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Abstract 

Classical ion mobility spectrometers (IMS) operated at ambient pressure, often use atmospheric 
pressure chemical ionization (APCI) sources to ionize organic compounds. In APCI, reactant ions ionize 
neutral analyte molecules via gas-phase ion-molecule reactions. The positively charged reactant ions 
in purified, dry air are H3O+, NO+, and O2

+●. However, the hydration of reactant ions in classical IMS 
operated at ambient pressure renders ionization of certain analytes difficult. In contrast to classical 
IMS operated at ambient pressure, High Kinetic Energy Ion Mobility Spectrometers (HiKE-IMS) are 
operated at a decreased pressure of 10 - 40 mbar, allowing operation at high reduced electric field 
strengths of up to 120 Td. At such high reduced field strengths, ions reach high effective temperatures 
causing collision-induced cluster dissociation of the hydrated gas-phase ions, allowing ionization of 
non-polar and low proton affinity analytes. The reactant ion population, consisting of H3O+(H2O)n, 
NO+(H2O)m, and O2

+●(H2O)p with an individual abundance that strongly depends on the reduced field 
strength, differs from the reactant ion population in IMS operated at ambient pressure, which affects 
the ionization of analyte molecules.  In this work, we investigate the influence of reduced field strength 
on the product ion formation of aromatic hydrocarbons used as model substances. A HiKE-IMS-MS 
coupling was used to identify the detected ion species. The results show that the analytes form parent 
cations via charge transfer with NO+(H2O)m and O2

+●(H2O)p depending on ionization energy and 
protonated parent molecules via proton transfer and ligand switching with H3O+(H2O)n mainly 
depending on proton affinity. 

Introduction 

Ion mobility spectrometers (IMS) are widely used in both ion polarities to detect organic compounds, 
including drugs,1,2 explosives,3,4 chemical warfare agents,5,6 and toxic industrial chemicals (TICs) such 
as aromatic hydrocarbons7,8. An IMS separates different ion species in a drift region based on their ion 
mobility in a neutral gas under the influence of an electric field. Typically, IMS are equipped with 
atmospheric pressure chemical ionization (APCI) sources operated at ambient pressure, where 
reactant ions ionize the analyte molecules via gas-phase reactions in a reaction region. The main 
advantages of using IMS with APCI sources are their low limits of detection down to the single-digit 
pptV (parts-per-trillion by volume) range in short measurement times of less than one second.9,10 

However, classical IMS with APCI sources operated at ambient pressure suffer from strong matrix 
effects and a limited ionization yield for various VOCs. The positively charged reactant ions are 
hydronium ions H3O+, nitrosonium ions NO+, and oxygen radical ions O2

+●. However, in the presence of 
water molecules, these reactant ions form hydrates. The hydrated NO+ and hydrated O2

+● react with 
neutral water molecules to form hydrated hydronium ions, preventing these reactant ions from 
participating in product ion formation. Consequently, hydrated hydronium ions H3O+(H2O)n with n = 3 



and n = 4 are the most abundant reactant ions at ambient pressure.10 These hydrated hydronium ions 
can only ionize analyte molecules via proton transfer if the analytes have a higher proton affinity (PA) 
than the corresponding water cluster (H2O)n+1. However, since the PA of water clusters increases with 
increasing cluster size, the hydration of H3O+ impairs the ionization of low proton affinity analytes. 
Furthermore, the formation of large hydrates of H3O+ impairs the ionization of non-polar analytes via 
ligand switching since the reaction rate coefficient of ligand switching seems to decrease with 
increasing cluster size n of the hydrated hydronium ions.11–13 

To overcome the limitations of IMS operated at ambient pressure, we introduced the High Kinetic 
Energy Ion Mobility Spectrometer (HiKE-IMS)14. As in classical IMS, analytes are ionized in a reaction 
region and then separated in a drift region. However, HiKE-IMS are operated at a decreased pressure 
of 10 – 40 mbar allowing the operation at high reduced electric field strengths E/N of up to 120 Td 
(1 Td = 1∙10-21 Vm²). The reduced electric field strength, which is the ratio of the applied electric field E 
and the density of neutral molecules N, strongly influences the effective temperature Teff given by 
eq. 1,15 which is the average ion-neutral collision energy in the center-of-mass frame of the ions and 
neutral molecules. In eq. 1, T is the absolute temperature, M is the mass of the neutral molecules, kB 
is the Boltzmann constant, K0 is the reduced ion mobility, N0 is the Lohschmidt constant, and E/N is the 
reduced electric field strength. 
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Due to the decreased number of collisions at the reduced operating pressure and the decreased 
reaction times at the high E/N in HiKE-IMS, the ion population is kinetically controlled, in contrast to 
the thermodynamically controlled ion population in IMS operated at ambient pressure. In addition, in 
HiKE-IMS, the high effective temperatures cause the hydrates of gas-phase ions to dissociate during 
collisions. The collision-induced cluster dissociation of H3O+(H2O)n at high E/N allows the ionization of 
low proton affinity and non-polar analytes via proton transfer and ligand switching. Furthermore, the 
collision-induced cluster dissociation of hydrated NO+ and hydrated O2

+● at high E/N inhibits their 
conversion to hydrated hydronium ions.16 Thus, in contrast to IMS operated at ambient pressure, NO+ 
and especially O2

+● can participate in product ion formation and ionize analyte molecules via charge 
transfer even at elevated background water concentrations.  

The presence of multiple reactant ion species depending on E/N ionizing analytes on different 
ionization pathways leads to the formation of multiple product ion species for a single analyte. While 
the presence of multiple product ions can help to minimize false positives, it also complicates the 
interpretation of HiKE-IMS spectra. Since the reactant ion population in HiKE-IMS differs from that at 
ambient pressure and product ion formation thus proceeds via different reaction pathways, detailed 
studies on the product ion formation in HiKE-IMS are necessary. In a previous work, the product ion 
formation of acetonitrile, benzene, methanol, and phosphine was investigated.17 However, there are 
still several aspects of product ion formation in HiKE-IMS that require further investigation. To use a 
HiKE-IMS for the detection of VOCs, it is not only necessary to understand which product ions are 
formed, but especially why and how these product ions are formed. Therefore, it is necessary to 
investigate which reactant ions are involved in the formation of the individual product ions depending 
on E/N and on which reaction pathway the product ions are formed. In addition, it is necessary to 
investigate the reactions of the analytes with the hydrated hydronium ions of different cluster size n 
and whether the protonation of analytes proceeds via proton transfer or ligand switching. Also, the 
influence of analyte properties such as proton affinity (PA), ionization energy (IE), and polarity on the 
proceeding reactions and thus on the formation of the different product ions requires more detailed 
investigation. The results of this study can also be beneficial for other devices ionizing analytes with 
the same reactant ions via the same gas-phase ion-molecule reactions, such as selected ion flow tube 



mass spectrometers (SIFT-MS)18,19 or proton transfer reaction mass spectrometers (PTR-MS) when 
equipped with a switchable reactant ion source.20,21  

The product ion formation in HiKE-IMS depending on E/N is studied in this work using aromatic 
hydrocarbons as model substances. A HiKE-IMS-MS coupling22 was used to identify the detected ion 
species. The aromatic hydrocarbons are suitable model substances, as their PA and IE vary over a wide 
range, allowing investigations of the influence of these quantities on ionization. As the aromatic 
hydrocarbons can form multiple product ion species in HiKE-IMS23, studies on their product ion 
formation can provide more profound insights into different reaction pathways such as charge 
transfer, proton transfer, and ligand switching. Another reason for aromatic hydrocarbons being 
suitable model substances is that they do not form fragments in HiKE-IMS, which would further 
complicate product ion formation. However, an investigation of fragmentation in HiKE-IMS would 
exceed the scope of this work. In addition, the investigation of the product ion formation at different 
E/N allows the investigations on the reactions between the different hydrates of the reactant ions and 
analyte molecules due to the field-dependent cluster size of the reactant ions.  

Ion Formation in HiKE-IMS 

The reactant ion formation in HiKE-IMS in positive polarity was investigated in detail in previous work 
by coupling the HiKE-IMS to a mass spectrometer and is therefore only briefly discussed here.16,22 In 
HiKE-IMS, the reaction cascades are initiated by electrons generated in a corona discharge. These 
electrons initially ionize the main constituents of the sample gas. Therefore, the primary ions in 
purified air are nitrogen radical ions N2

+●, nitrosonium ions NO+, and oxygen radical ions O2
+●. In the 

presence of trace amounts of water, N2
+● reacts in a reaction cascade to form hydronium ions H3O+.24,25 

Consequently, H3O+, NO+, and O2
+● are the main positively charged reactant ions present in HiKE-IMS 

in purified air. Depending on water concentration, pressure, and effective temperature, the reactant 
ions can form hydrates according to the association reactions 2 - 4.26–28 

𝐻𝐻3𝑂𝑂+(𝐻𝐻2𝑂𝑂)𝑛𝑛−1 + 𝐻𝐻2𝑂𝑂 ⇌ 𝐻𝐻3𝑂𝑂+(𝐻𝐻2𝑂𝑂)𝑛𝑛 2 
𝑁𝑁𝑂𝑂+(𝐻𝐻2𝑂𝑂)𝑚𝑚−1 + 𝐻𝐻2𝑂𝑂 ⇌ 𝑁𝑁𝑂𝑂+(𝐻𝐻2𝑂𝑂)𝑚𝑚 3 

𝑂𝑂2+
● + 𝐻𝐻2𝑂𝑂 ⇌ 𝑂𝑂2+

●(𝐻𝐻2𝑂𝑂) 4 
However, the hydrates of NO+ are only stable up to a cluster size of m ≤ 3, while O2

+●(H2O) is the only 
stable hydrate of O2

+●. The hydrates NO+(H2O)3 and O2
+●(H2O) react with neutral water molecules to 

form H3O+(H2O)2 and H3O+ according to reactions 5 - 6.29–33  

𝑁𝑁𝑂𝑂+(𝐻𝐻2𝑂𝑂)3 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻3𝑂𝑂+(𝐻𝐻2𝑂𝑂)2 + 𝐻𝐻𝐻𝐻𝑂𝑂2 5 
𝑂𝑂2+

●(𝐻𝐻2𝑂𝑂) + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻3𝑂𝑂+ + 𝑂𝑂𝑂𝑂 + 𝑂𝑂2 6 
At low E/N, where cluster association dominates over collision-induced cluster dissociation due to the 
low effective temperature, NO+ and O2

+● are converted to hydrated hydronium ions by forming 
unstable hydrates and thus are not involved in product ion formation. As E/N increases, the effective 
temperature increases, shifting the equilibrium of reactions 2 - 4 towards smaller clusters by collision-
induced cluster dissociation. At high E/N, the collision-induced cluster dissociation of NO+(H2O)3 and 
O2

+●(H2O) combined with the decreased residence time of the ions in the reaction region inhibits their 
conversion to hydrated hydronium ions, allowing O2

+● and NO+ to participate in product ion formation. 
Thus, the reduced field strength strongly influences the reactant ion population in HiKE-IMS due to 
field-dependent collision-induced cluster dissociation.  

Since multiple reactant ions with a field-dependent cluster size are present in HiKE-IMS, analytes can 
be ionized via multiple gas-phase reactions such as proton transfer, ligand switching, and charge 
transfer. The hydrated hydronium ions can ionize neutral analyte molecules M by transferring a proton 



to the molecules forming the protonated parent molecule MH+ according to reaction 7. Such proton 
transfer reactions usually proceed at or close to the collisional rate.34  

𝐻𝐻3𝑂𝑂+(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝑀𝑀 → 𝑀𝑀𝐻𝐻+ + (𝑛𝑛 + 1)𝐻𝐻2𝑂𝑂 7 
The proton affinity (PA) is the negative reaction enthalpy of the proton acceptance reaction.35 
Therefore, the reaction enthalpy ΔrHPT of the proton transfer reaction 7 is given by eq. 8. 

𝛥𝛥𝑟𝑟𝐻𝐻𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃((𝐻𝐻2𝑂𝑂)𝑛𝑛+1)− 𝑃𝑃𝑃𝑃(𝑀𝑀) = 𝛥𝛥𝛥𝛥𝛥𝛥 8 
The change in Gibbs energy in a proton transfer is given by the difference in gas basicities between the 
respective neutral water cluster and the neutral analyte molecule M. However, the entropy change in 
proton transfer can usually be assumed negligible. Thus, the difference in proton affinity is often 
considered instead. If the analyte’s PA exceeds that of the respective water cluster (H2O)n+1, proton 
transfer will proceed spontaneously.35 At the low E/N in IMS operated at ambient pressure, the 
hydration of H3O+ predominates over collision-induced cluster dissociation, shifting the equilibrium of 
reaction 2 towards larger clusters H3O+(H2O)3 with PA((H2O)4) = 919 kJ/mol and H3O+(H2O)4 with 
PA((H2O)5) = 926 kJ/mol at a background water concentration of 50 ppmV having a higher PA than H2O 
(691 kJ/mol).10,36–39 Thus, the ionization of low proton affinity analytes via proton transfer is impaired. 
In contrast, at the high E/N in HiKE-IMS, H3O+ is formed by collision-induced cluster dissociation. Since 
H2O has a lower PA than most organic compounds of 691 kJ/mol, protonation of low proton affinity 
analytes is possible in HiKE-IMS. 

Besides proton transfer, H3O+(H2O)n can ionize analyte molecules in ligand switching reactions forming 
hydrates of the protonated parent molecule according to reaction 9. The reaction rate coefficient of 
ligand switching seems to increase with increasing polarizability and permanent dipole moment of the 
analyte molecules.11,28,40 In contrast, the reaction rate coefficient seems to decrease with increasing 
cluster size n.11–13  

𝐻𝐻3𝑂𝑂+(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝑀𝑀 → 𝑀𝑀𝐻𝐻+(𝐻𝐻2𝑂𝑂)𝑘𝑘 + (𝑛𝑛 + 1 − 𝑘𝑘)𝐻𝐻2𝑂𝑂 9 
According to Hess’ law, the reaction enthalpy ΔrHLS of ligand switching is determined by dividing 
reaction 9 into a sequence of proton acceptance and proton donation reactions, as well as in hydration 
and dehydration reactions and forming the sum of the enthalpy changes of the individual reactions.41 
As discussed above, the reaction enthalpy of the proton acceptance and proton donation is given by 
the PA of the respective water cluster and the analyte molecule. The reaction enthalpy of the hydration 
and dehydration is given by the bond energy between the ligand and the bound molecule Ebond. In this 
case, the bound molecule is H2O and thus Ebond is the hydration energy. Consequently, the reaction 
enthalpy ΔrHLS of ligand switching is given by eqs. 10 and 11.42 Since the PA is a positive quantity and 
the hydration energy is a negative quantity, ligand switching is facilitated by a high PA of the analyte 
molecules or by a strong bond between MH+ and H2O. Note that the reaction enthalpy of ligand 
switching for analytes with H3O+(H2O)n only depends on the PA of the water monomer (691 kJ/mol) 
whereas the reaction enthalpy of proton transfer with H3O+(H2O)n depends on the PA of the respective 
water cluster (H2O)n+1. Since the PA of the water clusters increases with cluster size n, the term ΔPA in 
eq. 11 is more exothermic for ligand switching than for proton transfer with the same hydrated 
hydronium ions. Thus, depending on the difference in hydration energy ΔEhyd between the protonated 
parent molecule of the analyte and the hydronium ion, ligand switching with a given hydrated 
hydronium ion may be exothermic, although proton transfer with the same reactant ion is 
endothermic. 

𝛥𝛥𝑟𝑟𝐻𝐻𝐿𝐿𝐿𝐿 = �𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻�𝑀𝑀𝐻𝐻+(𝐻𝐻2𝑂𝑂)𝑗𝑗−1,𝑗𝑗�
𝑘𝑘
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+ 𝑃𝑃𝑃𝑃(𝐻𝐻2𝑂𝑂) − 𝑃𝑃𝑃𝑃(𝑀𝑀) 10 



𝛥𝛥𝑟𝑟𝐻𝐻𝐿𝐿𝐿𝐿 = 𝛥𝛥𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻 + 𝛥𝛥𝛥𝛥𝛥𝛥 11 

Furthermore, both NO+ and O2
+● can ionize analyte molecules via charge transfer forming the parent 

radical cations M+● according to reactions 12 - 13. Usually, charge transfer proceeds at or close to the 
collisional rates. If the analyte molecule has a lower ionization energy (IE) than the reactant ions with 
IE(NO) = 9.26 eV and IE(O2) = 12.07 eV,43 charge transfer can proceed spontaneously.35 However, the 
high ionization energy of O2 compared to that of many volatile organic compounds can result in 
significant excess energy in the reaction, causing fragmentation of the product ions.44 

𝑁𝑁𝑂𝑂+ + 𝑀𝑀 → 𝑀𝑀+● + 𝑁𝑁𝑁𝑁 12 
𝑂𝑂2+

● +𝑀𝑀 → 𝑀𝑀+● + 𝑂𝑂2 13 
The hydrated NO+ can also ionize analytes via charge transfer. The reaction enthalpy ΔrHCT is 
determined using Hess’ law and given by eq. 14. Since the hydration energy of NO+ and its hydrates is 
negative, the reaction enthalpy of charge transfer with the hydrated NO+ is more endothermic than 
the charge transfer with NO+. Thus, hydration of NO+ can inhibit the ionization of analytes via charge 
transfer. 

𝛥𝛥𝑟𝑟𝐻𝐻𝐶𝐶𝐶𝐶 = 𝐼𝐼𝐼𝐼(𝑀𝑀) − 𝐼𝐼𝐼𝐼(𝑁𝑁𝑁𝑁) −�𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻(𝑁𝑁𝑁𝑁+(𝐻𝐻2𝑂𝑂)𝑖𝑖−1,𝑖𝑖)
𝑛𝑛

𝑖𝑖=1

 14 

Smith et al. have shown that the hydrated NO+ can ionize analyte molecules via ligand switching 
according to reaction 15 forming hydrated adducts M∙NO+ if the NO+-M bond energy exceeds the NO+-
H2O bond energy.45 NO+(H2O) seems to ionize analytes via ligand switching only when charge transfer 
is endothermic. In HiKE-IMS, due to the high E/N, the adducts can fragment and form NO+ or the radical 
cation M+●, if the charge of NO+ is transferred to the analyte molecule. 

𝑁𝑁𝑂𝑂+(𝐻𝐻2𝑂𝑂)𝑚𝑚 + 𝑀𝑀 → 𝑀𝑀 ∙ 𝑁𝑁𝑂𝑂+(𝐻𝐻2𝑂𝑂)𝑘𝑘 + (𝑚𝑚 − 𝑘𝑘)𝐻𝐻2𝑂𝑂 15 
Gas-phase ion-molecule reactions of aromatic hydrocarbons  

The gas-phase reactions of aromatic hydrocarbons with H3O+, NO+, and O2
+● have already been 

investigated in selected ion flow tube (SIFT) studies,46 showing that H3O+ reacts via proton transfer 
forming the protonated parent molecule MH+. NO+ ionizes the aromatic hydrocarbons via non-
dissociative charge transfer forming the parent radical cation M+● and reacts with benzene via adduct 
formation. The large difference in IE between O2 and the aromatic hydrocarbons leads to partially 
dissociative charge transfer for reactions with O2

+●. Also, the influence of temperature on reactions of 
H3O+(H2O)n with n = 0 and n = 1, NO+, and O2

+●, was investigated using SIFT and flowing afterglow (FA) 
techniques at various absolute temperatures.47–49 At low temperatures, the protonated parent 
molecule, and the parent radical cation are the most abundant product ion species. However, the 
excitation of internal energy states and high rovibrational energies at high temperatures opens 
dissociative proton transfer and dissociative charge transfer channels.  

Experimental 

For all experiments, we use the same HiKE-IMS as described in detail in an earlier publication.50 Table 1 
summarizes the most relevant operating parameters of the HiKE-IMS. The reduced field strength in 
both the drift and reaction region can be increased independently up to 120 Td. The reduced reaction 
field strength ERT/N affects the reactant ion formation and the product ion formation in the reaction 
region. The reduced drift field EDT/N strength influences the separation in the drift region due to field-
dependent ion mobilities. However, EDT/N can also affect the ion population due to field-dependent 
cluster association, cluster dissociation, and fragmentation inside the drift region. A HiKE-IMS-MS 
coupling22 was used to identify the detected ion species. 

Table 1. Operating parameters of the HiKE-IMS 



Parameter Value 
reaction region length 77 mm 
drift region length  306 mm 
drift region diameter 21 mm 
corona voltage 1300 V 
reaction region voltage 0.5 - 5 kV 
reduced reaction field, ERT/N 10 - 120 Td 
drift region voltage 20 kV 
reduced drift field, EDT/N 120 Td 
injection time 1 µs 
drift gas flow 19 mls/min 
sample gas flow 19 mls/min 
operating pressure 14.3 mbar 
operating temperature  45 °C 
dew point of sample and drift gas -14.3°C 

 

All chemicals were purchased from Sigma-Aldrich Germany with a purity of > 99 %. The samples were 
introduced using a permeation oven (Vici, Dynacalibrator Model 150) and homemade permeation 
tubes. Drift and sample gas are transferred into the HiKE-IMS via capillaries with 250 µm inner 
diameter. The capillary lengths were adjusted to provide gas flow rates of 19 mls/min (milliliter 
standard per minute, mass flow at reference conditions 20 °C and 1013.25 hPa). 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) supplies purified air containing < 1 ppmV of 
water as drift gas. The water concentration in the sample and drift gas is set to 0.2 %V by mixing the 
provided purified air containing < 1 ppmV of water with purified air passed through a water container. 
Dew point sensors (Michell Instruments, Easidew Transmitter) measure the resulting water 
concentration of both sample and drift gas. 

Kinetic Model for Computing the Reactant Ion Population in HiKE-IMS 

The reactant ion population in HiKE-IMS depending on ERT/N is also computed using the simple kinetic 
model introduced in previous work.16 This kinetic model includes bimolecular charge transfer 
reactions, proton transfer reactions, cluster association reactions, and cluster dissociation reactions, 
including their corresponding reaction rate coefficients known from the literature. The rate coefficient 
of collision-induced cluster dissociation is estimated from the rate coefficient of the cluster association 
reaction, its molar standard reaction enthalpy, and its molar standard reaction entropy using van’t Hoff 
equations51 and the field-dependent effective temperature Teff, which can be calculated using the 
Wannier equation according to eq. 1. 

Results and Discussion 

In the following, product ion formation in HiKE-IMS depending on ERT/N will be examined in more 
detail. In particular, it is investigated which product ions are formed, how the properties of the analytes 
affect ionization, and which reactant ions are involved in product ion formation. For such studies, the 
reactant ion population depending on ERT/N needs to be investigated first.  

The formation of positively charged reactant ions in HiKE-IMS depending on ERT/N has been 
investigated in detail in previous publications.16,17,22 Therefore, the reactant ion population is studied 
in this work only in sufficient detail to understand product ion formation. To this end, we recorded 
HiKE-IMS spectra at a constant background water concentration of 0.2 %V inside the reaction region 



and various reduced reaction field strengths of 10 - 120 Td. The reduced drift field strength is set to 
120 Td in all experiments to mitigate changes in the ion population within the drift region. At such 
EDT/N, the collision-induced cluster dissociation of O2

+● (H2O) and NO+(H2O)3 inhibits their conversion 
to hydrated hydronium ions inside the drift region as much as possible. First, the measurement is 
conducted without injecting analytes to investigate reactant ion formation. Subsequently, the same 
measurements are conducted with the injection of analytes with a volume fraction of 0.5 ppmV in the 
reaction region of the HiKE-IMS.  

Influence of Reduced Reaction Field Strength on Reactant Ion Formation 

Figure 1 a) shows HiKE-IMS spectra without analyte injection in purified air at different ERT/N. The ion 
current at the end of a reaction region of an IMS with corona discharge ionization source increases 
quadratically with increasing ERT/N, resulting in increasing peak amplitudes in the ion mobility 
spectrum with increasing ERT/N.52 For this reason, instead of the varying absolute intensity, the relative 
abundance of the ion species, which is the fraction of an ion species in the HiKE-IMS spectrum, is used 
to investigate the ion population in HiKE-IMS depending on ERT/N. The relative abundance of an 
individual ion species is determined by dividing the peak area of an ion by the integral of the HiKE-IMS 
spectrum corresponding to the ratio of the charge underlying the peak of the ion species and the total 
charge underlying the IMS spectrum. 

The relative abundances of the individual reactant ion species are shown in Figure 1 b). It can be seen 
that hydrated hydronium ions are the only detected reactant ions up to a reduced reaction field 
strength of 40 Td. As expected, NO+ and O2

+● are converted to hydrated hydronium ions at low ERT/N, 
since they form hydrates that subsequently react with water molecules. Above about 40 Td, the 
conversion of NO+ is inhibited as collision-induced cluster dissociation becomes more significant and, 
also, the reaction time decreases at high ERT/N. Above about 60 Td, the relative abundance of NO+ 
remains constant, indicating that the conversion is completely inhibited. Note that the measurement 
agrees well with the relative abundance of the reactant ions simulated using the simple kinetic model.  

 

Figure 1. Reactant ion population in HiKE-IMS in purified air depending on reduced reaction field strength at a water 
concentration inside the reaction region of 0.2 %V. a) Positive HiKE-IMS spectra of the reactant ions at different reduced 
reaction field strengths. b) Comparison of measured (meas.) and simulated (sim.) relative abundances of the reactant ions. 
All simulations were carried out using the kinetic model described in previous work.16 Table 1 summarizes all other 
operational parameters. The error bars for the measured relative abundances in b) represent the standard deviation of three 
individual measurements without analyte injection. 



In contrast to NO+, O2
+● is not detected even at the maximum reduced reaction field strength of 120 Td. 

Nevertheless, as shown in a previous publication,17 O2
+● may still be present in parts of the reaction 

region, especially near the corona needle. Thus, O2
+● may participate in product ion formation even 

though it is converted to H3O+ later and not detected in the HiKE-IMS spectrum. 

After injecting the ions generated in the reaction region into the drift region, the equilibrium of the 
association reactions 2 and 3 shifts depending on the reduced drift field strength and water 
concentration inside the drift region. Due to the high EDT/N of 120 Td used in this work, the hydrates 
formed in the reaction region quickly dissociate within the drift region.53 As a result, the ions travel 
through the drift region at the same drift velocity regardless of their cluster size within the reaction 
region. For this reason, the cluster size of the reactant ions within the reaction region, significantly 
affecting the ionization of analyte molecules, can only be investigated by kinetic modeling.  

 

Figure 2. Simulated relative abundances of the hydrates of H3O+ and NO+ in purified air depending on reduced reaction field 
strength at a water concentration inside the reaction region of 0.2 %V. a) Simulated relative abundances of H3O+(H2O)n with 
different cluster sizes n. b) Simulated relative abundances of NO+(H2O)m with different cluster sizes m. All simulations were 
carried out using the kinetic model described in previous work.16  

Figure 2 shows the simulated relative abundances of the hydrates of H3O+ and NO+ depending on ERT/N. 
At low ERT/N of about 1 – 10 Td, the hydronium ions form clusters with four water molecules. As ERT/N 
increases, the cluster size decreases due to collision-induced cluster dissociation. While the 
monohydrate of H3O+ becomes present above 60 Td, H3O+ forms above about 90 Td. At 120 Td, the 
hydration of H3O+ is almost completely prevented. The hydrates of NO+ also dissociate with increasing 
ERT/N. At 50 Td, mainly the monohydrate and dihydrate of NO+ are present, while above 70 Td, almost 
only NO+ is present. The dependence of the reactant ions’ cluster size on ERT/N provides an important 
insight into product ion formation in HiKE-IMS. The changes in PA and IE of the reactant ions due to 
collision-induced cluster dissociation benefit the ionization of analytes. The PA of (H2O)n+1 decreases 
with decreasing cluster size and the IE of NO+(H2O)m increases with decreasing cluster size, both 
allowing the ionization of a broader spectrum of analytes. 

Influence of Reduced Reaction Field Strength on Product Ion Formation 

The ionization via charge transfer and proton transfer according to reactions 7, 12 and 13 can be 
considered as pseudo-first-order regarding the ion species since the neutral reactants are present in 
vast excess.54 As derived in reference 28, eq. 16 describes the dependence of the charge density of the 



product ions 𝜌𝜌𝑀𝑀+ on the reaction rate coefficient k, the product of the volume fraction of the analyte 
molecules 𝜙𝜙𝑀𝑀 and the neutral gas density N, the reaction time Δt, and the charge density of the 
reactant ions involved in ionization 𝜌𝜌𝑅𝑅+. 

𝜌𝜌𝑀𝑀+ = 𝜌𝜌𝑅𝑅+(1 − exp(−𝑘𝑘[𝑀𝑀]𝛥𝛥𝛥𝛥)) ≈ 𝑘𝑘𝜙𝜙𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁𝜌𝜌𝑅𝑅+  16 
Often it is more convenient to consider currents instead of charge densities. With the current I as the 
product of charge density and drift velocity of an ion species and the cross-sectional area of the 
detector, eq. 17 is obtained, where the cross-sectional area is eliminated. Instead of the ratio of drift 
velocities, the ratio of reduced ion mobilities can be used. 

𝐼𝐼𝑀𝑀+ = 𝑘𝑘𝜙𝜙𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁𝐼𝐼𝑅𝑅+
𝑣𝑣𝑀𝑀+

𝑣𝑣𝑅𝑅+
 = 𝑘𝑘𝜙𝜙𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁𝐼𝐼𝑅𝑅+

𝐾𝐾0,𝑀𝑀+

𝐾𝐾0,𝑅𝑅+
 17 

In eq. 17, the reaction rate coefficient with a given reactant ion species k, the volume fraction of the 
neutral molecules 𝜙𝜙𝑀𝑀, and the neutral gas density N can be assumed constant. Thus, the current of 
the product ions 𝐼𝐼𝑀𝑀+ depends on the reaction time 𝛥𝛥𝛥𝛥, the current of the reactant ions involved in 
ionization 𝐼𝐼𝑅𝑅+, and the ratio of reduced ion mobilities of product ions and reactant ions. The current 
of reactant ions involved in ionization strongly depends on ERT/N due to the field-dependent collision-
induced cluster dissociation and conversion of NO+ and O2

+● to hydrated hydronium ions. The reaction 
time is the time required for the ions to travel through the reaction region and is thus inversely 
proportional to ERT/N. Furthermore, the ratio of reduced ion mobilities slightly depends on ERT/N due 
to different field-dependencies of the reduced ion mobilities of the product ions and the reactant ions. 
However, the influence of changes in the ratio of reduced ion mobilities on 𝐼𝐼𝑀𝑀+ are neglected here, 
since the changes in 𝛥𝛥𝛥𝛥 and 𝐼𝐼𝑅𝑅+  have a more significant influence on 𝐼𝐼𝑀𝑀+.  

If an analyte already reacts with the reactant ions present at a given reduced field strength, increasing 
ERT/N does not increase the relative abundance of reactant ions involved in ionization. Thus, if the 
reaction rate coefficient k does not significantly increase by cluster dissociation, the relative 
abundance of a product ion species decreases with increasing ERT/N due to the decreasing reaction 
time. Vice versa, an increase in the relative abundance of a product ion species with increasing ERT/N 
indicates that the relative abundance of reactant ions involved in ionization increases, compensating 
for the decreasing reaction time. The proportionality between the current of product ions and the 
current of the reactant ions involved in ionization allows an investigation of the reactant ions involved 
in the formation of a specific product ion species.  

Table 2 summarizes the aromatic hydrocarbons investigated in this work and the quantities relevant 
for ionization, such as PA, IE, permanent dipole moment, and polarizability. Tables S1 and S2 in the 
Supporting Information summarize the reaction enthalpies for proton transfer, ligand switching, and 
charge transfer with the different reactant ions. The entropy change in gas-phase reactions usually can 
be assumed negligible. For this reason, the change in Gibbs energy is approximately equal to the 
reaction enthalpy, allowing an evaluation if a reaction can run spontaneously based on the reaction 
enthalpy. Since most of the investigated aromatic hydrocarbons have a PA between that of the water 
monomer (691 kJ/mol)43 and the water dimer (833 kJ/mol)39, proton transfer is exothermic only with 
H3O+, except for 1,3,5-TMB, where proton transfer with H3O+(H2O) is also exothermic. In addition, 
ligand switching between the hydrated hydronium ions and benzene is endothermic due to the low 
hydration energy of MH+ of benzene. Unfortunately, the hydration energy of the protonated parent 
molecules of the other aromatic hydrocarbons is unknown, making the accurate calculation of the 
reaction enthalpy of ligand switching impossible. As discussed by Lau et al.,55 the hydration of ions with 
delocalized charges such as benzene is a weak interaction. However, the substituted benzenes have 
localized charges at the substituent, enhancing the bonding of water molecules. Thus, they should 
have a higher hydration energy than benzene. Since the substituted benzenes, except for 



chlorobenzene and fluorobenzene, also have a significantly higher PA than benzene, ligand switching 
should be more exothermic for the substituted benzenes than for benzene. 

In addition, charge transfer with NO+ and O2
+● is exothermic for all investigated aromatic hydrocarbons, 

since they have a lower IE than NO (9.26 eV) and O2 (12.07 eV).43 As the reaction enthalpy of charge 
transfer with the monohydrate of NO+ is more endothermic by the hydration energy of NO+, the 
reaction is exothermic only for p-xylene and the trimethylbenzenes. Consequently, charge transfer 
with the dihydrate of NO+ is endothermic for all analytes. 

Table 2. Gas-phase ion energetics data including proton affinities (PA) in kJ/mol and ionization energies (IE) in eV for the 
investigated substances and the neutral precursors of the reactant ions, taken from the NIST Chemistry WebBook.43 a The PA 
of neutral water clusters (H2O)n were taken from reference 39. b A calculation of the PA of 1,2,3-trimethylbenzene and 1,2,4-
trimethylbenzene is given by reference 56. The permanent dipole moments µD in debye, D, and the polarizability α in units of 
10-24 cm3, are taken from the NIST Computational Chemistry Comparison and Benchmark DataBase.57 c Estimations of the 
permanent dipole moments and polarizabilities of the remaining substances are taken from reference 46.  

Compound PA in kJ/mol IE in eV µD in D α in Å3 
H2O 691 12.62 1.86 1.5 
(H2O)2 833a    
(H2O)3 889a    
(H2O)4 919a    
(H2O)5 926a    
oxygen 421 12.07 0 1.56 
nitric oxide 531.8 9.26 0.159 1.7 
benzene 750.4  9.24 0 9.96 
chlorobenzene 753.1 9.07 1.69 11.86 
fluorobenzene 755.9 9.20 1.6 10.2 
toluene 784 8.83 0.332 11.86 
o-xylene 796 8.56 0.62 14.9 
m-xylene 812.1 8.55 0.3±0.2c 14.9 
p-xylene 794.4 8.44 0 14.26 
1,2,3-trimethylbenzene (1,2,3-TMB) 815.8b 8.42 0.6±0.2c 16±0.5c 
1,2,4-trimethylbenzene (1,2,4-TMB) 817.6b 8.27 0.4±0.2c 16±0.5c 
1,3,5-trimethylbenzene (1,3,5-TMB) 836.2 8.40 0 16±0.5c 

 

Figure 3 shows the HiKE-IMS spectra and corresponding HiKE-IMS-MS spectra recorded in the selected-
mobility mode of the product ion peaks of 1,2,3-trimethylbenzene as an example. The Supporting 
Information contains the HiKE-IMS spectra and HiKE-IMS-MS spectra of the remaining analytes. While 
no product ions are detected at low ERT/N, two product ion peaks can be detected for all analytes at 
high ERT/N, as shown for 1,2,3-TMB in Figure 3. Using the HiKE-IMS-MS spectra, the product ion species 
are identified as parent radical cation M+● and protonated parent molecule MH+, agreeing well with 
expectations.  



 

Figure 3. Product ion population of 1,2,3-TMB with a volume fraction of 0.5 ppmV in HiKE-IMS in purified air at a water 
concentration inside the reaction region of 0.2 %V. a) Positive HiKE-IMS spectra of 1,2,3-TMB at different reduced reaction 
field strengths. b) HiKE-IMS-MS spectrum of peak I in the ion mobility spectrum at ERT/N = 120 Td. c) HiKE-IMS-MS spectrum 
of peak II in the ion mobility spectrum at ERT/N = 120 Td. Table 1 summarizes all other operational parameters.  

Figure 4 shows the relative abundances of the parent radical cations and the protonated parent 
molecules of the aromatic hydrocarbons depending on ERT/N. It can be seen that the relative 
abundance of M+● shows the same qualitative dependence on ERT/N for all investigated compounds. 
Above 20 Td, the parent radical cation of the aromatic hydrocarbons can be detected. At such reduced 
field strength, neither NO+(H2O)m nor O2

+● can be detected. NO+(H2O)m is not detected until a higher 
ERT/N of about 40 Td. However, at 20 Td, NO+(H2O)m is possibly already present in significant amounts 
in parts of the reaction region near the corona needle and can thus ionize the analytes via charge 
transfer, but is converted to hydrated hydronium ions later when traveling through the reaction region. 
Above 40 Td, the conversion of NO+ is inhibited to such an extent that a significant amount of the ions 
reaches the detector. Further increasing ERT/N no longer increases the amount of NO+ involved in 
ionization, and the relative abundance of M+● remains constant at reduced reaction field strengths of 
40 - 80 Td. Above ERT/N = 80 Td, the relative abundance increases again. Thus, according to eq. 17, the 
relative abundance of reactant ions involved in ionization increases. At such ERT/N, O2

+● can be present 
in significant amounts in parts of the reaction region, ionizing the analytes via charge transfer.17 



 

Figure 4. Product ion population of several aromatic hydrocarbons in HiKE-IMS in purified air depending on the reduced 
reaction field strength at a water concentration inside the reaction region of 0.2 %V. a) Measured relative abundances of the 
parent cations M+●. b) Measured relative abundances of the protonated parent molecules MH+. The horizontal lines indicate 
the reduced reaction field strengths where the relevant hydrates of H3O+ are present. The volume fraction of the analyte in 
the sample gas is 0.5 ppmV for all substances. Table 1 summarizes all other operational parameters. The error bars represent 
the standard deviation of three individual measurements of the same sample. Note that the two product ion peaks of 1,3,5-
TMB could not be baseline separated. 

Unlike the formation of the parent radical cation, the formation of the protonated parent molecules 
shows different behavior for the different aromatic hydrocarbons. Figure 4 shows that the protonated 
parent molecules are not detected at low ERT/N but are only formed above a certain reduced field 
strength that is different for the different analytes. The protonated parent molecules are formed and 
detected only if sufficiently small clusters of H3O+ are formed by collision-induced cluster dissociation, 
and ligand switching or proton transfer becomes exergonic.  

Benzene, chlorobenzene, and fluorobenzene form MH+ in significant amounts only above about 90 Td, 
where the hydrated hydronium ions dissociate to H3O+. Thus, these compounds seem only reacting 
with H3O+ via proton transfer. In contrast, toluene and the xylenes already form the protonated parent 



molecules at about 60 Td, where the monohydrate of H3O+ becomes abundant. Presumably, the 
protonated parent molecules are formed via ligand switching since proton transfer with the 
monohydrate is endothermic. As explained above, if the relative abundance of reactant ions involved 
in ionization is constant, the relative abundance of a product ion species should decrease at high ERT/N 
due to the decreasing reaction time. While this is correct for the xylenes at ERT/N above 90 Td, the 
relative abundance of toluene increases up to a reduced field strength of about 110 Td. Furthermore, 
the relative abundance of toluene has significantly smaller values between 60 – 90 Td than that of the 
xylenes, indicating that ligand switching between toluene and H3O+(H2O) is less efficient than ligand 
switching between the xylenes and H3O+(H2O). Thus, the relative abundance of MH+ of toluene possibly 
increases up to about 110 Td, since the reaction rate coefficient for proton transfer with H3O+ is 
significantly higher than that for ligand switching with H3O+(H2O), compensating for the decreasing 
reaction time. The trimethylbenzenes already form the protonated parent molecules at about 40 Td 
and therefore seem to also react with the dihydrate of H3O+ via ligand switching. However, the relative 
abundance increases more rapidly above 60 Td, where the hydrated hydronium ions dissociate to the 
monohydrate, indicating that the reaction with the monohydrate of H3O+ proceeds with a higher 
reaction rate coefficient. Due to similar ion mobilities, the two product ion peaks of 1,3,5-TMB were 
not baseline resolved in the HiKE-IMS spectrum, complicating the determination of the peak integrals. 
This could explain why the dependence of the relative abundance of MH+ of 1,3,5-TMB slightly differs 
from that of its isomers. However, Figure 4 and the HiKE-IMS spectra in the Supporting Information 
show that 1,3,5-TMB seems to form the protonated parent molecule at lower ERT/N than the other 
aromatic hydrocarbons of about 40 Td. 

The formation of the protonated parent molecules provides two main findings. Benzene, 
chlorobenzene, and fluorobenzene form the protonated monomer at the same reduced reaction field 
strength and therefore react with the same reactant ion despite having significantly different 
permanent dipole moments and polarizabilities. The same applies to the xylenes and the 
trimethylbenzenes. Contrary to expectations, the aromatic hydrocarbons with higher dipole moment 
and polarizability but similar PA do not react with larger hydrates of H3O+ via ligand switching. Possibly, 
the difference in dipole moment and polarizability are too small to compensate for the low hydration 
energy caused by the delocalized electrons, causing the reaction enthalpy for ligand switching with 
larger hydrates to remain endothermic. For a proper calculation of the reaction enthalpy of ligand 
switching ΔrHLS, the hydration energy of the protonated parent molecules would be required.  

Another finding is that the analytes with higher PA form the protonated parent molecules at lower 
ERT/N and therefore react with larger hydrates of H3O+, presumably via ligand switching, since proton 
transfer with the hydrates of H3O+ is still endergonic in most cases. This finding agrees with 
expectations since the reaction enthalpy of ligand switching should depend on the analytes’ PA. A large 
difference in PA between the analytes and the water monomer can compensate for the low hydration 
energy of the aromatic hydrocarbons, making ligand switching with larger hydrates of H3O+ 
exothermic. In addition, analytes having a larger number of functional groups, including the methyl 
group, seem to react with larger hydrates of H3O+. For example, p-xylene, 1,2,3-TMB, and 1,2,4-TMB 
have a similar PA, but the trimethylbenzenes form the protonated parent molecules at lower ERT/N 
and thus react with larger hydrates of H3O+ than p-xylene. Besides the obvious correlation that the 
analytes having a higher number of functional groups in most cases have a higher PA, the probability 
that ligand switching occurs in a collision could depend on the number of functional groups. Possibly, 
the reaction can only proceed if the functional group and the reactant ion are in a particular orientation 
during a collision. In this case, the probability of the reactant ion and molecule being in the proper 
orientation at a collision, and thus the probability for the reaction to proceed, would increase as the 
number of functional groups increases.  



Conclusion 

In this work, we investigated the product ion formation of aromatic hydrocarbons used as model 
substances depending on reduced field strength. The cluster dissociation of reactant ions at the high 
reduced field strengths in HiKE-IMS allows the ionization of the aromatic hydrocarbons that are 
difficult to ionize at ambient pressure. On the one hand, depending on proton affinity, the analytes 
form the protonated parent molecules via proton transfer and ligand switching with H3O+(H2O)n. A 
higher number of functional groups seems to favor ligand switching. More detailed information on the 
hydration energy of the protonated parent molecules is required for the proper calculation of the 
reaction enthalpy for ligand switching. On the other hand, the analytes form the parent radical cation 
via charge transfer with NO+ and O2

+● depending on ionization energy.  

Thus, product ion formation in HiKE-IMS differs from that at ambient pressure and can be quite 
complex. While the complexity can complicate the interpretation of HiKE-IMS spectra, the presence of 
multiple product ion species can also help to minimize false positives. Moreover, a switchable ion 
source providing only a single reactant ion species could facilitate the interpretation of HiKE-IMS 
spectra by reducing the number of simultaneous ionization pathways and thus the number of formed 
product ions. Furthermore, this ion source would allow the separate investigation of the reactions of 
the individual reactant ion species. 
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