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Abstract 

In High Kinetic Energy Ion Mobility Spectrometry (HiKE-IMS), ions are formed in a reaction region and 
separated in a drift region, which is similar to classical drift tube ion mobility spectrometers (IMS) 
operated at ambient pressure. However, in contrast to the latter, the HiKE-IMS is operated at 
decreased background pressure of 10 – 40 mbar and achieves high reduced electric field strengths of 
up to 120 Td in both the reaction and the drift region. Thus, the HiKE-IMS allows insights into the 
chemical kinetics of ion bound water cluster systems at effective ion temperatures exceeding 1000 K, 
although it is operated at the low absolute temperature of 45 °C. In this work, a HiKE-IMS with high 
resolving power of RP = 140 is used to study the dependence of reduced ion mobilities on the drift gas 
humidity and the effective ion temperature for the positive reactant ions H3O+(H2O)n, O2

+(H2O)n, 
NO+(H2O)n, NO2

+(H2O)n, and NH4
+(H2O)n, as well as the negative reactant ions O2

-(H2O)n, O3
-(H2O)n, CO3

-

(H2O)n, HCO3
-(H2O)n, and NO2

-(H2O)n. By varying the reduced electric field strength in the drift region, 
cluster transitions are observed in the ion mobility spectra. This is demonstrated for the cluster 
systems H3O+(H2O)n and NO+(H2O)n. 

Introduction 

Ion mobility spectrometers (IMS) separate ions in an electric field on the basis of their ion mobility in 
a drift gas. In drift tube IMS, the ion mobility is determined by injecting small packets of ions into a 
drift tube where a constant electric field E is prevailing. The drift time td required by the ions to traverse 
the tube 1–3 is measured and the ion mobility K, related to the drift velocity vd of the ions and thus to 
the ion’s drift time, is calculated with equation 1.  

𝐾𝐾 =
𝑣𝑣𝑑𝑑
𝐸𝐸

=
𝐿𝐿

𝑡𝑡𝑑𝑑 ∙ 𝐸𝐸
      (1) 

Here, L is the length of the drift tube. To correct the influence of a changing number density due to 
pressure or temperature variations, a reduced ion mobility K0 is calculated by scaling the neutral 
number density N to the neutral number density at standard conditions N0.  

𝐾𝐾0 = 𝐾𝐾 ∙
𝑁𝑁
𝑁𝑁0

     (2) 

According to comprehensive theoretical studies 4,5, the reduced ion mobility K0 depends on the mass 
m of the ions, the mass M of the neutral molecules and the ion-neutral collision cross section Ω, as 
shown in equation (3).  
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Here, z is the charge state of the ion, e is the elementary charge, kb is the Boltzmann constant and Teff 
is the effective ion temperature. The latter is a measure of the average ion-molecule collision energy. 
As the motion of ions in a neutral gas is often accompanied by complex ion molecule reactions, the 
effective ion temperature has a profound effect on the reduced ion mobilities observed in IMS. In 
particular, the formation of ion bound water clusters according to reaction (4) affects the effective ion 
temperature having a major influence on the reduced ion mobility 6,7.  

𝐴𝐴+(𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 𝐴𝐴+(𝐻𝐻2𝑂𝑂)𝑛𝑛+1 + 𝑀𝑀     (4) 

Inside the drift tube, ion species undergo various hydration and dehydration reactions. At ambient 
pressure, the cluster reaction systems very quickly reach chemical equilibrium. In this equilibrium 
state, adjacent hydrated ion species A+(H2O)n and A+(H2O)n+1 continuously interconvert to each other 
and finally coalesce into a single mobility peak. The effective ion temperature Teff determines the 
equilibrium cluster distribution and thus influences both, the average mass m of the clustered ion as 
well as the average collision cross section 𝛺𝛺. 

According to the Wannier equation (5) 8,5, the effective temperature Teff depends on the absolute 
temperature T and the reduced electric field strength E/N, which is the ratio of electric field strength 
E to neutral molecule density N, usually given in Townsend (1 Td = 1∙10-21 Vm²). 
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It is worth noting that the effective ion temperature Teff can be assumed to be equivalent to the 
absolute temperature T at low field conditions (E/N < 2 Td at 298 K 9) whereas the reduced electric 
field strength controls the effective ion temperature at higher fields.  

Eiceman et al. studied the dependence of the reduced ion mobility of H3O+(H2O)n, NO+(H2O)n, and 
NH4

+(H2O)n on the effective ion temperature by varying the absolute temperature between 314 K and 
523 K at low reduced electric field strengths between 0.37 Td and 1.86 Td 10. A similar approach was 
adopted by Tabrizchi et al., Fernandez-Maestre et al., and Borsdorf et al. evaluating the influence of 
the effective ion temperature on the reduced ion mobility of several other positive and negative ions 
11–14. Varying the effective ion temperature between room temperature and a maximum of 523 K, all 
groups found the reduced ion mobility to increase with increasing effective ion temperature due to 
the dissociation of water clusters. When IMS are operated at low electric field strengths, it is difficult 
to reach effective ion temperatures above 523 K, as this requires a high temperature resistance of the 
materials. Nonetheless, as shown in this work, it is possible to extend these studies to higher effective 
ion temperatures by applying high reduced electric field strengths.  

Additionally to the effective ion temperature, the drift gas humidity significantly affects the observed 
ion mobilities in IMS by changing the equilibrium cluster distribution. Several research groups have 
studied this effect using IMS operating under low field conditions. Borsdorf et al. analyzed the 
influence of the drift gas humidity on the peak positions of O2

-(H2O)n and some hydrated halogen 
anions 6. Similar studies are performed by Zhang et al. and Mäkinen et al. considering H3O+(H2O)n and 
O2

-(H2O)n 15 as well as the protonated monomer and the proton-bound dimer ion of amines 16. More 
recently, Izadi et al. systematically investigated the effect of temperature and drift gas humidity on the 
NH4

+(H2O)n and H3O+(H2O)n cluster systems 17. In all studies, it was found that the observed reduced 
ion mobilities decrease with increasing drift gas humidity due to enhanced cluster formation reactions.  



In this work, a High Kinetic Energy Ion Mobility Spectrometer (HiKE-IMS) 18–20 is used to study the 
dependence of reduced ion mobilities on the drift gas humidity and the effective ion temperature for 
several hydrated ion species in air and nitrogen. Similar to classical drift tube IMS which are operated 
at ambient pressure, ions are produced in a reaction region before they are separated in the drift 
region of the HiKE-IMS. Unlike classical IMS, the HiKE-IMS is operated at decreased background gas 
pressures to reach high reduced electric field strengths of up to 120 Td in both the reaction region and 
the drift region. Due to the operation at reduced background gas pressure and high reduced electric 
field strengths, the HiKE-IMS allows insights into the chemical kinetics of ion bound water cluster 
systems at effective ion temperatures exceeding 1000 K. In particular, the high mobility resolving 
power of RP = 140 enables direct observation of cluster transitions in the ion mobility spectrum when 
varying the reduced electric field strength in the drift region.  

In a number of applications, a profound knowledge of the reduced ion mobilities of hydrated ions 
A+(H2O)n as a function of the water concentration and the reduced electric field strength is essential. 
For example, differential mobility spectrometers (DMS) separate ions based on the difference between 
their ion mobilities at low and high reduced electric field strength 21. Furthermore, using proton 
transfer reaction mass spectrometers (PTR-MS) or selected ion flow drift tube mass spectrometers 
(SIFDT-MS) for trace gas analysis, the ion mobility of the reactant ions determines the ion-molecule 
reaction time required to calculate the analyte concentration in the sample gas 22–24.  

In the following, the dependence of the reduced ion mobilities of the positive reactant ions H3O+(H2O)n, 
O2

+(H2O)n, NO+(H2O)n, NO2
+(H2O)n, and NH4

+(H2O)n, as well as the negative reactant ions O2
-(H2O)n, O3

-

(H2O)n, CO3
-(H2O)n, HCO3

-(H2O)n, and NO2
-(H2O)n on the drift gas humidity and the effective ion 

temperature are analyzed. 

Experimental setup 

HiKE-IMS 

A detailed description of the HiKE-IMS setup is given in the previous studies 20 25,26. The operating 
parameters used in this work are stated in Table 1. In contrast to the other studies, the sample gas 
flow is set to zero in this work and the drift gas flow is set to 38 mls/min (standard milliliter per minute, 
mass flow at reference conditions 20 °C and 1013.25 hPa).  The HiKE-IMS resolving power varies from 
R = 140 at high reduced field conditions (120 Td) to R = 80 at lower reduced field conditions (25 Td) in 
the drift region.  

For the identification of single ion species related to signals in the ion mobility spectrum, the HiKE-IMS-
MS coupling introduced in a previous work 27 is used.  

Table 1: HiKE-IMS operating parameters.                                                                                                                                                       
a mls/min: standard milliliter 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 38 mls/min a 

Drift gas humidity 70 ppmv – 3600 ppmv 

Sample gas flow 0 mls/min a 

Drift region length 307.6 mm 



Reduced drift field 20 - 115 Td (pos.) 
20 - 80 Td (neg.) 

Reaction region length 77 mm 

Reduced reaction field 15 - 115 Td (pos.) 
15 - 100 Td (neg.) 

Injection time 1 µs 

Gas supply 

Two drift gas sources are available to study the reduced ion mobilities in air and nitrogen. These drift 
gas sources have been described in detail in a previous study 27. In summary, purified air containing 
between 70 ppmv and 3600 ppmv water as well as 30 ppmv carbon dioxide is available. Furthermore, 
purified nitrogen containing several tens of ppmv oxygen and also between 70 ppmv and 3600 ppmv 
water as well as 30 ppmv carbon dioxide can be used. 

Accuracy of the reported ion mobilities 

In this work, the experimental setup described above is used to measure reduced ion mobilities in 
dependence on the effective ion temperature and drift gas humidity. In the following, the experimental 
error is estimated.  

The total error regarding the reduced ion mobility depends on the accuracies of the drift length L, the 
operating pressure p, the drift time td, the drift voltage Ud, and the absolute temperature T according 
to equation (6), which follows from equations (1) and (2).   

𝐾𝐾0 =
1

𝑘𝑘b ∙ 𝑁𝑁0
∙

𝐿𝐿2 ∙ 𝑝𝑝
𝑡𝑡d ∙ 𝑈𝑈d ∙ 𝑇𝑇

    (6) 

Here, kb is the Boltzmann constant and N0 is the Loschmidt constant (neutral density at standard 
conditions: 2.69∙1025

 m-3). According to comprehensive studies from Hauck et al. 28–30, every variable is 
considered in detail to estimate the total accumulated error in HiKE-IMS.  

1. Absolute temperature T: To maintain a constant operating temperature of 45 °C, the HiKE-IMS 
is embedded in a temperature-controlled housing. Before entering the housing, the drift gas 
is at room temperature. Nonetheless, we assume that the drift gas reaches the temperature 
of the housing before entering the drift region of the HiKE-IMS due to the very low heat 
capacity of the gas and the low drift gas flow of 38 mLs/min. The temperature inside the 
housing is measured using the average value of six 1-wire digital thermometers (Maxim 
Integrated, DS 18S20) being distributed in the housing. These 1-wire digital thermometers 
reach an accuracy of 0.5 K. However, temperature gradients inside the housing and thus along 
the drift tube cause major errors. According to the data from the six thermometers, the 
temperature inside the housing deviates from the average temperature of 318 K by ± 2 K. Thus, 
we estimate the relative error sT regarding the absolute temperature to be 0.6 %.  
 

2. Operating pressure p: The pressure within the HiKE-IMS is monitored with a capacitive 
pressure gauge (Pfeiffer Vacuum, CMR 362) with a relative error of 0.2 %. However, the 
pressure gauge is adapted to the HiKE-IMS via a 0.5 m PEEK capillary with 1 mm inner diameter. 
The length of 0.5 mm is chosen to avoid electrical breakdown between the IMS electrodes at 
high potentials and the pressure gauge at ground potential. Nonetheless, this setup leads to 
pressure fluctuations being low pass filtered and measured with a certain time delay. 



Unfortunately, the error resulting from this effect is difficult to account for. Thus, we estimate 
the relative error sp regarding the operating pressure to be 0.2 %. 
 

3. Drift length L: The distance from the ion shutter to the aperture grid is the major part of the 
drift length. Additionally, ions have to drift through the ion shutter and the region between 
aperture grid and Faraday detector. Calculating the drift length from engineering drawings, 
these regions are included. Furthermore, the thermal expansion of the electrode material 
(1.4305 stainless steel, 16 ppm/K) and the insulation material (PEEK – Polyether ether ketone, 
47 ppm/K) when operating the HiKE-IMS at 45 °C instead of 25 °C is taken into account 
resulting in a total nominal drift length of 307.6 mm. However, due to manufacturing 
tolerances, different thermal expansion as calculated and field inhomogeneities, the actual 
drift length might differ from the calculated nominal length. While the manufacturing 
tolerance of ± 50 µm results in a low relative error of 50µ𝑚𝑚

307.6𝑚𝑚𝑚𝑚
= 0.01%, the relative error 

caused by a deviation of the assumed thermal expansion is considered more significant. In 
accordance with results found by Crawford et al. 28, we assume the relative error imposed by 
thermal expansion to be 0.05 % due to thermal stresses caused by the different coefficients of 
thermal expansion as well as an inaccurate temperature measurements (see above). In 
contrast, we neglect the influence of field inhomogeneities on the drift length due to two 
reasons. First, the drift tube reaches a high field ideality 31. Second, in contrast to the electric 
field in the widespread Bradbury-Nielson ion shutters 32,20, the tristate ion shutter does not 
distort the drift field due to three parallel grids with constant potential at the grid to the drift 
region. Thus, the overall relative error sL regarding the drift length is estimated to be 0.06 % in 
a worst-case scenario. 
 

4. Drift time td: Spectra are recorded at a sampling interval of 25 ns. As this interval is considerably 
shorter than the temporal peak widths in HiKE-IMS, the peak maxima can be precisely 
measured. Additionally, in order to determine the correct drift times, the time delay between 
the start of data acquisition and ion injection is taken into account. This time delay has been 
measured by an oscilloscope (UNI-T UTD2042C) to be 120 ns ± 1 ns. Furthermore, applying the 
tristate ion shutter mechanism 20, the initial ion packet width should be identical to the gate 
opening time. Thus, with a gate opening time of 1 µs, we consider the peak maxima to be 
injected into the drift region after the half-opening time of 500 ns. As the ion’s drift times in 
HiKE-IMS are between 250 µs (drift field of 120 Td) and 2 ms (drift field of 20 Td), the overall 
relative error std regarding the drift time is negligible. 
 

5. Drift voltage Ud: The drift voltage of the HiKE-IMS is supplied by a commercially available high 
voltage power supply (FuG Elektronik GmbH, HCP-35-20000). According to the data sheet, the 
output voltage deviates less than 0.01 % from the nominal value over 8 hours and the residual 
ripple is just 0.01 %. We assume that the truly applied drift voltage is equal to the output 
voltage as the voltage drop over cable is negligible. Thus, the relative error sUd regarding the 
drift voltage is also negligible.     

Assuming these errors to be uncorrelated, the overall combined relative error stotal regarding the 
reduced ion mobility can be estimated by taking the square root of the sum of the individual error 
squares according to GUM (Guide to the Expression of Uncertainty in Measurement 33).  

𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �𝑠𝑠𝑇𝑇2 + 𝑠𝑠𝑝𝑝2 + 2 ∙ 𝑠𝑠𝐿𝐿2 + 𝑠𝑠𝑡𝑡𝑑𝑑2 + 𝑠𝑠𝑈𝑈𝑑𝑑2 = 0.64%      (7) 



The reduced ion mobility will be stated as a function of drift gas humidity and effective ion 
temperature. These quantities might also be faulty. A dew point sensor (Michell Instruments, Easidew 
Transmitter) measures the moisture content of the drift gas with an accuracy of ±2 °C. Thus, the 
relative error regarding the drift gas humidity is about 20 %. Based on equations (5) and (6), the 
effective ion temperature Teff can be calculated from the absolute temperature T, the drift length L and 
the drift time td. Hence, the relative error regarding the effective ion temperature is determined by 
the relative error regarding the absolute temperature and can be estimated to be about 0.6 %.  

Transient effects in HiKE-IMS 

In previous studies, the formation of positive and negative reactant ions in HiKE-IMS has been 
investigated in detail 25,27,26. By coupling the HiKE-IMS to a mass spectrometer, the occurring positive 
reactant ions in purified air have been identified as H3O+(H2O)n, O2

+(H2O)n, NO+(H2O)n, NO2
+(H2O)n, and 

NH4
+(H2O)n. In the negative ion polarity mode, the negative reactant ions O2

-(H2O)n, O3
-(H2O)n, CO3

-

(H2O)n, HCO3
-(H2O)n, and NO2

-(H2O)n have been detected. In this work, the reduced ion mobilities of 
these ion bound water cluster systems are analyzed in HiKE-IMS.  

As stated in the introduction, the motion of ions in a neutral gas is often accompanied by complex ion-
molecule reactions. At ambient pressure, the reaction systems very quickly reach chemical equilibrium 
34. However, due to the operation at reduced pressure, ions might be detected in HiKE-IMS before the 
chemical equilibrium is established. In particular, cluster association or dissociation reactions as well 
as ion neutral reactions inside the drift region might influence the observed ion mobility spectrum. For 
demonstration, two example are discussed below.  

In HiKE-IMS, the abundance of O2
+(H2O)n is highly dependent on the reduced electric field strength and 

the background water concentration. If the water concentration is too high or the reduced electric 
field strength too low, O2

+(H2O)n is converted to H3O+(H2O)n 25. Under selected conditions, this 
conversion reaction is also observed in the HiKE-IMS spectrum. Figure 1 shows the recorded HiKE-IMS 
spectrum at a reduced electric reaction field strength of 110 Td and a reduced electric drift field 
strength of 105 Td. The water concentration is 690 ppmv in both, the reaction and drift region. In the 
spectrum, three major peaks are discernible: The first peak is associated to NO+(H2O)n ions. H3O+(H2O)n 
ions represent the second peak and O2

+(H2O)n ions form the third peak. Transient ion neutral reactions 
inside the drift region are clearly visible in the spectrum, i.e., an elevated baseline between the 
H3O+(H2O)n peak and the O2

+(H2O)n peak , which is caused by the conversion of O2
+(H2O)n to H3O+(H2O)n. 

 

Figure 1: Recorded HiKE-IMS spectrum at a reduced electric reaction field strength of 110 Td and a reduced electric drift field 
strength of 105 Td. The water concentration is 690 ppmv in both, the reaction and drift region. The pressure is 14.3 mbar, the 
temperature is 45 °C. Due to the conversion of O2

+(H2O)n to H3O+(H2O)n  while traversing the drift tube, the baseline between 
the H3O+(H2O)n peak and the O2

+(H2O)n peak is clearly elevated.  



In addition to ion neutral conversion reactions in the drift region, cluster association and dissociation 
reactions also considerably affect the ion mobility spectra observed in HiKE-IMS. To estimate the 
extent to which the dynamics of these reactions influence the ion mobility spectra in HiKE-IMS, Table 
2 summarizes the rate coefficients kfor for the three-body association reaction of a single water 
molecule to H3O+, NO+, O2

+, O2
-, O3

-, NO2
-, and CO3

-. Using these literature values, the reaction time tasso 
required to convert 95 % of the bare ion species to the hydrated ion species is evaluated. Assuming 
the absence of an electric field, a pressure of 14.3 mbar and a temperature of 298 K, the reaction times 
tasso listed in Table 2 are calculated by equation (8). 

𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡 = −
ln(0.05)

𝑘𝑘𝑓𝑓𝑡𝑡𝑓𝑓 ∙ 𝑐𝑐(𝑀𝑀) ∙ 𝑐𝑐(𝐻𝐻2𝑂𝑂)     (8) 

Here is c(M) the concentration of neutrals and c(H2O) the concentration of H2O, both in the unit 
molecules/cm³. As collisions with water molecules are required to initiate the association reaction, the 
reaction times tasso are highly dependent on the background water concentration. At a background 
water concentration of 70 ppmv, the reaction times tasso range between 104 µs (hydration of H3O+) and 
3.5 ms (hydration of CO3

-). Increasing the water concentration, the reaction times shorten. However, 
as the ion’s drift times in HiKE-IMS are between 250 µs (drift field of 120 Td) and 2 ms (drift field of 
20 Td), the dynamics of these cluster association reactions clearly affect the observed HiKE-IMS 
spectra, particularly at low background water concentrations.  

Table 2: Rate coefficients of the three-body association reaction of a single water molecule to H3O+, NO+, O2
+, O2

-, O3
-, NO2, 

and CO3
- at 0 Td as well as the calculated rate coefficients for the collision induced dissociation of the single hydrated ions at 

115 Td. Furthermore, the calculated reaction time tasso required to convert 95 % of the bare ion species to the hydrated ion 
species and the reaction time tdiss to dissociate 95% of the hydrated ion species are given.  

 Forward reaction Reverse reaction 

Reaction 

Rate 
coefficient 
at 0 Td in 
𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐 cm6/s 

tasso 
(70     
ppmv H2O) 

tasso 
(690   
ppmv H2O) 

tasso 
(3600 
ppmv H2O) 

Rate 
coefficient at 
115 Td in 
𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏 cm3/s 

tdiss 

𝐻𝐻3𝑂𝑂+ + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝐻𝐻3𝑂𝑂+(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 

34 35 104 µs 10 µs 2 µs 2.5 36 ns 

𝑁𝑁𝑂𝑂+ + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑁𝑁𝑂𝑂+(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 

1.3 36 2.7 ms 277 µs 53 µs 4.0 23 ns 

𝑂𝑂2+ + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂2+(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 

2.6 37 1.4 ms 138 µs 26 µs 5.2 175 ns 

𝑂𝑂2− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂2−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 

2.2 38 1.6 ms 163 µs 31 µs 1.3 68 ns 

𝑂𝑂3− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 

2.7 38 1.3 ms 133 µs 25 µs 4.4 21 ns 

𝑁𝑁𝑂𝑂2− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝑁𝑁𝑂𝑂2−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 

1.6 38 2.2 ms 225 µs 43 µs 5.0 18 ns 

𝐶𝐶𝑂𝑂3− + 𝐻𝐻2𝑂𝑂 + 𝑀𝑀 ⇌ 
𝐶𝐶𝑂𝑂3−(𝐻𝐻2𝑂𝑂) + 𝑀𝑀 

1 38 3.5 ms 360 µs 69 µs 9.7 9 ns 

 

In Figure 2, this is illustrated based on the NO+ bound water cluster system. Figure 2 (left) depicts the 
recorded HiKE-IMS spectra at a reduced electric drift field strength EDR/N of 25 Td and a background 
water concentration of 70 ppmv for different reduced electric reaction field strengths ERR/N. At a 
reduced electric reaction field strength ERR/N of 15 Td, the NO+(H2O)n ions form a single symmetric 
peak. However, increasing the reduced reaction field strength up to 50 Td, the peak deforms and a 
small second peak with a significantly lower drift time occurs in the spectrum. For field strengths 



exceeding 50 Td, no further change of the spectrum is observed. This effect is due to the dynamics of 
the cluster association process. In the thermodynamic equilibrium at a reduced electric field strength 
of 15 Td and a background water concentration of 70 ppmv, the single hydrated NO+(H2O) is the 
dominating NO+ species in the drift region 25. At low reduced electric reaction field strength of 15 Td, 
mainly this hydrated ion species is injected into the drift region. Therefore, no further conversion 
reactions of the cluster in the drift region are required to reach the equilibrium and a single peak 
associated with the hydrated NO+(H2O) occurs in the HiKE-IMS spectrum. However, increasing the 
reduced electric reaction field strength from 15 Td to 50 Td, the collision induced dissociation of the 
NO+(H2O) cluster inside the reaction region leads to increased amounts of bare NO+ ions being injected 
into the drift region. A significant fraction of the bare NO+ ions is hydrated in the drift region and results 
in the distortion of the NO+(H2O) peak. The remaining bare NO+ ions are not hydrated and form another 
small peak. 

In addition to the data of the cluster association reactions, Table 2 also contains data of the reverse 
cluster dissociation reaction at an exemplary reduced electric field strength of 115 Td. As described in 
detail in a previous work 25, the rate coeffcients of the dissociation reactions at 115 Td are estimated 
from the rate coefficients of the association reaction, its molar standard reaction enthalpy and its 
molar standard reaction entropy using van’t Hoff equations. As the dissociation reactions are initiated 
by collisions with any neutral molecule, the reaction times tdiss required to dissociate 95 % of the 
hydrated ion species are only dependent on the total number density in the background gas. 
Furthermore, the dissociation reactions are bimolecular leading to much faster dissociation reactions 
than the cluster association reactions. The calculated reaction times tdiss are significantly shorter 
ranging between 10 ns and 200 ns. Thus, as shown in Figure 2 (right), the dynamics of collision induced 
cluster dissociation reactions in the drift region are not observed in the HiKE-IMS spectra. Figure 2 
(right) depicts the recorded HiKE-IMS spectra at a reduced electric drift field strength of 115 Td and a 
background water concentration of 70 ppmv for different reduced electric field strengths in the 
reaction region. In this example, a single symmetrical peak associated with NO+ occurs in the spectra 
independent on the reduced electric reaction field strength. In the thermodynamic equilibrium at a 
reduced electric field strength of 115 Td and a background water concentration of 70 ppmv, the bare 
NO+ is the dominating ion species in the drift region 25. However, at a reduced electric reaction field 
strength of 15 Td, the hydrated species NO+(H2O) is injected in the drift region. Nonetheless, the 
chemical equilibrium of the NO+ bound water cluster system inside drift region is quickly reached as 
the collision induced dissociation of the hydrated species NO+(H2O) occurs very quickly. Thus, an 
influence of the reduced electric reaction field strength on the shape of the peak is not visible.  

 
Figure 2: Recorded HiKE-IMS spectra at a background water concentration of 70 ppmv for different reduced electric field 
strengths in the reaction region. Reduced electric drift field strength 25 Td (left figure). Reduced electric drift field strength 
115 Td (right figure). The pressure is 14.3 mbar, the temperature is 45 °C. All spectra are normalized to the total charge in the 
spectrum. 



In summary, these results show that the dynamics of ion neutral reactions as well as cluster association 
reactions in the drift region might significantly affect the observed HiKE-IMS spectra of the hydrated 
ions studied in this work. Thus, when investigating the reduced ion mobilities of these ion bound water 
cluster systems in HiKE-IMS, these effects have to be taken into account. It is particularly important to 
choose a proper reduced electric reaction field strength for every individual ion bound water cluster 
system.  

Investigation of reduced ion mobilities in HiKE-IMS 

In this work, the reduced ion mobilities of the positive reactant ions H3O+(H2O)n, O2
+(H2O)n, NO+(H2O)n, 

NO2
+(H2O)n, and NH4

+(H2O)n, as well as the negative reactant ions O2
-(H2O)n, O3

-(H2O)n, CO3
-(H2O)n, 

HCO3
-(H2O)n, and NO2

-(H2O)n are analyzed in dependence on the effective ion temperature at three 
different drift gas humidities in purified air and nitrogen. The effective ion temperature is varied by 
sweeping the reduced electric drift field strength between 20 Td and 115 Td resulting in a change of 
the effective ion temperature according to the Wannier equation (equation (5)). Increasing the 
reduced electric drift field strength, successive dehydration of the ions occurs due to enhanced 
collision induced dissociation reactions. The underlying dissociation mechanism should be briefly 
discussed. The electric field accelerates the cluster ions. Upon colliding with neutral molecules, the 
kinetic energy of the ions is converted into internal energy. The cluster ions dissociate when their 
internal energy exceeds their dissociation energy. In Table 3, the dissociation energies of the ion bound 
water cluster systems analyzed in this work are stated. 

Table 3: Dissociation energy in eV for several ion bound water cluster systems.  

 𝑨𝑨+/−(𝑯𝑯𝟐𝟐𝑶𝑶)𝒏𝒏 + 𝑯𝑯𝟐𝟐𝑶𝑶 + 𝑴𝑴 ⇌ 𝑨𝑨+/−(𝑯𝑯𝟐𝟐𝑶𝑶)𝒏𝒏+𝟏𝟏 + 𝑴𝑴 
𝒏𝒏 + 𝟏𝟏 → 𝒏𝒏 H3O+ NH4

+ NO+ NO2
+ O2

+ O2
- O3

- CO3
- HCO3

- NO2
- 

𝟏𝟏 → 𝟏𝟏 1.37 39  0.75 40 0.80 41 0.78 42 0.80 43 0.80 44  0.61 45 0.68 45 0.62 46 

𝟐𝟐 → 𝟏𝟏 0.84 39  0.64 40 0.70 41 0.69 42  0.75 44 0.51 38 0.59 45 0.65 45 0.56 46 

𝟑𝟑 → 𝟐𝟐 0.78 39  0.58 40 0.59 41 0.61 42  0.67 44 0.46 38 0.57 45 0.59 45 0.45 46 

𝟒𝟒 → 𝟑𝟑 0.55 39 0.53 40         

The highest energy is required to dissociate H3O+(H2O) (1.37 eV). In contrast, the dissociation energies 
of NH4

+(H2O), NO+(H2O), NO2
+(H2O), O2

+(H2O) and O2
-(H2O) range between just 0.75 and 0.8 eV, the 

dissociation energies of O3
-(H2O), CO3

-(H2O), HCO3
-(H2O) and NO2

-(H2O) are even lower. Dependent on 
the background water concentration and pressure, the cluster transition from H3O+(H2O) to H3O+ 
occurs at reduced electric field strengths between 90 Td and 120 Td 47,48. It is worth noting that the 
mean collision energy at 120 Td is about 0.16 eV 22. Thus, the average single collision will not provide 
sufficient energy to dissociate H3O+(H2O). In contrast, the required dissociation energy is progressively 
deposited into the ion by a multitude of collisions 22,49.  

In the following, the measured reduced ion mobilities of H3O+(H2O)n, NO+(H2O)n and O2
+(H2O)n in air 

and nitrogen are discussed in detail. The measured reduced ion mobilities of the other ion bound water 
cluster systems stated above are listed in the supporting information. 

 

 



H3O+(H2O)n 

To avoid ion neutral reactions in the drift region that may influence the observed ion mobilities of 
H3O+(H2O)n, the reduced electric reaction field strength is set to 15 Td in all measurements. At this 
reaction field strength, mainly H3O+(H2O)n ions and small amounts of NO+(H2O)n ions are injected into 
the drift region 25. Thus, the conversion reaction of O2

+(H2O)n to H3O+(H2O)n inside the drift region does 
not affect the observed HiKE-IMS spectra. 

Figure 3 depicts the ion mobility spectra of H3O+(H2O)n in purified air recorded at different reduced 
electric drift field strengths between 70 Td and 105 Td and a drift gas humidity of 70 ppmv. To allow 
the comparison of ion mobility spectra for different reduced electric drift field strengths, the drift 
time td is converted into the reduced ion mobility K0 according to equation (6). In addition, the K0-axis 
has a reciprocal scale to avoid peak distortion, as the reduced mobility K0 is inversely proportional to 
the drift time td. 

Increasing the reduced electric drift field strength, a general increase of the reduced ion mobility of 
H3O+(H2O)n is observed. Furthermore, as shown in Figure 3a, particularly between 70 Td and 105 Td, 
the peak of the H3O+(H2O)n ions is distorted. From a tailing to higher reduced mobilities at 70 Td, the 
peak broadens at 80 Td, 85 Td and 90 Td, leading to a peak with significantly increased reduced mobility 
at 105 Td. As the distorted and broadened peaks do not contain any other ion species than H3O+(H2O)n 
27, we expect the cluster transition from H3O+(H2O) to H3O+ to cause this behavior. At elevated drift gas 
humidities, this effect is less pronounced. As shown in Figure 3b, at the elevated drift gas humidity of 
690 ppmv, the cluster transition can only be recognized by a less distinctive broadening of the peak. 
Furthermore, the field strength required to initiate the cluster transition increases with increasing drift 
gas humidity. 

 
Figure 3: Recorded ion mobility spectra of H3O+(H2O)n in purified air at different reduced electric drift field strengths, the 
reduced reaction field strength is constant at 15 Td. a) Drift gas humidity of 70 ppmv. b) Drift gas humidity of 690 ppmv. The 
pressure is 14.3 mbar, the temperature is 45 °C. All spectra are normalized to the total charge in the spectrum. 



In Figure 4 and in the supporting information, the measured reduced ion mobilities of H3O+(H2O)n in 
purified air and nitrogen are summarized in dependence on the reduced electric drift field strength for 
three different drift gas humidities. The stated reduced ion mobility is the weighted average reduced 
ion mobility of the H3O+(H2O)n peak. Comparing the results in air with those in nitrogen, it is apparent 
that the reduced ion mobilities in air are higher than in nitrogen. As known from other studies 50,51, this 
effect can be explained considering the gas polarizabilities of nitrogen and oxygen. The gas 
polarizability correlates linearly to the ion neutral collision cross section 4,52. As nitrogen exhibits a 
higher gas polarizability than oxygen, the mobilities in nitrogen are lower. This difference in mobility 
directly impacts the electric field strength required for the dissociation of the water clusters. In air, the 
reduced ion mobility of H3O+(H2O)n increases at higher rate and thus the cluster size decreases at higher 
rate around 50 Td and 90 Td, whereas in nitrogen, the reduced ion mobility of H3O+(H2O)n increases at 
higher rate at elevated field strengths around 55 Td and 95 Td. To initiate cluster dissociation, the 
effective ion temperature must exceed a certain value. Following the Wannier equation (5), the 
effective ion temperature Teff is dependent on the absolute temperature T, the reduced ion mobility 
K0, the reduced electric field strength E/N and the mass M of the neutral gas molecules. Therefore, 
higher reduced electric field strengths are necessary in nitrogen to achieve the same effective ion 
temperature as in air.   

 
Figure 4: Recorded reduced ion mobilities of H3O+(H2O)n in purified air (left) and nitrogen (right) in dependence on the reduced 
electric drift field strength for three different drift gas humidities. In all measurements, the reduced electric reaction field 
strength is 15 Td, the pressure is 14.3 mbar, and the temperature is 45 °C. The stated reduced ion mobility is the weighted 
average reduced ion mobility of the H3O+(H2O)n peak. 

NO+(H2O)n 

As explained above, to exclude the influence of cluster association reactions on the observed ion 
mobility spectra of NO+(H2O)n, a low reduced electric reaction field strength is required. Thus, in the 
following measurements, the reduced electric reaction field strength is kept constant at 15 Td.  

The results for NO+(H2O)n are similar to those for H3O+(H2O)n. Figure 5a depicts the ion mobility 
spectrum of NO+(H2O)n in purified air recorded at different reduced electric drift field strengths 
between 20 Td and 60 Td and a drift gas humidity of 70 ppmv. As observed for H3O+(H2O)n, the reduced 
ion mobility of NO+(H2O)n increases with increasing reduced electric drift field strength. In particular, 
between 20 Td and 60 Td, the peak of the NO+(H2O)n ions is distorted due to the cluster transition from 
NO+(H2O) to NO+. Furthermore, as shown in Figure 5b, at elevated drift gas humidities, this effect is 
less pronounced and higher field strengths are required to initiate the cluster transition.  



 
Figure 5: Recorded ion mobility spectra of NO+(H2O)n in purified air at different reduced electric drift field strengths, the 
reduced reaction field strength is constant at 15 Td. a) Drift gas humidity of 70 ppmv. b). Drift gas humidity of 690 ppmv. The 
pressure is 14.3 mbar, the temperature is 45 °C. All spectra are normalized to the total charge in the spectrum.  

In Figure 6 and in the supporting information, the measured reduced ion mobilities of NO+(H2O)n in 
purified air and nitrogen are summarized in dependence on the reduced electric drift field strength for 
three different drift gas humidities. Due to the residual amount of neutral oxygen, small amounts of 
NO+(H2O)n are generated even in nitrogen 27. As known from H3O+(H2O)n, the reduced ion mobilities in 
air are higher than in nitrogen and the cluster transitions can be recognized by an increased slope of 
the reduced ion mobility curve. It is noted that the mobility data are not available for all reduced 
electric field strengths caused by overlapping peaks or low peak intensities. 

 
Figure 6: Recorded reduced ion mobilities of NO+(H2O)n in purified air (left) and nitrogen (right) in 
dependence on the reduced electric drift field strength for three different drift gas humidities. In the 
measurements, the reduced electric reaction field strength is 15 Td at the drift gas humidity of 70 ppmv 
and 115 Td at the drift gas humidities 690 ppmv and 3600 ppmv, the pressure is 14.3 mbar, the 
temperature is 45 °C. The stated reduced ion mobility is the weighted average reduced ion mobility of 
the NO+(H2O)n peak. 

 



O2
+(H2O)n 

Mobility data for O2
+(H2O)n are only available for reduced electric drift field strengths exceeding 100 Td 

and a background water concentration of 70 ppmv. Otherwise, the mobility measurements are 
affected by the conversion reaction of O2

+(H2O)n
  to H3O+(H2O)n

  inside the drift region.  

The measured reduced ion mobilities of O2
+(H2O)n in purified air and nitrogen in dependence on the 

reduced electric drift field strength are shown in Figure 7a and in the supporting information. Due to 
residual amounts of neutral oxygen, small amounts of O2

+(H2O)n are generated even in nitrogen 27. In 
contrast to H3O+(H2O)n and NO+(H2O)n, the reduced ion mobility of O2

+(H2O)n is lower in air than in 
nitrogen. Furthermore, in air, the reduced ion mobility of O2

+(H2O)n is nearly independent of the 
reduced drift field strength while in nitrogen, the reduced ion mobility of O2

+(H2O)n increases with 
increasing reduced drift field strength. Both effects could be explained by a resonant transfer of 
charge. This phenomenon is observed for ions drifting in a gas containing their neutral precursors or 
molecules of similar electronic structure. Here, the transfer of an electron from an ion to a neutral 
proceeds easily and leads to an enhancement of the effective ion neutral collision cross section and 
thus to a reduction of the ion mobility 53,54,5. Hence, due to the abundance of neutral oxygen in air, the 
reduced ion mobility of O2

+(H2O)n is lower in air than in nitrogen.  

The effect of resonant charge transfer is additionally illustrated in the experiment shown in Figure 7b 
and Figure 7c. In this experiment, the fraction of neutral O2 in the drift gas is varied between 0 % and 
20 % by mixing pure nitrogen with air containing approx. 80 % nitrogen and 20 % oxygen. According to 
Blanc’s law 55,56, the results show an increase of the reduced ion mobilities of NO+(H2O)n and H3O+(H2O)n 
when increasing the fraction of O2 in the drift gas. In contrast, due to the effect of resonant charge 
transfer, the reduced ion mobility of O2

+(H2O)n decreases strongly when the fraction of O2 in the drift 
gas is increased. Due to overlapping peaks, mobility data are not available for all O2 frictions. 

 
Figure 7: a) Recorded reduced ion mobilities of O2

+(H2O)n in purified air and nitrogen in dependence on the reduced electric 
drift field strength at a background water concentration of 70 ppmv. b) Recorded reduced ion mobilities of NO+(H2O)n, 
H3O+(H2O)n and O2

+(H2O)n at different mixing ratios of nitrogen to air in the drift gas. c) Corresponding ion mobility spectra at 
different mixing ratios. In all measurements, the reduced electric reaction field strength is 115 Td, the pressure is 14.3 mbar 
and the temperature is 45 °C. All spectra are normalized to the total charge in the spectrum. 

Other ion bound water cluster systems 

In addition to the investigation of the reduced ion mobilities of H3O+(H2O)n, NO+(H2O)n, and O2
+(H2O)n, 

the reduced ion mobilities of NO2
+(H2O)n, NH4

+(H2O)n, O2
-(H2O)n, O3

-(H2O)n, CO3
-(H2O)n, HCO3

-(H2O)n, 
and NO2

-(H2O)n were also investigated. In the supporting information, the measured reduced ion 
mobilities are summarized in dependence on the reduced electric drift field strength and the effective 
ion temperatures calculated according to the Wannier equation. Due to overlapping peaks or low peak 
intensities, the data are not available for all reduced electric field strengths and effective ion 



temperatures, respectively. It is noted that the values are reported to the thousandth digit although 
the relative error regarding the reduced ion mobility has been estimated to be 0.64 % resulting in an 
absolute error of at least ± 0.012 cm²/Vs. Hence, only the hundredth digit should be significant. 
However, the thousandths digit is required to give a better sense of the trends going on. As the sources 
of error are the same for all values, the presented trends should be valid. 

Conclusion 

In this work, a HiKE-IMS is used to study the dependence of the reduced ion mobilities of several 
hydrated ion species in air and nitrogen on the drift gas humidity and the effective ion temperature. 
Due to the operation at decreased pressure and high reduced electric field strengths, experiments with 
the HiKE-IMS allow insights into the chemical kinetics of ion bound water cluster systems at effective 
ion temperatures exceeding 1000 K. Furthermore, the high mobility resolving power of 140 enables 
the direct observation of cluster transitions in the ion mobility spectrum upon varying the reduced 
electric field strength in the drift region. This has been demonstrated for the proton bound water 
cluster system H3O+(H2O)n and the nitrogen oxide ion bound water cluster system NO+(H2O)n. 
Increasing the reduced electric drift field strength beyond a threshold value, the peak of these systems 
becomes skewed due to a rapid change in the reduced ion mobility. In this work, comprehensive 
measurements have been performed to determine the reduced ion mobilities of the positive reactant 
ions H3O+(H2O)n, O2

+(H2O)n, NO+(H2O)n, NO2
+(H2O)n, and NH4

+(H2O)n, as well as the negative reactant 
ions O2

-(H2O)n, O3
-(H2O)n, CO3

-(H2O)n, HCO3
-(H2O)n, and NO2

-(H2O)n in dependence on the effective ion 
temperature at three different drift gas humidities in purified air and nitrogen. The reported data are 
regarded as relevant in a number of methods and applications such as DMS, PTR-MS or SIFDT-MS.  
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Table S1: Recorded reduced ion mobilities of the positive ions H3O+(H2O)n, NO+(H2O)n, O2
+(H2O)n and 

NO2
+(H2O)n in air as a function of the reduced electric drift field strength and the effective ion 

temperature calculated according to the Wannier equation for three different background water 
concentrations. Absolute temperature = 45 °C, operating pressure = 14.3 mbar.  
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+(H2O)n in nitrogen as a function of the reduced electric drift field strength and the effective ion 

temperature calculated according to the Wannier equation for three different background water 
concentrations. Absolute temperature = 45 °C, operating pressure = 14.3 mbar.  

Table S3: Recorded reduced ion mobilities of the negative ions O2
-(H2O)n, O3

-(H2O)n, CO3
-(H2O)n, 

HCO3
-(H2O)n and NO2

-(H2O)n in air as a function of the reduced electric drift field strength and the 
effective ion temperature calculated according to the Wannier equation for three different 
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