 
have attached to neutrals inside the reaction region as a function of the relative humidity in the reaction region, d) measured 
relative abundances of the ion species forming the ion mobility spectra as a function of the relative humidity in the reaction 
region, e) simulated relative abundances of the ion species as a function of the relative humidity in the reaction region. 

Figure 7a shows the recorded HiKE-IMS spectra at a reduced electric reaction field strength of 80 Td 
and a H2O concentration of 70 ppmv for various CO2 concentrations in the reaction region. 
Furthermore, Figure 7b depicts the charge underlying the peaks of the individual ion species as well as 
the charge underlying the total spectrum as a function of the CO2 concentration in the reaction region. 
The CO2 concentration in the reaction region is varied by altering the CO2 concentration in the sample 
gas. Again, taking into account the mixing of the sample gas with drift gas containing 30 ppmv of CO2 
in the reaction region, CO2 concentrations between 30 ppmv and 950 ppmv in the sample gas 
correspond to CO2 concentration between 30 ppmv and 490 ppmv in the reaction region. Increasing 
the CO2 concentration in the reaction region, the total charge in the spectrum remains almost constant, 
see Figure 7b. This is in accordance with the simulated electron attachment coefficient in Figure 7c, 
which increases only slightly with increasing CO2 concentration. Instead, the recorded HiKE-IMS 
spectra are determined by conversion processes, as shown in Figure 7d. According to reaction (22’), 
O3

- is converted to CO3
- when colliding with CO2. 

𝑂𝑂3− + 𝐶𝐶𝐶𝐶2 → 𝐶𝐶𝐶𝐶3− + 𝑂𝑂2     (22′) 
Thus, both the experimental results in Figure 7d as well as the theoretical results in Figure 7e show 
that the relative abundance of O3

- decreases while the relative abundance of CO3
- increases with 

increasing CO2 concentration. It is noted that the relative abundance of O2
- in the experimental and 

theoretical results remains almost constant, although reaction (20’) suggests the conversion of O2
- to 

CO4
- with increasing CO2 concentration.  

𝑂𝑂2− + 𝐶𝐶𝐶𝐶2 + 𝑀𝑀 ⇌ 𝐶𝐶𝐶𝐶4− + 𝑀𝑀     (20′) 



However, as stated above, the dissociation enthalpy of CO4
- is comparably low (19 kcal/mol). According 

to the kinetic model, CO4
- thus dissociates in O2

- and CO2 at reduced electric reaction field strength 
exceeding 65 Td. As the measurements presented in Figure 7 are performed at a reduced electric 
reaction field strength of 80 Td, CO4

- ions are not observed in the spectra and the relative abundance 
of O2

- remains constant.   

 

Figure 7: Variation of the CO2 concentration in the reaction region at constant reduced electric reaction field strength of 80 Td 
and constant reduced electric drift field strength of 80 Td, the H2O concentration in the reaction region is 70 ppmv, the H2O 
and CO2 concentrations in the drift region are 70 ppmv and 30 ppmv, respectively. The pressure is 14.3 mbar, the temperature 
is 45 °C. a) Recorded ion mobility spectra at different CO2 concentrations in the reaction region, b) measured charge underlying 
the peaks in the spectrum as a function of the CO2 concentration in the reaction region, c) simulated fraction of electrons that 
have attached to neutrals inside the reaction region as a function of the CO2 concentration in the reaction region, d) measured 
relative abundances of the ion species forming the ion mobility spectra as a function of the CO2 concentration in the reaction 
region, e) simulated relative abundances of the ion species as a function of the CO2 concentration in the reaction region. 

Comparison of the ion chemistry in HiKE-IMS and classical IMS 

In contrast to classical IMS operating at ambient pressure, the HiKE-IMS presented in this work is 
operated at a pressure of 14.3 mbar. Furthermore, classical ambient pressure IMS are typically 
operated at reduced electric field strengths of a few Td whereas the HiKE-IMS uses reduced electric 
field strengths of up to 100 Td. These two aspects lead to significant differences between the negative 
ion chemistry in HiKE-IMS and that in classical ambient pressure IMS. 

While the reaction systems reach very quickly chemical equilibrium at ambient pressure, the results 
presented above show that the reaction systems in HiKE-IMS at 14.3 mbar are far from being in 
equilibrium. As ions reach the end of the reaction region in HiKE-IMS before the chemical equilibrium 
is established, the negative HiKE-IMS spectra are influenced by reactions inside the drift region leading 
to e.g. a raised baseline and distorted peaks. This is mainly due to the presence of electrons and 
reactive O- ions.  

Additionally, the reaction cascades in HiKE-IMS significantly differ from those in classical IMS. 
According to the field-dependence of reactions (1’) and (2’), the primary ion O- predominates in HiKE-



IMS whereas the primary ion O2
- is dominant in classical IMS operating at low reduced electric field 

strengths and comparably high background pressures.   

𝑒𝑒− + 𝑂𝑂2 + 𝑀𝑀→𝑂𝑂2− + 𝑀𝑀     (1′) 

𝑒𝑒− + 𝑂𝑂2 → 𝑂𝑂− + 𝑂𝑂     (2′) 

Thus, depending on the background concentrations of H2O and CO2, mainly O2
-(H2O)n and CO4

-(H2O)n 
as well as OH-(H2O)n ions are detected in classical IMS 28,67,68,14,15,18. In contrast, the negative reactant 
ion population in HiKE-IMS is predominated by O3

-, O- and CO3
- ions. However, to estimate the effect 

of these differences on the ionization processes occurring in HiKE-IMS, further in-depth studies are 
required. 

Conclusion 

In this work, the observed negative reactant ion population in HiKE-IMS is investigated in detail. We 
investigated the mechanisms leading to the formation of negative reactant ions in HiKE-IMS. Based on 
kinetic and thermodynamic data from literature, we developed a model describing the underlying 
processes. This model is in a good qualitative agreement with the measurements. For identification of 
the corresponding ion species of a certain mobility range or a distinct peak of the ion mobility 
spectrum, a self-built HiKE-IMS-MS with a second ion gate controlling the ion transfer into the MS was 
used. It is shown, that the negative reactant ion population is highly sensitive to concentrations of 
abundant atmospheric background constituents, predominantly CO2 and H2O. In dry purified air 
containing 70 ppmv of H2O and 30 ppmv of CO2, the HiKE-IMS spectrum is dominated by O-, O2

- and O3
-

. Additionally, small amounts of NO2
- and CO3

- are observed. At elevated H2O concentrations, the 
abundance of OH- is increased, whereas at elevated CO2 concentrations, CO3

- ions are the most 
abundant ion species. Furthermore, the negative reactant ion population is influenced by the reduced 
electric field strength in the reaction region, as this parameter affects the kinetic energy of electrons 
and ions as well as the total reaction time in the reaction region. Due to the variety of different reactant 
ion species, the ionization of analyte molecules in the negative ion polarity mode may become rather 
complex. Various ionization pathways are possible originating from individual reactant ion species and 
resulting in the formation of one or several product ion species in HiKE-IMS. Thus, further in-depth 
studies are required regarding the occurring ionization mechanisms of specific analyte molecules.  
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