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ABSTRACT: Towards greater separation techniques for ions, we couple a differential mobility analyzer (DMA) with field 
asymmetric waveform ion mobility spectrometry (FAIMS) to take advantage of two mobility-related but differing meth-
ods in separation. The filtering effect of the DMA allows ions to be selected individually based on low-field mobility and 
studied in FAIMS at vraiable electric field, yielding mobility separations in two dimensions. Because spectra fully describe 
ion mobility at variable field strength, results are then compared with two-temperature theory-predicted mobility up to 
the fourth-order approximation. The comparison yields excellent results up to at least 100 Td, beyond which the theory 
fails to match the experiments. This is attributed to two effects, the enlargement of the structure due to ion heating and 
the inelasticity of the collisions with the nitrogen bath gas. The corrected mobility can then be used to predict the disper-
sion plot through a newly developed implicit equation that circumvents the possible issues related to the more elaborate 
Buryakov equation.  Our results simultaneously show that the DMA-FAIMS coupling yields complete information on ion 
mobility versus field strength to gas density ratio, and works towards predicting such spectra from ion structures and gas 
properties. 

Ion mobility spectrometry (IMS), in particular when 
coupled with the mass spectrometry (MS), is a state-of-
the-art technique for the separation and identification of 
compounds in the gas phase1-3. While IMS devices sepa-
rate the ions based on their interaction potential with the 
buffer gas, MS systems distinguish them based on their 
mass, providing a quasi-orthogonal separation. For mobil-
ity separation, the ions are carried through a buffer gas 
using electric fields (𝐸) 4-6. The ions are assumed to in-
stantly reach a drift velocity (𝑣𝑑) which depends on the 
field and the ion’s electrical mobility (𝐾ℎ) through the 
equilibrium relation 𝑣𝑑 = 𝐾ℎ𝐸. The mobility is a some-
what complex function, with dependencies on the inter-
action potential between the ion and the gas, the size and 
mass of the ion, and the field over concentration 𝐸/𝑛 7, 8, 
also known as reduced field strength. Different devices 
exploit mobility dependencies in different ways to sepa-
rate ions. Due to their differential selectivity, some IMS 
devices, such as differential mobility analyzers (DMA) 
and differential ion mobility spectrometry (DMS), can be 

employed as a continuous supply of filtered ions to be fed 
into a mass spectrometer9-11 with a clean background. 

Such devices, however, do operate in very distinct 
manners.  In a DMA12, 13, an electric field is applied be-
tween two parallel plate or concentric cylindrical elec-
trodes and a gas with constant velocity is sheathed be-
tween them perpendicular to the field. A small slit is 
pierced in both electrodes offset by a distance L down-
stream on the bottom electrode as shown in figure 1a. 
Ions form mobility-based fan-shaped trajectories and only 
those with a specific mobility pass through the slit into 
the detector for a given field. The electric field can be 
scanned to produce a mobility spectrum. As they typically 
operate at atmospheric pressure, the reduced field 
strength is assumed low, and DMA devices normally rely 
on an assumed 𝐸/𝑛 → 0 mobility to separate ions.  

DMS devices, on the contrary, separate ions based on 
the relative variation of the mobility with 𝐸/𝑛 14, 15, i.e. the 
normalized derivatives of the mobility with respect to the 
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field strength (1/𝐾0 𝜕𝑝𝐾/𝜕𝐸𝑝), being 𝑝 an integer. Here, 
in particular, we use high-field asymmetric waveform ion 
mobility spectrometry (FAIMS). In FAIMS, the ions flow 
into a parallel plate chamber using a carrier gas as shown 
in figure 1b14, 16. Inside, the ions are subjected to an asym-
metric periodic electric field 𝐸𝑠(𝑡) which is known as the 
separation field with period 𝑇. 𝐸𝑠(𝑡) is characterized by a 
large difference in the electric field between the wave-
form's positive and negative polarities and is oriented 
perpendicularly to the gas flow. The waveform is specified 

such that its periodic average is zero, 
1

𝑇
∫ 𝐸𝑠(𝑡) 𝑑𝑡

𝑇

0
=

〈𝐸𝑠(𝑡)〉 = 0, where the periodic averaging for any quantity 
is represented as 〈 〉, and where the field satisfies 

〈𝐸𝑠
2𝑝+1(𝑡)〉 ≠ 0 when 𝑝 ≥ 1 17. One such example is a 

square wave in which 𝐸𝑠(𝑡) is varied between 𝐸𝑚𝑎𝑥 and 
𝐸𝑚𝑖𝑛 for time 𝑡𝑚𝑎𝑥 and 𝑡𝑚𝑖𝑛, respectively. To satisfy the 
aforementioned conditions, the time period and the field 
are chosen such that

       
 

 
Figure 1.a) Schematic of a DMA device being used as a pre-filter to MS. Multiple ions enter through the inlet slit, however, only 
ions with a specific mobility can pass through the exit slit for a given electric field. The relaxation time in both velocity direc-
tions is negligible. Trajectory of various ions with decreasing order of mobility is showed in red, green, and blue colour respec-
tively.  b) Schematic of a FAIMS device being used as a pre-filter to MS. The motion of positively charged ions whose mobility 
increases, decreases, or stays unchanged by increasing electric field is illustrated using red, golden, and purple dashed lines re-
spectively. The purple line also indicates the motion if the required 𝐸𝑐 is provided. c) A schematic diagram of the electrospray-
DMA-FAIMS tandem system utilized in the presented experiments, including transport flows.   

𝐸𝑚𝑎𝑥𝑡𝑚𝑎𝑥 + 𝐸𝑚𝑖𝑛𝑡𝑚𝑖𝑛 = 0. With the stated condition, if 
mobility was not a function of the field, all the ions would 
pass through the slit simultaneously. Different ions, how-
ever, experience a different net displacement in the verti-
cal direction as a function of field strength2, 18-20 depend-
ing on their behavior type as shown in Figure 2. To com-
pensate for this displacement, an additional constant field 
or compensation field (𝐸𝑐) needs to be provided. Alt-
hough all ions experience a total electric field 𝐸(𝑡) =
𝐸𝑠(𝑡) + 𝐸𝑐, filtering and high transmission can be at-
tained.  

While at first both devices, DMA and DMS/FAIMS, 
seem to provide a mobility measurement, as noted above, 
the two measurements are significantly different. The 

work presented here examines the coupling of a DMA and 
FAIMS in series with N2 as the drift gas.  We show that 
this instrument combination enables determination of 
the field dependent mobilities of tetra-alkylammonium 
ions, and in doing so validating the advantages of cou-
pling these orthogonal techniques to aid in the separation 
and identification process. Subsequently, with unique 
mobility versus E/N data (parameterized through known 
zero-field mobility FAIMS curves), we then verify two-
temperature model predictions of field strength-
dependent mobility in polyatomic gases, with calculations 
performed via IMoS 21, 22.  This brings an important level of 
quantification to non-linear mobility measurements, a 
topic of considerable recent interest23-30. 

(a) 
(b) 
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Figure 2. Mobility as a function of the field for different types 
of ions. The mobility of type-A ions increases with the field. 
The mobility of type-B ions increases and then decreases. 
The mobility of type-C ions decreases with increasing the 
field. The behavior of type-D ions varies with the field. This 
behavior is only observed at cryogenic temperatures and it is 
explained in ref21. 

Methods and Experimental setup 

Tetrabutylammonium iodide (TBAI), tetrahep-
tylammonium bromide (THAB), tetradecylammonium 
bromide (TDAB), and tetradodecylammonium bromide 
(TDDAB) were purchased from Sigma-Aldrich. 2mM of 
each sample was dissolved into methanol and introduced 
into a 1mL vial. The samples were ionized and sprayed 
into a commercially-manufactured half-mini DMA 
(Nanoengineering, Boca Raton, FL31)  using electrospray 
ionization (ESI) as described in ref32, 33. A voltage of 2-3 kV 
was applied to the electrode inserted in the sample while 
a fused silica capillary tube with an inner diameter of 
40µm was immersed in the vial. The sample vial was pres-
surized by a syringe to push the liquid through the capil-
lary tube to other end located inside a chamber having 
inlet and outlet gas sampling ports. A filter and a diffu-
sion drier were placed at the chamber intake, and the 
outflow was directly linked to the inlet of a half-mini 
DMA. The chamber included glass windows on both 
sides, to observe if a Taylor cone had developed. The cur-
rent was measured and kept at 100–200 nA to preserve the 
stability of the electrospray through measurements. The 
DMA was operated with a circulating sheath flow of air by 
a vacuum blower. A heat exchanger was employed to keep 
the temperature of the sheath flowrate at room tempera-
ture by preventing it from being impacted by the blower. 
The design of the DMA is explained in 34 and reproduced 
in figure 1a for the reader. Through the geometry of DMA, 
it can be derived that the mobility of ion is given by: 

𝐾 = 𝑄𝑠ℎ

ln (
𝑟𝑜𝑢𝑡

𝑟𝑖𝑛
)

2𝜋𝐿𝑉
, (1) 

where 𝑄𝑠ℎ is sheath flowrate, 𝐿 is length (20 mm), 𝑉 is the 
voltage, 𝑟𝑜𝑢𝑡 is the outer radius (6 mm), and 𝑟𝑖𝑛 is the in-
ner radius of the DMA (4 mm). The inner electrode of the 
DMA received a negative voltage through an external 
power supply, while the outer electrode was grounded. 

The DMA output was split between an electrometer and 
FAIMS. The electrometer was used to detect the ion in-
tensity coming out of the DMA while varying the elec-
trode voltage for a given sheath flowrate. The mobility is 
then calculated using a reference calibrant, THA+ 35, to 
provide a quasi-zero field mobility.  

With the DMA voltage held constant to select a known 
mobility, ions were continuously transmitted from the 
DMA outlet, through an antistatic tube 7.6 cm in length, 
similar to those describe by Attoui & Fernandez de la Mo-
ra for application in transmitting ions from DMAs36.  Im-
portantly the inner electrode of the DMA was the pow-
ered electrode, hence ions were transmitted by flow 
against an adversarial electric field through this tube, 
with non-negligible ion losses.  Subsequently, the ion flow 
was split, going to both a Faraday cage electrometer and 
the FAIMS unit. The commercial FAIMS unit applied 
(Lonestar, Owlstone Inc, Westport, CT, USA) customarily 
samples neutral analytes at atmospheric pressure, using 
an Ni-63 source at its inlet for ionization.  Following in-
structions provided by the manufacturer and under the 
supervision of University of Minnesota Department of 
Radiation Safety staff, this Ni-63 source was removed for 
coupling with the DMA, such that the FAIMS only sam-
pled pre-ionized, mobility-filter analytes transmitted 
through the DMA. The FAIMS setup was used to investi-
gate the mobility dependence of the identified peak 
tetraalkylammonium (TAA) ions on 𝐸/𝑛. The parallel 
plate FAIMS used in this study is made using two 300 𝜇m 
long plates spaced by 𝑑 =35 𝜇m. The plates experience an 
asymmetric voltage with a frequency of 25MHz. Ions os-
cillate between the parallel plates under the influence of 
the field given by 𝐸(𝑡) = 𝐸𝑐 + 𝐸𝑠(𝑡) where the separation 
field is characterized as 𝐸𝑠(𝑡) = 𝐸𝑠 ∙ 𝑓(𝑡), being 𝑓(𝑡) the 
periodic waveform. For reasons described elsewhere37, 38, a 
bisinusoidal waveform was chosen as 𝑓(𝑡) which can be 

defined as 𝑓(𝑡) = (2 sin(𝜔𝑡) + sin (2𝜔𝑡 −
𝜋

2
)) /3. The 

separation voltage (𝑉𝑠 = 𝐸𝑠𝑑) was varied from 0 to 214 V 
in increments of 2%. At each separation voltage, the com-
pensation voltage was swept from -6 V to 6 V with 512 
steps. Ions with an average vertical velocity 〈𝑉𝑐〉 =
〈𝐾ℎ(𝐸) ∙ 𝐸(𝑡)〉 = 0 will be detected at the exit of FAIMS. 
The ion intensity is measured at a charge collector, biased 
at a negative 55 V. Finally, the intensity was then used to 
map a dispersion plot of 𝐸𝑐 vs 𝐸𝑠. Each contour plot con-
sists of 26,112 data points (512 𝐸𝑐 by 51 𝐸𝑠 values). The dis-
persion curve can provide a plethora of information, in-
cluding how the relative mobility varies with the field. 
However, the zero-field mobility is not a direct value ob-
tainable via FAIMS alone.  A complete schematic diagram 
of the electrospray-DMA-FAIMS system is provided in 
figure 1c along with N2 carrier gas flows.  The entire sys-
tem was operated at atmospheric pressure and room 
temperature, for all measurements. 



 

Results and discussion 

DMA & FAIMS Spectra 

Mobility spectra at a negligible electric field (𝐾0), not to 
be confused with reduced mobility, were first measured 
using the electrospray-DMA-Electrometer path of the 
experimental system. The intensity was observed in the 
electrometer while the sheath flow rate in DMA was kept 
constant at 257 L/min (determined through calibration) 
at 1 atm pressure and 295K temperature, and the potential 
on the center rod was varied. Once the voltage that ena-
bles the highest transmission for that particular ion is 
known, the calibrant is used to determine the mobility. 
Figure S.1 displays the observed intensity vs inverse mo-
bility. Ion mobilities for TBA+, THA+, TDA+, and TDDA+ 
were 1.42 cm2/Vs, 0.97 cm2/Vs, 0.78 cm2/Vs, and 0.72 
cm2/Vs respectively which differ by less than 2% from the 
mobility observed by Ude and Fernandez de la Mora35. 
Along with monomer ions, dimer ions and doubly 
charged clusters were labeled in the figure where their 
mobilities, also reported by Ude and Fernandez de la Mo-
ra, allowed for their identification. Each ion concentration 
is on the order of 105/cm3 except for TBAI, which was 
2x104/cm3. We note that in preliminary experiments, we 
found this high concentration is necessary to ensure an 
adequate ion population for DMA-FAIMS experiments as 
there are considerable ion losses throughout the meas-
urement system, notably at the DMA outlet where ions 
travel via flow against an adversarial electric field36 and at 
the inlet of the FAIMS, where losses of pre-ionized ana-
lyte due to both diffusion and to inlet electric fields were 
found significant.  The applied DMA-FAIMS system was 
not optimized for ion transmission, which would likely 
require custom design of a DMA outlet –FAIMS inlet to 
optimize ion transmission (or possibly a FAIMS outlet-
DMA inlet, as instrument order can be switched).  For the 
present system, only a small percentage of the originally 
generated tetra-alkylammonium ions are ultimately 
transmitted through the DMA and FAIMS filters.     

Two-dimensional FAIMS plots are provided for the 
monomer tetraalkylammonium ions in figure S.2, isolated 
from their multiply charged cluster ions using the DMA 
upstream. In this figure, for the 35 𝜇m gap between the 
plates and for 295K and 1atm of Nitrogen gas, 100% sepa-
ration voltage corresponded to 245.8 Td. Unfortunately, 
the curve of TBAI fades at higher separation voltage since 
the ion transmission from DMA was deficient due to its 
higher zero-field mobility and diffusion coefficient. In 
figure 3 the centerlines of the dispersion curves are com-
bined into a single plot to compare the compensation 
voltages for different ions. The figure shows that the 
compensation voltages for TDA and TDDA are similar for 
the whole range of separation voltages and thus to sepa-
rate them in a mixture, it would be necessary to use DMA 
or low-field mobility spectrometer in tandem with 
FAIMS. In general, it can be observed that as the size of 
the ion increases, the required 𝐸𝑐 for a given 𝐸𝑑 decreases, 
indicating that the relative reduction in mobility of larger 
ions is less than that of small ions. However, the trend is 
reversed for TDDA and TDA. We presently have no ex-

planation for this reversal which, given how close their 
variations are, might be caused by a small difference in 
pressure, temperature, the accuracy of the power supply, 
and the tolerance of distances, among others. The overall 
results displayed here however agree with the trend 
shown in 39-41 and confirm that the mobility of TAA ions 
decreases by increasing the electric field since higher 
compensation voltage in the same polarity is required at 
higher separation voltage.  

 
Figure 3. Extracted centerline from experimental dispersion 
curves in Figure S.2. The centerline of TDA and TDDA over-
laps until 200𝑇𝑑 and then slightly diverges. 

Theory and Numerical Calculations 

 
Figure 4. 𝐾ℎ 𝐾0⁄ 𝑣𝑠. (𝐸 𝑛⁄ )2 for oxygen and TDA ions. TDA 
can be approximated using a third-degree (sixth for 𝐸 𝑛⁄ ) 
polynomial accurately. However, the curve for oxygen cannot 
be easily represented. To generate this figure, the mobility of 
oxygen was taken from ref42, whereas the mobility of TDA is 
calculated using data from this work. 

In order to fully take advantage of the combined DMA-
FAIMS data, it is necessary to transform the dispersion 
plot into a mobility versus field plot. This can be done 
through the Buryakov equation, or, in some cases, a more 
generally valid expression as shown below. The field de-
pendent mobility 𝐾ℎ(𝐸) can be expressed as: 

𝐾ℎ(𝐸) = 𝐾0(1 + 𝛼𝐸), (2) 

where 𝐾0 is the zero-field mobility and 𝛼𝐸 is a function 
that accounts for the high-field effects. 𝛼𝐸 is generally 
expressed as a series of even powers of the reduced field 
strength (𝐸/𝑛): 

𝛼𝐸 = ∑ 𝛼2𝑝(𝐸/𝑛)2𝑝

∞

𝑝=1

. (3) 



 

Here the 𝛼2𝑝 coefficients are assumed to be independ-

ent of the field, i.e., constant. The vertical velocity equa-
tion 〈𝑉𝑐〉 = 0  can be expanded using eq. (2) to provide the 
necessary compensation field required for optimum ion 
transmission14, 43, 44: 

𝐸𝑐 =
∑ 𝛼2𝑝𝐸𝑠

2𝑝+1∞
𝑝=1 〈𝑓2𝑝+1〉

1 + ∑ (2𝑝 + 1)𝛼2𝑝𝐸𝑠
2𝑝〈𝑓2𝑝〉∞

𝑝=1

. (4) 

Eq. (4) is specifically the Buryakov equation and, while 
valid for smooth varying functions, it turns out that it will 
lead to significant errors for complex functions. This is 
showcased in Figure 4 where the relative mobility is given 
as a function of the reduced field strength for 𝑇𝐷𝐴+ and 
𝑂+. For 𝑇𝐷𝐴+, the 𝛼𝐸 parameter to be used in eq. (3) can 
be obtained by an interpolating polynomial rather easily. 
However, for 𝑂+, no interpolating polynomial with con-
stant coefficients can accurately follow the curve properly, 
leading to an error when trying to calculate 𝐸𝑐. In general, 
for a type-C ion (see figure 2), it may be a simple task, but 
for a type-B or type-D ion21, 45, it might not be possible. 
Type-D ions have recently appeared in literature to repre-
sent different behaviors which are uncommon and unre-
lated to the other three types. More specifically, 𝑇𝐷𝐴+ can 
be represented using only a third-degree polynomial, 
however 𝑂+ cannot be represented even by a 6th degree 
polynomial as shown in figure 4. This complication can 
perhaps be circumvented by breaking the curve into mul-
tiple parts as theorized  by 46, 47; however, this still re-
quires polynomials to be formed and might not always be 
suitable. The reason stems from the fact, as shown below 
by the two-temperature theory (2TT), that the 𝛼2𝑚 coeffi-
cients are not necessarily constants but instead are intri-
cate ratios of series of even powers of the field. As such, a 
simple polynomial might be insufficient. Since eq. (3) is 
used to arrive at eq. (4), then eq. (4) is no longer generally 
valid. The issue can be fixed by assuming that 𝛼(𝐸) = 𝛼𝐸 
is instead a more general even function of the field. Start-
ing again from 〈𝑉𝑐〉 = 〈𝐾(𝐸) ∙ 𝐸(𝑡)〉 = 0 and using eq. (2) 
one can write: 

𝐾0〈(1 + 𝛼𝐸) (𝐸𝑠(𝑡) + 𝐸𝑐)〉 = 0. 

Since 𝐾0 is a non-zero constant independent of the field, 
the equation can be expanded as,  

〈𝐸𝑠(𝑡)〉 + 〈𝐸𝑐〉 + 〈𝛼𝐸 𝐸𝑠(𝑡)〉 + 〈𝛼𝐸 𝐸𝑐〉 = 0.  

Moreover, since 〈𝐸𝑐〉 = 𝐸𝑐 and 〈𝐸𝑠(𝑡)〉 = 0 (requirement of 
DMS), the equation is now, 

𝐸𝑐 = −
〈𝛼𝐸 𝐸𝑠(𝑡)〉

1 + 〈𝛼𝐸〉
(5) 

Eq. (5) is an implicit equation that needs to be solved 
iteratively since 𝛼𝐸 is a function of 𝐸𝑐 and 𝐸𝑠(𝑡) both. 
Schneider et al. proposed that a Taylor expansion of the 
numerator around small values of the compensation volt-
age could be used and only the first few terms kept48.  
However, errors would be expected when high compensa-
tion voltages would be used. Haack et al. initially adopted 
this procedure28 but have very recently proposed an itera-
tive approach that calculates the displacement of the ions 
directly through compensation voltage guesses and cor-
rections29. Our approach to solving eq. (5) is less compu-

tationally involved. 〈𝛼𝐸〉 and 〈𝛼𝐸 𝐸𝑠(𝑡)〉 are calculated us-
ing a stepwise integration method by creating a spline 
from discrete nodes mathematically. In this way, Eq. (5) 
can be used indifferently to obtain an 𝐸𝑠 − 𝐸𝑐 dispersion 
plot or a 𝐾ℎ/𝐾0 − 𝐸/𝑛 mobility plot depending on the 
data provided accurately. In the case of the smooth vary-
ing TAA salts, either eq. (4) or (5) may be employed using 
the experimental data. 

In order to theoretically infer the mobility as a function 
of the field from all-atom models to compare it to the 
results of the DMA/FAIMS, the one-temperature theory 
Mason-Schamp equation7, 8 may not be used, unfortunate-
ly, as it cannot capture the field-dependent behavior. To 
achieve this goal, different theories such as the two-
temperature theory (2TT)8, 49, the three-temperature the-
ory (3TT)50-52, Gram-Charlier53, 54 theory, among others 
have been developed. Recent developments in the 2TT  
have showcased that it can be used on polyatomic ions 
quite successfully23, 28 and software enabling up to the 
fourth order approximation is now available21. The 2TT 
has been thoroughly explained elsewhere and will only be 
briefly discussed here24, 28, 55-57. As its name suggests, in the 
2TT the temperature of the ion can deviate from the tem-
perature of the gas in order to accommodate the energy 
received from the field and from collisions with the gas. 

In general, the 2TT mobility equation of 𝑘𝑡ℎ order (𝐾ℎ𝑘
) 

can be written as: 

𝐾ℎ𝑘
(𝐸) =

3

16

𝑞𝑒

𝑛
(

2𝜋

𝜇𝑘𝑇𝑒𝑓𝑓

)

1
2 1

𝛺̅𝑇𝑒𝑓𝑓

(1,1)
(1 + ∑ 𝛽𝑝 (

𝐸

𝑛
)

2𝑝𝑘−1

𝑝=1

) =

𝐾ℎ𝐼
(1 + ∑ 𝛽𝑝 (

𝐸

𝑛
)

2𝑝𝑘−1

𝑝=1

) (6)

 

Here 𝑞𝑒, is the ion’s charge, 𝜇 is the reduced mass, 𝑘 is 
the Boltzmann constant, 𝑇𝑒𝑓𝑓 is the effective temperature 

of the ion which accounts for the ion heating and 𝛺̅𝑇𝑒𝑓𝑓

(1,1)
 is 

the collision cross section (CCS) calculated at 𝑇𝑒𝑓𝑓. 𝑇𝑒𝑓𝑓 is 

obtained theoretically by calculating the energy moment 
of the Boltzmann equation and as a first approximation 
can be given by the Wannier eq. 𝑇𝑒𝑓𝑓 = 𝑇0 + 𝑚𝑣𝑑

2/3𝑘, 

with 𝑀 the mass of the ion. The 𝛽𝑝 coefficients are intri-

cate functions of collision integrals 𝛺̅𝑇𝑒𝑓𝑓

(𝑙,𝑠)
, and 𝐾ℎ𝐼

 is the 

first approximation of the ion mobility at an arbitrary 
field. 𝐾ℎ𝐼

, unlike 𝐾0, is not a constant value for different 

fields. In fact, the relation between 𝐾ℎ𝐼
 and 𝐾0 is given by 

(using 1TT Mason-Schamp eq. and eq. (6)): 

𝐾ℎ𝐼
= 𝐾0  (

𝑇0

𝑇𝑒𝑓𝑓

)

1/2 𝛺̅𝑇0

(1,1)

𝛺̅𝑇𝑒𝑓𝑓

(1,1)
, (7) 

where 𝑇0 is the bath gas temperature. 𝑇0 and 𝑇𝑒𝑓𝑓 , and 

thus 𝐾ℎ𝐼
 and 𝐾0, coincide at the zero field. By looking at 

eq. (2), it can be reasoned that as a first approximation: 

 (
𝑇0

𝑇𝑒𝑓𝑓

)

1/2 𝛺̅𝑇0

(1,1)

𝛺̅𝑇𝑒𝑓𝑓

(1,1)
= (1 + 𝛼𝐸) = (1 + ∑ 𝛼2𝑝 (

𝐸

𝑛
)

2𝑝∞

𝑝=1

) , (8) 



 

while the term (1 + ∑ 𝛽𝑝(𝐸/𝑛)2𝑝𝑘−1
𝑝=1 ) can be added to eq. 

(8) for higher approximations. Since 𝑇𝑒𝑓𝑓 = 𝑇0 +

𝑚(𝐾𝐸)2/3𝑘 is a complicated function of the field (alt-
hough still an even function), it is therefore reasonable to 
expect that the 𝛼2𝑝 coefficients are also complex functions 
of the field and not constant.  

The Ion Mobility Software Suite (IMoS v.1.12) was used 
to calculate the mobility at arbitrary fields, with a fourth-
order approximation of the 2TT21, 22. The results from the 
simulations can be compared to the experimental ones by 
either transforming the experimental dispersion plot into 
a mobility-field plot or vice versa. Here we have opted for 
the former. We then compare extracted mobility curves 
versus field strength to predictions using the two-
temperature theory approach. A priori, we expect the 
theory will fail at higher field strengths due to the inelas-
ticity of ion-gas molecule collisions and a hitherto un-
known inelasticity term must be added to the calculations 
to match the experimental results. The deviation at high 
fields, in particular for polyatomic gases was predicted 
and experimentally observed by Ellis et al.42, 58, while the 
work by Siems et al. discusses the effect of high-field and 
possible deviations in detail25. Krylov et al. created a fit-
ting procedure for their experimental data based on an 
energy loss ratio59. More recent experimental work by 
Schaefer et al. focuses on high-field energy corrections 
using the Hike-IMS27.  

Inferring Field-Dependent Mobilities from data 

With the information obtained through the dispersion 
curve, one could calculate the mobility at a non-negligible 
electric field by calculating the 𝛼 coefficients. To do so, 
eq. (4) may be expanded for 𝑚 = 3 which results in: 

−𝐸𝑐 = 𝑐3𝐸𝐷
3 + 𝑐5𝐸𝐷

5 + 𝑐7𝐸𝐷
7, (9) 

where 𝑐3 = 𝛼2〈𝑓3〉, 𝑐5 = 𝛼4〈𝑓5〉 − 3𝑐3𝛼2〈𝑓2〉, and 𝑐7 =
𝛼6〈𝑓7〉 − 3𝑐5𝛼2〈𝑓2〉 − 5𝑐3𝛼4〈𝑓4〉. The equation can be fur-
ther simplified to 𝑦 = 𝑐3 + 𝑐5𝑥 + 𝑐5𝑥2 where 𝑦 = −𝐸𝑐/𝐸𝐷

3 
and 𝑥 = 𝐸𝐷

2. For a bisinusoidal wave, 〈𝑓2〉 = 0.2777, 
〈𝑓3〉 = 0.1111, 〈𝑓4〉 = 0.1527 〈𝑓5〉 = 0.1132, 〈𝑓7〉 =
0.1020 were obtained numerically. Table 1 displays the 
values of 𝛼2, 𝛼4, and 𝛼6, which were calculated through a 
polynomial regression using the centerline data points 
provided in table S.1 for the different cations. In order to 
represent the results, the zero-field mobility is obtained 
using the results from the simulations rather than the 
results from the DMA (1.38 cm2/Vs, 0.955 cm2/Vs, 0.78 
cm2/Vs and, 0.72 cm2/Vs respectively, with a 1% difference 
on average with respect to experimental results), with the 
reasoning that the FAIMS total mobility values at high 
field can be better compared to simulations this way. The 
visual representation of the mobility as a function of 𝐸/𝑛 
is shown in Figure 5 confirming that the mobility of TAA 
ions decreases as the field is increased. In this sense, dis-
persion plots can provide experimental mobility at high 
field48, 60 and can easily be compared to theory. Using eq. 
(5) instead of (4) would have led to similar results given 
the smooth variation of mobility of the salts. 

 
Figure 5. Comparison of experimental and simulated mobili-
ty at non-negligible field-over-gas concentration (𝐸/𝑛). Ex-
perimental and simulated mobilities are in very good agree-
ment until 100Td after which, the difference is increased sys-
tematically due to inelastic collisions. 

Table 1. Estimated 𝜶𝟐𝒑 values using the centreline 

data and equation 9. In units of (𝟏/𝑻𝒅)𝟐𝒑. 

 
TBA THA TDA TDDA 

𝛼2 -3.3751E-06 -2.7307E-06 -2.4929E-06 
-2.4845E-

06 

𝛼4 2.8043E-11 1.9201E-11 1.8229E-11 1.4072E-11 

𝛼6 -2.4705E-16 -1.8659E-16 -1.5439E-16 -8.9699E-17 

The 2TT 4th approximation to the mobility was calcu-
lated using the 4-6-12 LJTM method and using the default 
LJ parameters for diatomic nitrogen. The results for 
𝐾 𝑣𝑠 𝐸/𝑛 are given in figure 5 and they are compared 
against the experimental results. The structures were ob-
tained using Density Functional Theory and optimized at 
0 𝑇𝑑 using Gaussian v.1661. To obtain the optimized struc-
tures, an initial geometry was created in Avogadro62 using 
Molecular Mechanics (MM2) calculations. Then the ge-
ometry was optimized using the B3LYP63-66 functional, 
and 6-31G(d,p)67 Pople basis. The simulated results show 
very good agreement with experiments up to at least 
100 𝑇𝑑. However, past 100 𝑇𝑑, the calculation results 
begin to systematically deviate from the experimental 
measurements, with differences more apparent as the 
field is increased. It is therefore expected that there are 
alternative effects that have not been considered yet in 
model calculations. One of the possibilities is that the 
ions become larger as the effective temperature is in-
creased. Since THA+, TDA+, and TDDA+ are rather flexible 
ions68, this cannot be ruled out for them. In fact, relaxa-
tion effects between low and high field phases could also 
be important but its impact is something difficult to char-
acterize at present. A second possibility is that inelastic 
collisions in diatomic gases have been known to exist that 
will affect the mobility. Regarding the latter, Wilks and 
co-workers have previously observed a similar trend and 
proposed to use a constant collision efficiency (or inelas-
ticity coefficient) value to accurately predict the disper-
sion curve accurately69. A closer look at the assumptions 
used to derive the two-temperature theory reveals that it 
assumes elastic collisions, throwing further light on the 
problem. In fact, Viehland hypothesized and experimen-



 

tally endorsed that upon a collision, the ion might trans-
fer some of its kinetic energy to the internal energy of the 
gas molecule 70, 71. While this phenomenon might be un-
important for monoatomic gases like helium, it may have 
a more considerable impact in polyatomic gases 72.  

 

Figure 6: Polynomial relation between the inelasticity pa-

rameter 𝜉 and 𝑇𝑒𝑓𝑓
𝑒𝑙  is displayed here where the inelasticity 

increases as the number of atoms and the size of the ion in-
creases. 

 

 
Figure 7. Dispersion curve of TBA, THA, TDA, and TDDA is presented. The points at which the experimental data was collected 
are represented by orange squares. Using the experimental data, 𝛼 coefficients were calculated which were then used to calcu-
late mobility at high field. This mobility was then used in equation 5 to create the blue line. The overlapping of blue line and 
orange squares suggests that the equation 5 is suitable for predicting the dispersion curve. The red line was created by including 
an inelasticity parameter in calculation of mobility vs 𝐸/𝑛 curve. 

At this point, it is not easy to differentiate whether the 
effect comes from the enlargement of the structures or 
from inelasticity, or both. While inelasticity can techni-
cally be calculated theoretically using the Wang Chang-
Uhlenbeck-de Boer (WUB) equation, it is much too com-
plex to be used for polyatomic ions and not attempted 
here. We believe it suffices for the time being that inelas-

ticity may be calculated experimentally through the equa-
tion 71: 

3

2
𝑘𝑇𝑒𝑓𝑓

𝑖𝑛𝑒𝑙 (1 +
𝑚

𝑀
𝜉) =

3

2
𝑘𝑇𝑒𝑓𝑓

𝑒𝑙 , (10) 

where 𝑇𝑒𝑓𝑓
𝑖𝑛𝑒𝑙 represents the inelastic experimental or WUB 

effective temperature and 𝑇𝑒𝑓𝑓
𝑒𝑙  represents the elastic or 

2TT effective temperature that is calculated through the 



 

 

simulation. The ratio 𝑚/𝑀 is the ratio of the mass of the 
gas to the mass of the ion.  

One can make use of eq. (10) and the mobility results to 
calculate the value of 𝜉 by associating the values of 𝑇𝑒𝑓𝑓 at 

a given mobility. The obtained value of 𝜉 might contain a 
part of the deviation that arises from the partial unfolding 
of the structures. A regression fit between 𝜉 and 𝑇𝑒𝑓𝑓

𝑒𝑙  was 

obtained and is illustrated in figure 6. Using this relation, 
(𝐸 𝑛⁄ )𝑒𝑙

2𝑇𝑇 was converted to (𝐸 𝑛⁄ )𝑖𝑛𝑒𝑙
2𝑇𝑇 . The accuracy of this 

relation can be demonstrated in the 𝐾ℎ 𝑣𝑠 𝐸/𝑛 curve, 
however, it is more convenient to present the results us-
ing dispersion plots. As such, eq. (5) is used to calculate 
the dispersion plots from the uncorrected as well as the 
inelasticity-corrected simulation results and compared to 
experiments as shown in figure 7 for all four salts (figure 
S.3 shows the results in the mobility-𝐸/𝑛 domain). Figure 
7 also shows both the center line values from the experi-
mental data of figure S.2 as well as the transformation of 
the experimental mobility calculated in figure 5 using the 
polynomial interpolation. The new relationship between 
the simulations and the experimental center line after the 
inelastic/unfolding correction resulted in an average dif-
ference between theory and experiments of 1.5551%, 
0.8271%, 1.1944%, and 1.6328% for TBA, THA, TDA, 
and TDDA, respectively. It can be observed that as the 
size of the salt increases, the effect of 𝜉 is stronger, which 
can be attributed to both mobility-reducing mechanisms. 
However, for the smallest salt, TBA, simulations suggest 
little unfolding and therefore most of the effect from 
𝜉 can be attributed in this case to inelasticity. And, in all 
cases, it can be observed that the effect is only important 
at high fields (> 100𝑇𝑑). The inelasticity values obtained 
here are much larger than those obtained by Schaeffer et 
al.27 but of the same order of magnitude as those of Ellis 
et al42, 49. Finally, other inelasticity effects could be pre-
sent even for atomic ions in atomic gases which have 
been studied by Siems’ et al26. While there is clearly an 
effect, further investigation is indeed necessary to fully 
understand the underlying mechanism. In particular, giv-
en the clear evidence that a mobility reducing effect is 
present, the use of more rigid structures can now be used 
to try and determine the direct effect of inelasticity.  

Conclusions 

This work deals with the study of a combination of a 
half-mini-DMA and a FAIMS system to improve ion filtra-
tion and provide simultaneous low-field and variable field 
mobility data on ions.  Because both the DMA and FAIMS 
are band pass filters, instrument coupling is simpler than 
a FAIMS with a drift tube ion mobility spectrometer 
(DTIMS), where either a gating procedure needs to be 
developed with the DTIMS upstream, or the FAIMS needs 
to be electrically floated above the drift tube (or modified 
drift tube operation is required, e.g. frequency domain 
DTIMS73). The ions separated via DMA-FAIMS can be 
identified with a higher level of confidence since the two 
devices employ distinct concepts of ion mobility to sepa-
rate ions. The resulting mobility spectra results can then 
be used to investigate whether the two-temperature theo-
ry (2TT) may be used for polyatomic ions at arbitrary 

fields in diatomic gases. Since the raw data provided by 
the FAIMS is a dispersion plot, an equation is needed that 
relates the compensation and separation fields to the ion 
mobility at arbitrary fields. While the Buryakov equation 
has been used for this purpose in the past, it is shown in 
this work that it is not universal, and a more general 
equation is provided. With this equation, the comparison 
between the 2TT and experimental mobility is made with 
very satisfactory results. The results match within 1% up 
to 100𝑇𝑑, after which the experimental results deviate 
from theory. This is attributed to two effects, a) unfolding 
of the larger cations due to an increase in the effective 
temperature and b) inelasticity of the gas-ion collisions 
due to the higher effective temperature of the ion and the 
diatomic nature of the gas. By using the WUB theory, 
experiments and theory are matched through the use of 
the inelastic parameter 𝜉. The inelasticity is shown to be 
larger with larger salts, but caution about its absolute 
value is advised as the effect of unfolding on the salts 
needs to be properly accounted for. This study however 
validates the 2TT in nitrogen up to reasonable values of 
the field for the first time. 
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