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Ion Mobility Calculations of Flexible All-Atom Systems at Arbitrary 

Fields Using Two-Temperature Theory

Farah Mubas-Siraha,†, Viraj D. Gandhia,b,†, Mohsen Latifa, Leyan Huaa, Amirreza Tootchia and Carlos 

Larriba Andaluza,*

Ion mobility spectrometry (IMS) separates and analyzes ions based on their mobility in a gas under an electric field. When 

the field is increased, the mobility varies in a complex way that depends on the relative velocity between gas and ion, their 

electrostatic potential interactions, and the effects from direct impingement. Recently, the two-temperature theory, 

primarily developed for monoatomic ions in monoatomic gases, has been extended to study mobilities at arbitrary fields 

using polyatomic ions in polyatomic gases with some success. However, this extension poses challenges, such as inelastic 

collisions between gas and ion and structural modifications of ions as they heat up. These challenges become significant 

when working with diatomic gases and flexible molecules. In a previous study, experimental mobilities of 

tetraalkylammonium salts were obtained using a FAIMS instrument, showing satisfactory agreement with numerical two-

temperature theory predictions. However, deviations occurred at fields greater than 100Td. To address this issue, this paper 

introduces a modified high-field calculation method that accounts for the structural changes in ions due to field heating. The 

study focuses on tetraheptylammonium (THA+), tetradecylammonium (TDA+), and tetradodecylammonium (TDDA+) salts. 

Molecular structures were generated at various temperatures using MM2 forcefield. The mobility was calculated using IMoS 

1.13 with two-temperature trajectory method calculations up to the fourth approximation. Multiple effective temperatures 

were considered, and a linear weighing system was used to create mobility vs. reduced field strength plots. The results 

suggest that the structural enlargement due to ion heating plays a significant role in mobility at high fields, aligning better 

with experimental data. FAIMS’ dispersion plots also show improved agreement with experimental results. However, the 

contribution of inelastic collisions and energy transfer to rotational degrees of freedom in gas molecules remains a complex 

and challenging aspect.

Introduction

Ion mobility spectrometry (IMS) is a valuable analytical 

technique used in various fields of science, including chemistry, 

environmental science, and security applications1-4. It allows 

the user to separate and study ions based on their mobility in a 

gas under the influence of an electric field5-7. 

A key element in mobility calculations involves grasping the 

impact that relative velocities between gas and ions have on the 

ion’s mobility behavior8-10. Higher fields imply larger average 

relative velocities which affect mobility in two competing 

effects: a) direct collisions with the ion are stronger causing the 

ion to slow down and b) gas residence time is lower, which 

affects capture and grazing trajectories reducing the overall 

momentum transfer11-13. As such, the ion mobility may increase 

or decrease with the field, leading to the typical A, B, C or D 

mobility types. These behaviors are thoroughly explained 

elsewhere and summarized in the supplementary information9, 

11, 14.

Aside from slowing the ions down, direct collisions also increase 

the temperature of the ion7, 15, 16. While at low electric fields, it 

is typical to assume that the ion has the same temperature as 

the gas bath5, an increase in the electric field ultimately results 

in raising the ion’s temperature over that of the gas. This 

dynamically acquired temperature is referred to as the effective 

temperature  of the ion8, 13, 17, 18. While it is conceptually ����

easy to understand that a body would heat in the presence of 

gas and high acceleration, how the heating occurs is rather 

complicated8, 17-20. Its theoretical understanding has been a 

subject of study for more than a century, with theories such as 

the two-temperature approximation which, as its name 

suggests, assigns a different temperature to the ion and gas. In 

the two-temperature theory, intended for monoatomic ions in 

monoatomic gases and elastic collisions, the gas-ion pair 

interacts at a higher relative energy, which affects the drift 

velocity of the ion, and hence the mobility. This relative energy 

is equated directly to the effective temperature of the system 

and this equality, in its first approximation, is known as 

Wannier’s equation21. The effect is however not 

straightforward, as the increase in temperature also affects 
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mobility indirectly by, for example, increasing the diffusion of 

the ion – i.e., the width of the ion velocity distribution8. For a 

comprehensive introduction to the theory, one can look at the 

multiple works of Mason and Viehland in the late 1900s8, 18, 22-

26.

More recently, the two-temperature theory has been employed 

to study polyatomic ions in polyatomic gases quite 

successfully19, 27, including our own description of how to obtain 

the matrix elements up to the fourth approximation11, 13, 17. Two 

caveats must be noted before the technique can be used for 

polyatomic entities. The first one is that the two-temperature 

assumption that the collisions between gas and ion are elastic 

must be relaxed as energy can be lost into the internal degrees 

of freedom of the gas and ion2, 28-31. The second is that as ions 

heat up, their geometry might vary leading to structure 

modifications that affect the overall mobility32, 33. Neither of 

these issues seems significant for monoatomic gases (e.g., 

helium) and small rigid ions, leading to numerical results in good 

agreement with experimental results even for very large 

fields13, 25, 26. However, a deviation of the theory from 

experiments is expected when using diatomic gases and flexible 

molecules29, 30, 34.

In a previous manuscript35, we obtained the experimental 

mobilities of tetraalkylammonium salts at arbitrary fields using 

a High Field Asymmetric Waveform Ion Mobility Spectrometry 

(FAIMS)9, 36-39 instrument coupled to a Differential Mobility 

Analyzer (DMA)40, 41. The experimental results were tested 

against our numerical two-temperature theory prediction. 

Results were satisfactory for up to 100Td, but results deviated 

for higher fields. We posited that the deviation was partially due 

to the inelasticity of the collisions and partially due to the 

enlargement of the structures. However, no attempt was made 

to differentiate the two. To resolve the issue, in this manuscript, 

we have modified our high-field calculations to allow multi-

structure two-temperature mobility calculations as a function 

of the field. The calculation package has been optimized and 

added to our suite of algorithms and calculates mobility vs. 

reduced field strength (field over concentration ) and ���

dispersion plots in record time42. Results show that the mobility 

is reduced by the enlargement of the structure due to the field 

heating, better aligning numerical results with their 

experimental counterpart.

Methods

Tetraheptylammonium (THA+), Tetradecylammoinum (TDA+), 

and Tetradodecylammonium (TDDA+) salts were modeled using 

Chem3D Pro43. MM2 was used to provide molecular structures 

of the salts at different temperatures44. Three different 

structures at three different temperatures (295K, 390K, and 

480K for TDDA+; 295K, 400K, and 500K for TDA+; 295K, 460K, 

and 600K for THA+) were chosen. The models were initially 

minimized and equilibrated at 295K. After equilibration, the 

models were heated up from 295K to the desired effective 

temperature and sampled at that temperature for 10 ns. While 

many structures were obtained at every given temperature, 

only one average structure was used for the mobility calculation 

for each salt. This process was based on the understanding that 

at higher temperatures, molecules can more easily overcome 

barriers to isomerization, leading to the presence of multiple 

isomers or structural variants. However, accounting for the 

mobility of every possible isomer structure is rather difficult, 

particularly for the case of the dynamic isomerization between 

conformers induced by collisions45. Therefore, selecting a 

structure that represents the mean mobility of many different 

isomers provides a practical and effective approach to our 

mobility calculations 46-51. The result from choosing similarly 

averaged structures does not affect the mobility significantly. 

Candidate structures at the base temperature of 295K are 

shown in Figure 1 and the atomic locations are also tabulated in 

the supplementary information for all temperatures used.

Figure 1. Candidate structures of tetraalkylammonium salt at 295K for THA+ (left), TDA+ (middle) and TDDA+ (right). The coordinates of the atoms are available in the supporting 

information.

IMoS version 1.13 was chosen for the two-temperature high-

field calculations and the mobility and CCS were calculated up 

to the fourth approximation. The way the two-temperature 

theory calculations are performed was described previously11, 52 

and will not be depicted thoroughly in this work. Briefly, series 

solutions of the moments of the Boltzmann equation are 

obtained as closed quadratures that are functions of complex 

coefficients that are known as matrix elements. These matrix 
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the two-temperature theory which exhibit reasonable 

agreement with experiments17, with noticeable deviations 

occurring at reduced field strengths exceeding 100 Td. Notably, 

in all instances, the experimental data indicate lower mobilities 

when contrasted with the calculated values. Two potential 

complementary hypotheses were proposed as possibilities for 

the disparity. 

The first hypothesis indicated that the effect was partially 

attributed to the non-elastic nature of the gas-ion collisions at 

high-fields2, 29, 58, 59. Contrary to two-temperature theory 

assumptions of purely elastic collisions in the translational 

energy sense, in the context of polyatomic ions and gases, some 

of the energy from the collision might go into the internal 

degrees of freedom of the ion and/or the gas. Given enough 

time, the energy absorbed by the ion’s internal degrees of 

freedom leads to its equilibration at an effective temperature. 

Conversely, the energy transferred to the polyatomic gas’ 

internal degrees of freedom is dispersed to other gas molecules 

and ultimately to the walls of the system, resulting in energy 

loss that cannot be equilibrated or recuperated by simple 

means. Quantifying this loss is a challenging task and will 

undoubtedly result in a different effective temperature than if 

only purely elastic collisions were considered. The difference 

between elastic effective temperature and inelastic (or true) 

effective temperature can be given by2:

                           
3

2
��������(1 +

�

�
�) =

3

2
������                        (1)

where  is the Boltzmann constant,  is the ratio of the mass � �/�

of the gas to the mass of the ion,  and  are the inelastic ������� �����

and elastic effective temperatures, and  is the inelasticity �

coefficient. While the inelasticity coefficient is analytically quite 

complex, one could certainly obtain by comparing experimental 

and numerical results as the effective temperature can be 

inferred from the reduced field strength.

The second hypothesis stems from the concept that ion heating 

can lead to structural expansion, indicative of an increase in the 

average size of various isomers45, 60. This might be particularly 

important in the case of long chain flexible systems like 

tetraalkylammonium salts60, 61. The enlargement of the 

structure will reduce its mobility, agreeing with what is 

observed experimentally and complementing the inelastic 

effects of the gas. Recreating this second effect is inherently 

more manageable, as it only requires Molecular Dynamics (MD) 

simulations to generate appropriate structures at higher 

temperatures to calculate mobility at higher effective 

temperatures. However, a critical challenge arises from the fact 

that the mobility calculations are optimized for the structures 

obtained through Density Functional Theory (DFT) 

calculations62. MD simulations tend to produce larger structures 

compared to their DFT counterparts, which renders them 

generally unsuitable for mobility calculations without careful 

consideration. Conversely, general DFT calculations cannot 

typically account for temperature variations63. In Figure 3, 

mobility was determined using the ground state DFT structure 

of tetraalkylammonium salts, which is expected to yield 

accurate mobility at the room temperature. However, as the 

effective temperature of the ion increases, structural 

adjustments become necessary – a task that DFT cannot 

accommodate. It is therefore necessary to find a way that can 

utilize MD to generate higher temperature structures while 

simultaneously producing accurate mobility values. To 

overcome this in our study, we have opted to employ IMoS 1.13 

structure reduction coefficient to provide suitable mobility and 

Collision Cross Section (CCS) values. The reduction coefficient 

uses the center of molecule and position of the atoms to 

compress the molecule a given percentage equivalent to the 

inverse of the reduction coefficient. To ensure consistency, the 

same reduction coefficient has been used for all the structures 

generated for the given salt. However, the reduction coefficient 

has been adjusted for each salt to match the experimental value 

at zero field.

Figure 4. Mobility as a function of reduced field strength for the TDDA+ salt. Three 

different structures are used at different temperatures and weighted to obtain a curve 

that can be compared to the experimental value.

To gain a comprehensive understanding of the methodology, 

the Tetradodecylammonium (TDDA+) salt will be highlighted 

here. Initially, a two-temperature theory calculation using IMoS 

1.13 Lennard-Jones trajectory method in Nitrogen was 

performed using the MD structure at the gas temperature of 

295K yielding a mobility of 0.65 . Given that the ��2���

obtained mobility was lower than the experimental counterpart 

(0.715 ,64 the structure was scaled down using a ��2����

reduction coefficient of approximately 1.13, determined by 

manually iterating through various values of the 'red_coef' 

variable in IMoS. This adjustment aimed to align the results with 

both experimental data and those derived from a standard DFT 

calculation. Subsequently, the fourth approximation to the 

mobility using the two-temperature theory is calculated for the 

three (or whatever number is chosen) structures at various 

effective temperatures: 295, 296, 297, 298.5, 300, 302, 305, 

308, 312, 315, 320, 325, 330, 340, 350, 365, 380, 420, 470, 530, 

600, 680, 770, 870, 980, and 1100K. Notably, the effective 

temperatures chosen do not need to be the same as the 
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