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/ lon 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 (TDDAY) 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.

mobility types. These behaviors are thoroughly explained

Introduction elsewhere and summarized in the supplementary information®

11, 14
lon mobility spectrometry (IMS) is a valuable analytical ’

. . . . . . . . Aside from slowing the ions down, direct collisions also increase
technique used in various fields of science, including chemistry,

the temperature of the ion? 15 16, While at low electric fields, it
is typical to assume that the ion has the same temperature as
the gas bath®, an increase in the electric field ultimately results
in raising the ion’s temperature over that of the gas. This

environmental science, and security applications!. It allows
the user to separate and study ions based on their mobility in a
gas under the influence of an electric field>”’.

A key element in mobility calculations involves grasping the
dynamically acquired temperature is referred to as the effective

temperature Teff of the ion® 1317, 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
complicated® 1720, |ts theoretical understanding has been a
subject of study for more than a century, with theories such as

impact that relative velocities between gas and ions have on the
ion’s mobility behavior®-1°. 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 transfer-13, As such, the ion mobility may increase
or decrease with the field, leading to the typical A, B, C or D

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

aDepartment of Mechanical Engineering, Indiana University — Purdue University interacts at a hlgher relative energy, which affects the drift

Indianapolis, Indianapolis, IN, USA. velocity of the ion, and hence the mobility. This relative energy
b-Department of Mechanical Engineering, Purdue University, West Lafayette, IN, is equated directly to the effective temperature of the system
USA . . . . . . . .
+ These authors contributed equally and this equality, in its first approximation, is known as
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mobility indirectly by, for example, increasing the diffusion of
the ion — i.e., the width of the ion velocity distribution®. For a
comprehensive introduction to the theory, one can look at the
multiple works of Mason and Viehland in the late 1900s% 18 22-
26

More recently, the two-temperature theory has been employed
to study polyatomic polyatomic gases quite
successfully'® 27, including our own description of how to obtain

ions in

the matrix elements up to the fourth approximation- 1317 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 ion? 2831, The second is that as ions
heat up, their geometry might vary leading to structure
modifications that affect the overall mobility3? 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,

experiments is expected when using diatomic gases and flexible

However, a deviation of the theory from

molecules??: 3034,

In a previous manuscript3®>, we obtained the experimental
mobilities of tetraalkylammonium salts at arbitrary fields using
a High Field Asymmetric Waveform lon Mobility Spectrometry
(FAIMS)? 3639 jnstrument coupled to a Differential Mobility
Analyzer (DMA)*0 41 The experimental results were tested
against our numerical two-temperature theory prediction.
Results were satisfactory for up to 1007d, 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 E/n) and
dispersion plots in record time*?. 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 (TDAY),
and Tetradodecylammonium (TDDA*) salts were modeled using
Chem3D Pro*3. MM2 was used to provide molecular structures
of the salts at different temperatures®. 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 collisions?>. Therefore, selecting a
structure that represents the mean mobility of many different
isomers provides a practical and effective approach to our
mobility calculations 651, 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 previously?.52

2 | J. Name., 2012, 00, 1-3

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

This journal is © The Royal Society of Chemistry 20xx
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elements are functions of collision integrals computed via

trajectory calculations incorporating
potentials and Van der Waals forces, using the Trajectory
Method Lennard-Jones (TML)) approach. The TML) method was

favored in this study over the quadrupole potential-inclusive

ion-induced dipole

TML) gpol method, as it offers comparable accuracy with
increased computational efficiency. For both sets of trajectory
TMLl and TMU gpol, the methodological
IMoS 1.13 have resulted in 50% faster
calculations compared to IMoS 1.12, as shown in Figure 2.

calculations,
refinements in

Remarkably, the 1.13 version approximately takes 34 minutes
to do over 20000 atoms using 12 cores. Using 32 cores, it takes
approximately 14 minutes. The trajectory method calculations
are then employed to calculate the collision integrals, the
matrix elements required to achieve the fourth approximation,
and ultimately the mobility as a function of the reduced field
strength.

BenchMark Comparison
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© 1.13 TMLJ 12cores@5GHz 20205 @ 25310s 1.12 TMLJgpol
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Figure 2. Benchmark comparison in speed between IMoS v. 1.12 and IMoS v. 1.13
showecasing an increase in speed of larger than 50% in most cases.

To obtain the ion mobility Vs. E/n plot that includes the effect
of the structural changes, the mobilities of the temperature
variant structures were first calculated at various effective
temperatures using IMoS1% 4253, The resulting mobilities were
then combined using linear weighted averages to generate a
singular mobility plot as a function of the reduced field. Only the
two closest structures to a particular effective temperature
were used in the weighing. The resulting mobility to reduced
field strength values can then be used to obtain a dispersion
plot using the method shown in ref3> 37 In this study, a typical
bisinusoidal dispersion field was used, however, any waveform
can be analyzed®. A thorough example explaining how these
calculations are performed using IMoS 1.13 is given in the
supplementary information as well as the software manual.
IMoS 1.13 can be downloaded from www.imospedia.com.

This journal is © The Royal Society of Chemistry 20xx

Results and Discussion

The idea thatanion can heatup as it accelerates in the presence
of an electric field is not new and has been observed in multiple
scenarios?> 16 25 26, 29, 30, 54 \What is particularly pertinent is
understanding the extent to which the ion heats up as a
function of the The
development of theories like the two-temperature theory, as

imposed field and gas parameters.

well as more advanced models like the three-temperature
theory or Gram-Charlier theories?® 5557, stemmed from the
need to

investigate ion behavior under arbitrary fields,

encompassing the influence of the field on the ion’s

translational energy and temperature increase due to
interactions with the gas. While very promising, the two-
temperature theory was envisioned to work for monoatomic
entities, addressing the moments of the Boltzmann equation
without accounting for internal degrees of freedom. As such,
the two-temperature theory considered the collisions to be
perfectly elastic, with energy exclusively exchanged between
the translational degrees of freedom of ion and gas. However,
this assumption often warrants caution when extended to
polyatomic entities, as discrepancies between theoretical

predictions and experimental observations may emerge,

requiring suitable corrections.
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Figure 3. Mobility as a function of reduced field strength for the three
tetraalkylammonium salts: A comparison of experimental results (indicated by dashed
lines and markers} and numerical simulations (represented by solid lines}. Experimental
data and the DFT structure to perform the mobility calculations are taken from ref*®.

To investigate this, one can refer to previously obtained
experimental mobilities of tetraalkylammonium ions, measured
as a function of reduced field strength with a DMA-FAIMS
hybrid system in ambient air conditions3>. Methodology of this
experimental setup, detailed elsewhere®, involves a DMA
acting as a primary filter and measuring mobility in a uniform,
low electric field. FAIMS, on the other hand,

asymmetrical waveform between parallel plates where the ions

creates an

are passing through, separating them based on the ratio of
mobility at high and low field. Using this ratio and absolute
mobility measured through the DMA, one can create a mobility
vs E/n curve using Buryakov's equation, as presented in in
Figure 33537, |In the same figure, we can observe over-imposed
numerical results obtained through the fourth approximation of

J. Name., 2013, 00, 1-3 | 3
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the exhibit reasonable

agreement with experiments!’, with noticeable deviations

two-temperature theory which
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-fields% 2% 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 by?:

3 inel m 3 el
EkTeff 1+ va = EkTeff D

where K is the Boltzmann constant, m/M is the ratio of the mass
of the gas to the mass of the ion, Tie’}‘)! and T?fff 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 isomers*> %0, This might be particularly
important in the case of long chain flexible systems like
The enlargement of the
structure will reduce its mobility, agreeing with what is

tetraalkylammonium salts®0 61,

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 Theory (DFT)
calculations®2. MD simulations tend to produce larger structures

Functional

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 variations®3. In Figure 3,
mobility was determined using the ground state DFT structure
of tetraalkylammonium salts, which is expected to vyield

4 | J. Name., 2012, 00, 1-3

accurate mobility at the room temperature. However, as the
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.

effective temperature of the ion

0.72
-~
071 b T
‘h_
0.7 & h I
S
069 ¢ 7
& S
S0.68 F w
& TDDA 295K N
=067 | N
2 %
So66 F TDDA 390K il
§ A
0.65 £| ~©-TDDA 480K A
A Y
0.64 £| - -TDDA Weighted F \\
0.63 £ _o.7DDA experimental
0.62
0 50 160 150 200 250
E/n (Td)

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 vyielding a mobility of 0.65 CmZ/VS. Given that the
obtained mobility was lower than the experimental counterpart
(0.715 c¢m?/Vs)s4 the structure was scaled down using a
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

This journal is © The Royal Society of Chemistry 20xx
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selected temperatures for the structures (in this case 295K,
390K and 480K). However, if they differ, the system will also
calculate the mobility at the structure’s temperature (e.g.,
390K). The program then automatically chooses which effective
temperatures to run for each of the structures to optimize
computational time. The results, depicting the mobility as a
function of reduced field strength, are illustrated in Figure 4,
with detailed tabulated the

supplementary materials. Considering a combination of all of

information provided in
structures, the program employs a linear weighting system to
calculate the mobility as a function of reduced field strength.
While this example utilizes only three different temperatures
for clarity, employing a larger number of effective temperatures
together with a larger number of structures would yield more
accurate results. As anticipated from the hypothesis, the
resulting mobility curve exhibits a steeper slope than if only the
295K structure were used. In this specific case, it closely
approximates the experimental value, albeit with the caveat
that a reduction coefficient was used to initially match the zero-
field value. To reiterate, the reduction coefficient is applied to
compress the MD structures to match with the actual (or DFT)
structures generated at different temperatures. Then, the
mobility of these structures is calculated at various E/7 values,
and subsequently interpolated to create a continuous mobility
vs E/n curve. A noteworthy observation from the tabulated
results is that, for the first 100 Td, the system’s temperature
only increases by about 35K from 295K to 330K. This relatively
small increase in temperature results in only a minor deviation
from the initial structure, explaining the observations in Figure
3. Subsequently, from 100 Td to 200 Td, the temperature
increases by about 100K reaching 420K. The combined mobility
data can also be used to obtain a dispersion plot that can then
be compared to the raw values of the FAIMS system as observed

in Figure 5.
1
0.95
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Figure 5. Mobility as a function of reduced field strength for THA, TDA and TDDA salts.
For each salt, the graph shows single structure (dashed}, weighted (solid} and
experimental (dotted with markers} result.

This journal is © The Royal Society of Chemistry 20xx

the outcomes for all three

tetraalkylammonium salts. The plot was generated using 120

Figure 5 presents
mobility calculations in total, with 40 dedicated to each of the
salts. Reduction coefficients of approximately 1.01 and 1.07
were applied to TDA and THA, respectively, allowing for a fair
comparison to the experimental values, as the mobility at the
gas temperature is now aligned with experimental values. The
results prove quite satisfactory, considering the simplicity of the
assumptions and the use of only three candidate structures for
each of the salts. While TDA and THA do not precisely match the
experimental curve as closely as TDDA, they still imply that the
expansion of structures has a notable impact on flexible
configurations. We note here that the single temperature
structure is also displayed here for comparison. This result
exhibits a slight variation from that presented in Figure 3, as it
utilizes the MD structure at 295K (properly reduced) rather than
the DFT structure.

Figure 6 shows the dispersion plots of all three salts, generated
using IMoS 1.13, and compares them to their experimental
counterparts. To construct these plots, a bisinusoidal wave
function f(t) at normalized time values was used for the
dispersion field Egq and given by® €5:

T
(Zsin (wt) + sin (Zwt — E))
£ = .

(2)

with a frequency of w =25 Mhz. It is worth noting that the
wave function can be customized in IMoS 1.13 using tabulated
values if desired to describe a more accurate experimental wave
function. For precise dispersion plots, it is crucial to select a
significant number of effective temperatures close to the gas
temperature. The comparison between the experimental and
weighted dispersion plots yields highly satisfactory results,
highlighting the method’s capabilities while benefiting from fast
and optimized trajectory method calculations. It is also quite
impossible at this time for machine learning algorithms to
high-field
Interpreting the results, it is difficult to

reproduce results of structure-varying and
calculations®6-¢2,
ascertain the impact of inelasticity on the mobility of
polyatomic ions in polyatomic gases at this time. When
considering the expansion of structures due to heating, it
becomes evident that the contribution of energy directed into
the gas’s internal degrees of freedom is somewhat less than
initially anticipated based on the raw data. It is important to
note that ion heating itself represents an inelasticity effect,
where energy shifts from translational motion to internal
degrees, and this influence can indirectly be embedded within
the ¢ parameter, as observed in previous work. However, it
could be expected that as the ion heats up, it will reach an
internal effective temperature that is the same as the
translational effective temperature, albeit different than the
elastic collision case. The attainment of this equilibrium
depends on many variables, including the ion’s size, i.e., how
many internal degrees of freedom it possesses, and the speed
at which the electric field changes. If this internal temperature

is reached, closing in essence this mechanism of energy escape,

J. Name., 2013, 00,1-3 | 5
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the system will no longer lose energy into the internal degrees
of freedom of the ion. Consequently, the sole mechanism of

Page 6 of 8

energy loss will be through the internal degrees of freedom of
the gas, primarily involving rotational motion.
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Figure 6. Dispersion plots show dispersion field (Ed} as a function of compensation field (Ec} for a} THA, b} TDA, and c} TDDA. Shown are the single structure plot, the weighted

numerical result, and the experimental raw values.

While it’s conceivable to estimate the energy loss into the
internal degrees of freedom of the diatomic gas by adjusting the
weighted curve to match the experimental values from Figure
5, we refrain from pursuing this approach here, given that the
results most likely contain errors that are at least of the order
itself.
investigation meticulously, it would be prudent to employ

of magnitude the energy loss To conduct this
molecules with lower flexibility than the alkylammonium salts.
However, we suggest that the ions should be large enough that
the mobility becomes mostly a strong function of its hard-
sphere size and is less dependent on long-range forces. This will
limit possible errors from experimental observations and

calculations.

Conclusions

In this manuscript, a correction for numerical calculations of the
two-temperature theory for flexible salts in diatomic gases and
arbitrary fields was attempted and compared to results
obtained using a FAIMS system. As the field increases, the ions
are subject to heating from collisions with the gas, increasing
their overall temperature to an effective temperature that can
be calculated using the two-temperature approximation.
However, the two-temperature approximation only considers
elastic collisions between monoatomic entities and, as such, a
correction must be made for polyatomic entities. In the case of
flexible ions such as the long chain tetraalkylammoniums in
diatomic gases, we posited that the correction could come from
two distinct sources: the enlargement of the ion due to heating
and the inelasticity of the collisions where part of the energy
goes into the rotational degrees of freedom of the gas molecule.
To assess the impact of these sources, we generated Molecular
Dynamic structures using an MM2 forcefield at three distinct
temperatures for the three candidate structures, which were
modified to match the zero-field mobility. Trajectory methods
using these structures were used to calculate mobility as a
function of the field using the two-temperature theory up to the
IMoS 1.13. Our
approach was optimized to calculate only the necessary

fourth approximation in computational

6 | J. Name., 2012, 00, 1-3

effective temperatures to create a plot that uses a linear
weighted system to create a combined mobility vs. reduced
field strength plot.

The results show that the enlargement of the structure has an
important contribution to the mobility at high electric fields and
the results obtained using heated structures align better with
the experimental data. Dispersion plots were also obtained that
exhibit better agreement with the raw data from the FAIMS
instrument. The inelasticity from the energy going into the
rotational degrees of freedom was not calculated at this time
due to its variability and errors associated with its calculation.
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