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data. We measured alkylammonium ions in air under different T (14 °C, 24 °C, 34 °C and 41 °C)
and RH (0 %, 20 %, 40 %) conditions using two individual setups (in both cases a planar dif-
ferential mobility analyser coupled with a time-of-flight mass spectrometer) and the results are in
excellent agreement. Mobility increases with rising T and decreases with water vapour loading.
When separating the measurement mobility by structures, clear mass dependence was observed.
The measured mobilities exhibited large deviations from theoretically calculated results in dry
conditions, which are possibly caused by adduct formation on the monomer ions via clustering (or
reactions). This phenomenon seems to be unavoidably associated with light ions under atmo-
spheric pressures, which is worth further exploration and bearing in mind when comparing
measurements to calculations. Both methanol and oxygen (occasionally nitrogen or alkyl chain
elongation) are possible candidates of the adduct. Under spherical assumption, we used the
modified Mason-Schamp’s approximation to link the measured mobility to the mobility equiv-
alent diameter. The drag enhancement factor ¢ and the effective gas-molecule collision diameter
d, derived from our measurement data are comparable to literature values. Our data also exposed

a non-linear dependence on the polarisation parameter ¢". Polarisation, ¢ and d, were para-
meterised using linear models against ion structures, T, and RH for primary, secondary and ter-
tiary alkylammonium ions with identical alkyl groups. Our model parametrisations predict
mobilities within +£10 % deviation from the measured data. The model also has satisfying pre-
dicting power for alkylammonium ions with unidentical alkyl structures.
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1. Introduction

Electrical mobility is an important size-related parameter in describing aerosol particles. It is also powerful in analytical chemistry
(where the use of *ion mobility’ is preferred over "electrical mobility’) for ion separation and structural investigation, usually involving
the employment of an ion mobility spectrometer (IMS) (Campuzano et al., 2012; Dodds et al., 2017; Gabelica & Marklund, 2018;
Dodds & Baker, 2019). Although IMS has been used in several aerosol studies (Oberreit et al., 2014; Krechmer et al., 2016), differential
mobility analysers (DMA) and aspiration ion counters that measure the same ion property but through slightly different techniques are
more widely applied in this field, especially in atmospheric aerosol studies (Kulmala et al., 2012; Wiedensohler et al., 2012; Mirme &
Mirme, 2013) due to their robustness, size range, suitability for continuous measurement, and the convenience of their operation at
atmospheric pressure.

Atmospheric aerosol particles affect air quality, human health and climate (Poschl, 2005). Although these effects mostly result from
particles of hundreds of nanometres to micron sizes (Ramanathan et al., 2001; von Klot et al., 2005; Atkinson et al., 2015), the majority
of these particles are secondary aerosol particles that have origins traceable to gaseous precursors (Curtius, 2006, Kerminen et al.,
2018). The process of forming 1-2 nm nanoparticles that can undergo subsequent growth from the gas phase is known as atmospheric
new particle formation (NPF) (Kulmala et al., 2014). As NPF occurs in the sub-2 nm range, which is much smaller than the mean free
path in air, the process falls in the free-molecular regime. Experimental NPF studies utilise both mobility-based and mass-based in-
strumentations (Kulmala et al., 2012). The conversion between electric mobility and mass is possible via mass diameter and spherical
assumption. However, this is not a straightforward task, as the link depends on a scattering drag enhancement factor, where the size of
the gas molecules cannot be neglected (Fernandez-Garcia & Fernandez de la Mora, 2013). Aside from the physical size of the ion,
electrical mobility is also affected by potential interactions between the ion and induced dipoles on surrounding neutral gas molecules
in polarisable gas medium, such as air (Kim et al., 2008; Lee et al., 2018). When considering atmospheric measurements, the mobi-
lity—mass relation is further complicated by temperature and humidity variations.

In order to reliably compare mobility-based and mass-based data, it is necessary to gain insights into the effects of structure,
polarisation, temperature, and humidity on the mobility-mass relation. In this work, we characterise how ion mobility responds to
changes in temperature and relative humidity using primary, secondary, and tertiary alkylammonium cations. Alkylammonium ions
are protonated amines, some of which are common in ambient air stemming from biogenic and/or anthropogenic sources (Ge et al.,
2011; Kieloaho et al., 2013) and are relevant for atmospheric NPF (Almeida et al., 2013; Moller et al., 2020). The different structures of
these alkylammonium ions also allow probing the effect of ion conformation on mobility and the polarisation effect in connection to
ion structures. By examining the effects of temperature, humidity, ion structures, and polarisation on electrical mobility through
laboratory experiments, we aim to parameterise these effects for theoretical ion mobility calculations in the free molecular regime.

2. Methods

Ion mobility measurements were carried out using two individual setups at Indiana University - Purdue University Indianapolis
(IUPUI) and the University of Helsinki (UHel). Both setups were composed of a planar differential mobility analyser (DMA) and a Time-
of-Flight Mass Spectrometer (ToF MS). Tetrabutylammonium cation (TBA') was used as the calibrant for mobility analysis. Our
samples contain alkylammonium cations of linear and branched structures, which allows the characterisation of ion conformation

Table 1
List of studied primary, secondary and tertiary alkyl ammonium cations and their molecular weight and density. ‘X’ indicates measurement of the
corresponding cation performed.

Alkyl(s) of the alkyl-ammonium cations Molecular weight [Da] Density [kg/m®] IUPUI UHel UT
Dimethyl 46.08784 649.6 X X

Ethyl 46.08784 688 X X

Trimethyl 60.11784 630 X X X
Isopropyl 60.11784 690 X

Propyl 60.11784 719 X X X
Diethyl 74.14784 704.8 X X X
N-dimethyl-ethyl 74.14784 675 X

Isobutyl 74.14784 736 X

Sec-butyl 74.14784 724 X

Butyl 74.14784 740 X X X
Triethyl 102.19784 726 X X X
2-ethyl-N-butyl 102.19784 778 X

N-ethyl-2-methyl-2-propan 102.19784 691 X

Dipropyl 102.19784 757 X X

Tripropyl 144.27784 753 X X

N-methyl-dibutyl 144.27784 745 X

Nonyl 144.27784 782 X X

Dipentyl 158.304 770 X

Dihexyl 186.35784 795 X X

Tributyl 186.35784 778 X X

Triisobutyl 186.35784 766 X
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effects. The mobility was obtained under different temperature (T =14 °C, 24 °C, 34 °C and 41 °C) and relative humidity (RH = 0 %, 20
% and 40 % at each temperature) conditions. For verification, we also repeated some measurements on a Structures for Lossless Ion
Manipulation (SLIM)-based ion mobility spectrometer coupled with a ToF MS at the University of Tartu (UT). The measured mobilities
were then used to probe and parameterise the drag enhancement factor (£), the effective gas-molecule collision diameter (d,) and the
polarisation correction to the Mason-Schamp’s first approximation of the low-field kinetic theory using Kihara’s extension of the
Chapman-Enskog expansion in the free-molecular regime (Mason & Schamp, 1958).

2.1. Experiments

Alkylammonium salt samples (10 pM-1 mM) were prepared using hydrochloric acid, sulphuric acid, and nitric acid from amines in
methanol-water (50%v/v) solution. Samples with hydrochloric acid were used at IUPUI and with sulphuric acid and nitric acid at
UHel. The cations were generated by electrospraying dilute salt solutions into the DMA using a pressurised silica capillary. Table 1
shows the 21 alkylammonium cations studied in this work, among which 12 were measured at both IUPUI and UHel, and 5 were
repeated at UT using chemical ionisation with SLIM.

2.1.1. DMA-MS

At both IUPUI and UHel, the mobility measurement was performed using the commercial SEADM planar DMA (Amo-Gonzalez &
Perez, 2018). A QStarXL was hyphenated to the DMA at [UPUI and was used to characterise the mass of the ions. The DMA-MS setup is
a replicate of the one described by Rus, Moro et al. (2010). A similar setup was used at UHel, except the mass spectrometer was
replaced by a Tofwerk ToF MS (Bianco et al., 2022).

As shown in Fig. 1a, sample solutions were introduced by electrospray ionisation (ESI) into a planar DMA, where a uniform electric
field was applied between two parallel plate electrodes. By varying the high voltage applied on the front panel, analyte ions were
selected based on their electric mobilities and directed to a mass spectrometer. The planar DMA was operated under atmospheric
pressure in a closed sheath flow loop. We added a humidifier and a heat exchanger in the sheath loop to vary T and RH in mobility
measurements. RH is controlled by changing both the water temperature (set by a hot plate) and the flow rate through the humidifier.
At UHel, a cooling and heating bath thermostat (Lauda edition 2000) was used to control the sheath T, whereas at [UPUI, it was
controlled by a chiller (ThermoCUBE 200-500) and heating tapes. A DHT22 sensor (accuracy: +2 % RH, +0.5 °C) mounted in the
sheath loop was used to monitor T and RH. In this study, mobility measurements were conducted at T of 24 °C, 34 °C and 41 °C, and RH
of 0% 20% and 40 % at both IUPUI and UHel. At UHel, a set of experiments was additionally performed at 14 °C. At IUPUI, zero air
from Parker Balston SOURCE LCMS-5000 TriGas Generator was used, and at UHel, it was delivered from synthetic air cylinder (purity
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Fig. 1. Schematics of a) the DMA-MS setups for measurements under different temperature (T =14°C, 24 °C, 34°C and 41 °C) and relative hu-
midity (RH=0 %, 20 % and 40 %) conditions. b) the SLIM-MS setup using benzene cations as the reagent ion.
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>99.999 %). We did calibrant measurements also in nitrogen (N2) at UHel, where the gas was supplied from a liquid nitrogen container
(purity grade 5.0).

Tetrabutylammonium cation was used as the mobility standard and was introduced to each sample, so that it was electrosprayed
together with the analyte in each measurement cycle for internal calibration to minimise instrumental uncertainties. Knowing the
mobility of the calibrant (K,¢f) and the measured voltages for calibrant (V) and analyte (V,), the mobility of the analyte ion (K,) can
be obtained via

Kref Vref

Ka:T . (€Y

2.1.2. SLIM-MS

A Tofwerk SLIM-based ion mobility spectrometer coupled with a ToF MS (Vocus CI-IMS-TOF) was used in our study to verify the
relative mobility of 5 analytes. In contrast to the uniform electric field applied in the DMA, the SLIM-based ion mobility spectrometer
employs both direct current (DC) and radio frequency (RF) in creating the confining electric field and travelling wave to propel ions
through the traversing path (Ibrahim et al., 2017). SLIM-based ion mobility spectrometers are operated in lower pressures than
ambient (~380Pa). We used Tofwerk’s AIM reactor to ionise amines directly using benzene cations produced by photoionisation
(Fig. 1b). 1 pL of amines was prepared in small pieces of 6 mm Teflon tube with both ends capped as sample permeation sources. A
sample permeation source tube was placed in a 12 mm tube with one end sealed and the other end attached to a Tee-connector, where
the analyte was allowed to diffuse into the nitrogen flow fed into the inlet of the AIM reactor. Helium was introduced after the AIM
reactor into SLIM as the drift gas for mobility measurement.

2.2. Mobility-mass relation

In the free molecular regime for low fields, the ion mobility (K) is related to the inverse of the collision integral () which is also
known as the collision cross section (CCS). This relationship is mass (m) dependent. Mason-Schamp’s first approximation describes the
relation as follows (Mason & Schamp, 1958; Revercomb & Mason, 1975)

11\ 2n\ "1
—4— - o 2
m . mg kT Q
where g = ze stands for the ionic charge with z being the number of charges and e the elementary charge, N is the number density of the
drift gas and is connected to pressure as p = NKT. k is the Boltzmann constant, T is the drift gas temperature, and m and m, are the

molecular weight of the ion and drift gas, respectively. Under spherical assumption for elastic and specular collisions, it is possible to
deduce a size parameter from the CCS, namely the mobility equivalent diameter or simply mobility diameter for hard spheres, dx us =

(4Qnus/ ﬂ)l/ 2, However, the hard sphere model is too ideal to account for the irregular shape of real analyte ions, potential interactions
between the ion and gas molecules, and nature of the drift gas. By using a drag enhancement factor (£) to link the CCS to the sum of the
effective gas—molecule collision diameter (d,) and ion mass diameter, d,, = (6m/ (p))*/3, with p being the ion density (Fernandez--
Garcia & Fernandez de la Mora, 2013; Ku & Fernandez de la Mora, 2009), it is possible to relax some limitations of the hard-sphere
model.

The Stokes-Millikan equation that relates electrical mobility (Ksy) to mobility diameter (dk sm) based on parameterisation from
Millikan’s oil experiments in the slip correction is widely used in describing aerosol particles:

Ksm = [14Kn(a+be %) ], 3)

_ 1
3ﬂﬂd}(‘5M

where 4 is the gas viscosity and Kn is the Knudsen number. a, b, c are constants parameterised from Millikan’s experiments, depending
on the choice of constant ¢ that relates gas viscosity to the mean free path (1). The drag enhancement factor can be derived from
Millikan’s experiments as &y, = 9¢/(2(a +b)) (Fernandez-Garcia & Fernandez de la Mora, 2013). By usinga = 1.165,b = 0.483, and
¢ = 0.491 (with a repulsive force between molecules) from Kim, Mulholland et al. (2005) as suggested in ISO15900, & = 1.3407.
Larriba and Hogan (2013) reasoned the value of £ = 1.3578 when comparing Mason-Schamp with Stokes-Millikan by using a = 1.257
and b = 0.4 from Davies (1945) and ¢ = 1. Fernandez-Garcia and Fernandez de la Mora (2013) got a slightly different value &y =
1.3552 with ¢ = 0.499 (without a repulsive force between molecules). With this set of parameters, Ku and Fernandez de la Mora
(2009) found agreement between egs. (2) and (3) when dg = 0.3 nm for spheres. Therefore, it is possible to connect mobility diameter
to mass diameter and CCS via

T 2 T
Qo =7 &(dm +dg)” =7 “@

and write the modified Mason-Schamp equation for spheres as

K = Kys f(f,dg)—mN (ermg) (kT) o Wlthf(édg)_ﬂf(dm-‘rdg)z. (5)
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Eq. (5) is valid when Kn = 24/(d+d,) > 1 and is sometimes referred to as the modified Stokes-Millikan law (Fernandez-Garcia &
Fernandez de la Mora, 2013).

2.3. Mobility measurement calibration

We used tetrabutylammonium cation (TBAY, m/z = 242.2842) as the mobility calibrant. Calibrant measurements were performed
in both air and nitrogen and under different T (24 °C, 34 °C and 41 °C) and RH (0 %, 20 %, 40 %) conditions by maintaining the same
instrumental conditions (e.g., blower speed, ESI voltage and distance of needle tip to DMA inlet). Since the DMA geometry remains the
same, eq. (1) is valid to link measurements done in air and nitrogen and under different T and RH conditions.

The literature values for mobility standards are typically reported in CCS. The reported CCS value for TBA" measured in nitrogen
(Ny) is 167.5 A? (Picache et al., 2019), which can be converted to mobility using eq. (2). The reduced mobility (K,) equation can be
used to link ion mobilities at different temperatures in dry conditions:

P 27316 P 27316 K, T

Ky =K = =
0T ™MI60 T T, 760 T, K T

O]

To obtain the calibrant mobilities under humid conditions, we invoked the relation described in eq. (1) to link dry and humid
measurements, Koy, Vov, = Kzu Vru- By using egs. (1) and (6), we can get a matrix of analyte mobilities under different T and RH in Nj.
By applying eq. (1) again to measurements done at different drift gases, a matrix of TBA™ mobilities under different T and RH in air can
be achieved, Kir = Kn, Vx,/Vair-

Calibrant measurements were missing at 14 °C in Nj. To deduce TBA™ mobilities at 14 °C in air (K14,rH,2ir), We took the average of
the calculated TBA™ mobility at 14 °C in nitrogen scaled by the ratio between K;; and Ky, under different T and RH conditions.
Measured TBA™" mobilities at different temperatures suggested a linear T dependence for fixed RH. Based on the assumption that the
linear dependence is extendable to 14 °C, it is possible to approximate K14 gy air as follows

Kl4‘0.air = KI4,O.N2 : <Kair/KNz )avcragc

K, air (7)
f= m = Kisruar = (2Koariar — Kaaritair) f-

3. Results
3.1. T, RH, and ion conformation effects

The ion mobilities measured using the two individual DMA-MS setups (i.e., UHel and IUPUI with scheme displayed in Fig. 2) are in
excellent agreement (see Fig. 2¢) under different T (24 °C, 34 °C and 41 °C) and RH (0 %, 20 %, 40 %) conditions. Both datasets are
calibrated against the calibration data matrix displayed in Fig. 2a. Our mobility measurements under different T and RH show that ion
mobility increases with increasing T and decreasing RH (Fig. 2a and b).

The measured mobilities were compared with computational modelling results. The molecular configurations for the studied ions
were obtained via configurational sampling as described in detail in the Supporting Information. We computed ion mobilities using the
Lennard-Jones 4-6-12 potential (parameters for nitrogen) with a quadrupole potential (TMLJgpol) using the IMoS program. The
calculated mobilities are the Boltzmann averaged values over the found minimum energy structures (See Supplement S1). To study the
humidity effect, we also modelled the mobilities of ion clusters with 1-3 water molecules. For comparison, ion mobilities were also
calculated using the Trajectory Diffuse Hard Sphere Scattering (TDHSS) model with air parameterisations. TDHSS calculates ion
mobility from the averaged drag force over a control volume that travels with the same velocity as the ion by assuming equal
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Fig. 2. a) Electrical mobility (K) of tetrabutylammonium cation (TBA™) under different temperature (T = 14 °C, 24 °C, 34 °C and 41 °C) and relative
humidity (RH = 0 %, 20 % and 40 %) conditions. b) Influences of temperature and relative humidity on ion mobility. Colour indicates mobility ratio
with respect to mobility at 24 °C and 0 % humidity. The mean and standard deviation of mobility ratio (over 21 alkylammonium cations) are
displayed for each temperature and relative humidity condition. ¢) Comparison of ion mobility (12 alkylammonium cations) measured at UHel and
IUPUI under different temperature and relative humidity. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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probability for all positions in the free-molecular regime (Shrivastav et al., 2017). The TDHSS model employs a 4-co potential that
accounts for ion-induced dipole interaction, it is known to often perform poorly for small ions when compared to the trajectory method
using the Lennard-Jones potential. We used full accommodation and re-emission velocity from a distribution at 92 % of the energy of a
Maxwell distribution in the calculations. The unsubstituted hydrogens on the ammonium nitrogen can to some extent relax steric strain
in the protonated primary, secondary and tertiary alkylamines, which reduces the probability of these ions undergoing elastic colli-
sions. Thus, the use of TDHSS with full accommodation gives extreme estimates of limiting conditions without the consideration of van
der Waals interactions. The tabulated measured and calculated data are enclosed in Supplement S2.

The overall comparisons are shown in Figs. S1-2. Coincidentally, the TDHSS model gives good estimates, especially of dry mo-
bilities at 14 °C for the smallest ions. This method tends to underestimate ion mobilities as T, RH, and/or ion mass change, giving errors
of up to 25 %. One explanation for the discrepancy between the model and the experiments is that in the humid experiments the
clusters are hydrated in the presence of water. Hence the hydrate distribution could explain why the model sometimes overestimates
the mobility compared to experiments in humid conditions. For instance, the modelled mobility of dimethylammonium ion hydrated
by one water molecule is lower than that of the bare monomer ion. Literature works have also proven the inappropriateness of applying
this method to small ions (Larriba-Andaluz et al., 2015). The reason is simple. As the molecule gets smaller, the likelihood of a diffuse
collision with the gas is reduced and collisions become more specular. In addition, we observed that the TDHSS model tends to un-
derestimate mobilities of ions as mass increases in dry conditions.

The TMLIgpol on the contrary overestimates ion mobilities, especially for small masses (Fig. S2) where the discrepancy is up to
30% in the dry condition. The smallest differences between calculations and measurements are found in the larger tertiary alky-
lammonium ions and the calculated mobilities of primary alkylammonium ions have the largest deviations from the experimental
values. Using nitrogen Lennard-Jones parameters in the mobility calculation possibly leads to slightly higher values, yet this cannot
fully explain the large differences in dry conditions. The disagreement between measurements and calculations might either be
attributed to solvation of ions in measurements or to missing interactions in mobility calculation. The recorded mass spectra hardly
showed any traces of water clusters in dry conditions. Instead, we observed m/z peaks with a positive mass shift of 32 ([M+32] ). This
[M+32]" peak had the peculiarity of coinciding with the monomer ion [M]" peak in the mobility space, especially for the small
primary alkylammonium ions (Fig. S 3a-b). Having the same mobility as the monomer ion peak suggests that both ions had the same
structure through the whole mobility cell, and hence both probably come from direct derivatives of the bare monomer ion, including
methanol solvation, oxygen clustering, or other ESI reactions. Comparison with TMLJqgpol results suggests that the smallest ions could
be clustered with 1-3 methanol molecules (Supplement S2), if the methanol solvation were the sole cause. Mass spectral analysis
suggests a higher probability of methanol adduct than O5 (Fig. S 3c). However, the effect of the latter candidate cannot be ruled out,
because [M + O2]" and [M + Methanol]™ are contained in a single peak in the mass domain.

We used methanol-water (50% v/v) as the solvent and therefore there are more water than methanol molecules in the sample
solution. Water and methanol form hydrogen bonding with comparable binding strength (Table S 1) and water is a smaller molecule. If
the [M+32]" peak in dry conditions is due to methanol solvation, it remains unclear why there are hardly any water clusters in the
mass spectra. Karpas (1989) reported mobilities of several different protonated aliphatic amines measured at 200 °C under atmo-
spheric pressure, where a radioactive source was used for ionisation and amines were taken from the headspace vapours of
commercially available samples. A temperature dependence was observed and Karpas, Berant et al. (1989) suggested that clustering
with drift gas molecules was the cause of the reduction in mobility with temperature decrease. By taking into account the temperature
effect on gas molecule clustering, our measured mobilities are close to the values reported in Karpas’ works (Karpas, 1989, Karpas,
Berant et al., 1989). In our measurements in dry air, we saw the [M+32]" peak usually emerges at the same voltage as the monomer
ion. The coincidence is also occasionally observed with [M+28]". This can be ascribed to the fact that a mass shift of 28 may also result
from a (CHy)s group that could originate from longer-chained amine impurities in solution. Also, O has a larger dipole polarisability
than Ny (Spelsberg & Meyer, 1994) and is more reactive, which could give it a better chance to end up with the ion in the mass detector.

We also performed a few experiments using ethanol and water as the solvent in dry Ny, and in these cases [M+28]" was observed,
but hardly any [M+32]". However, these tests were likely influenced by contaminants present in the measurement system, which
limits the information that can be reliably extracted from them. Nonetheless, these analyses indicate that the large discrepancy be-
tween the measured and TMLJqpol mobilities in dry conditions most likely results from adduct formation on the monomer ions. Both
methanol and O3 (and occasionally Ny or perhaps alkyl chain elongation) are possible candidates for the adduct. Adduct formation via
clustering (or reactions) seems to be a common phenomenon associated with light ions under atmospheric pressures, which needs to be
taken into consideration in the comparison of measurements with calculations.

In humid conditions, the methanol solvation was hardly observed and the [M + H,0]" peak was of high intensity. The decrease of
mobility with water loading we observed is in line with earlier studies on vapour uptake (Oberreit et al., 2015; Thomas et al., 2016; Li
& Hogan, 2017, Ahonen et al., 2019). Compared with the TMLJqpol results, the smallest ions were clustered with >3 water molecules
already at 20% RH (Fig. S 2); yet, TDHSS indicates 0-1 water molecule at both 20% and 40% RH (Fig. S1). As aforementioned, since the
adduct identity especially in dry conditions and the number of water molecules in humid experiments are unknown, the calculation
methods can only serve as an approximation to the number of possible adduct molecules present and are therefore only indicative.

Although the comparison between measured and calculated mobilities often correctly predicts the trends with respect to ion size,
we must outline three pairs of ions (ethylammonium™ vs. trimethylammonium®, propylammonium® vs. diethylammonium™,
butylammonium™ vs. triethylammonium™), where the theoretical models predict the opposite trend from the measurements (Fig. S1
and Fig. 3a). The measured trend also violates the general relation of ion mobility to mass that ion mobility decreases with increasing
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mass; yet it is seen in both the IUPUI and UHel datasets in air and in nitrogen. As suggested by the preceding analysis, the unexpected
trends could result from adduct formation, possibly by clustering of solvent or drift gas.

To test the clustering hypothesis, we conducted measurements of diethylammonium™, butylammonium™, trimethylammonium™,
propylammonium™*, and triethylammonium™ using a SLIM-based IMS, where a similar trend to the calculation (TDHSS method) is
observed (Fig. 3b-d). As SLIM measurements were performed using helium as the drift gas at about 380 Pa, the low pressure used in
SLIM would significantly reduce the clustering probability around the ion. Also, the application of confining DC and RF in SLIM
together with travelling wave can cause dielectric heating of the ion, which could possibly shorten the interaction time of the ion with
gas molecules and further help to overcome the intermolecular binding energies. Karpas, Berant et al. (1989) observed that ion
mobility measurements conducted in helium under atmospheric pressure demonstrated no gas clustering effect. Consequently, unlike
the measurements performed under atmospheric pressure using the DMA, the SLIM arrival sequence aligns with the IMoS results that
are based on the free-molecular theory.

Although the unexpected trends observed under atmospheric pressure in DMA-MS measurements are possibly affected by adduct
formation, the larger mobilities for branched ions compared to their linear isomers (also seen in IMoS results) or to the smaller linear
structures with one less CH; indicates the importance of ion structures in mobility determination. Typically, branched structures
exhibit stronger steric effects than linear structures and are therefore less prone to clustering or reactions.

A clear mass dependence of the measured ion mobility can be observed (Fig. 4) when separating the data according to ion structures
into linear (primary alkylammonium cations with a linear alkyl chain), di-branched (secondary alkylammonium cations with identical
alkyl chains) and tri-branched (tertiary alkylammonium cations with identical alkyl chains) groups. Ion mobility decreases slightly
more rapidly with mass increase in the linear group than for the branched ions. When adding water into the drift gas, the T effect
attenuates while ions become more and more separated by structure groups, which may suggest that water can potentially be used as a
dopant in probing ion structural information in mobility studies.
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3.2. Drag enhancement factor (€) and effective gas-molecule collision diameter (d,)

Although our analyte ions are not of spherical shape, if we assume the measured mobilities are equivalent mobilities for spheres, it
is possible to probe the sensitivity of the drag enhancement factor (£) and effective gas-molecule collision diameter (d,) with respect to
ion structures using eq. (5). By fitting the structure-separated data in each T and RH combined condition, we obtain ¢ in the range of
1.30-1.39 and d, in the range of 0.26-0.43 nm. Three fitted & values are smaller than 1.34, paired with d, ~ 0.26 nm, found for tri-
branched structures in dry conditions. The coefficient of determination (R?) measure of goodness-of-fit (GoF) suggests that these
fittings could explain 93-94 % of the data behaviour, which are the lowest among all the fits. The other GoFs are in the range of
97.2-99.7 %. The overall £ is 1.359 +0.023 (¢ = 1.366 + 0.011 by excluding £ < 1.34) and d, is 0.32 £0.051 nm (d,; = 0.338=+ 0.047
nm by excluding d, corresponding to £ < 1.34), which are close to but slightly higher than &, = 1.3552 and d, = 0.3 nm found by Ku
and Ferndndez de la Mora (2009). The collision diameters for nitrogen and oxygen take values of 3.66 A and 3.5 A in the universal force
field (Rappe et al., 1992), which are slightly larger than the d, we obtained. Our £ is smaller than 1.42 reported by Fernandez-Garcia
and Ferndandez de la Mora (2013), but is comparable to the literature values summarised in their work.

Boxplots separated by structure, T and RH groups reveal weak non-linear dependences of £ on structure and RH, but not on T
(Fig. 5). ¢ is found to be independent of the gas used in the mobility measurement and is related to the partition between specular and
diffuse collisions (Epstein, 1924; Millikan, 1923). Although T could affect £ through altering the interaction time of collisions, its
influence is not expected to be obvious over 20 °C. While the collision nature may also vary with ion shape and RH, it is difficult to
rationalise the non-linearity. d, is observed to drop in more branched structures and as T increases. The dependence of d, on structure
may be influenced by the different steric strain of primary, secondary, and tertiary amines. Linear structures are more flexible
compared to branched structures. As ions become more compact, the reduced random swing and vibration possibly allow collisions
with gas molecules to happen at shorter distances on average, which may explain why d, = 0.28 & 0.017 nm (d,; = 0.29 £ 0.0088 nm
by excluding d, corresponding to & < 1.34) for tri-branched structures from our data approaches values reported in literature, 0.26 nm
found by Fernandez-Garcia and Fernandez de la Mora (2013) and 0.3 nm by Ku and Fernandez de la Mora (2009). Gas molecules
possess higher kinetic energy at higher T, possibly allowing them to approach slightly closer to the ion upon collision. We also observed
RH rising effectively enlarging d,. Water molecules can readily form hydrogen bonds with ions. The higher the RH, the more water
molecules are available for the interaction, creating more resistance in the ion travelling path.

3.3. Correction to mason-schamp equation

Least-squares linear regression is used to parameterise T, RH, and ion structure effects on & and dy. The quality of the fitted models is
then examined by an ANOVA F-test. With each term in the models passing a F-test at 95% confidence interval, the optimised models for
¢ and d, are

& ~ 13276 —0.00032579 - RH + 0.065233 - S + 0.00082159 - RH-S  —2.2312- 105 - RH> — 0.023654 - 5
d, ~ 0.74488 —0.0011077 - T + 0.0035224 - RH — 0.074739-S  — 0.0036107-RH-S — 2.5094- 107> - RH? + 0.0083446 - 5
+1.0184-107-T-RH-S. ®
Sis theion structure with S = 1, 2, 3 for linear, di- and tri-structures. The ANOVA statistics also suggest that the temperature term in

the linear model of ¢ is insignificant at the 5 % significance level, hence we removed this term. The optimised models can explain about
84.2 % of the variability in £ and 98.7% in dg. The response variables and the predicted ¢ and dj stay close to the 1:1 line, respectively

1.4 14 14
u1.35 w135 i35 — 1 1
ALY 134 b) ° : 13 T ; L9
linear di- tri- 24 34 41 0 20 40
T[°C] RH [%]
0.45 0.45 v.40 T
0.4 oal I s - 04 ,
- ) £
~P 035 E ~Poss} | 50035 = 1
0.3 03 —— 0.3 [ {
d) L ‘i] e | [ )
0.25 025 025
linear di- tri- 24 34 41 0 20 40
T [°C] RH [%]

Fig. 5. The drag enhancement factor (¢) and effective gas-molecule collision diameter (d,) derived from fitting modified Mason-Schamp equation
(Kus - f(€.dg)) to the measured ion mobility (UHel setup). Data are separated by ion structure, temperature (T) and relative humidity (RH).
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(Fig. 6). The deviation is within +2 % for & and 6 % for d,.

As an ion travels through the drift gas in the mobility measurements, it can polarise the surrounding gas molecules on its path. As a
result, the interactions between an ion and neutral gas molecules are strongly affected by the polarisation effect. For mobility mea-
surements in air at the temperatures studied there, polarisation dominates the ion-neutral interactions (Mason & McDaniel, 1988).
According to Fernandez-Garcia and Fernandez de la Mora (2013), the polarisation effect may be accounted for by a multiplier term to

2a(ge)’

eq. (5) as a function of the normalised polarisation potential by thermal energy (¢" = kT

where a is the gas-molecule

polarisability and ¢, is the permittivity of vacuum). For air, « = 1.7 A’. The polarisation parameter ¢* is dimensionless, which un-
like the observations in Fernandez-Garcia and Fernandez de la Mora (2013) is not linearly related to the ratio between our measured
mobilities and the calculated values using eq. (5) and the parameterisations in eq. (8) (shown in Fig. 6a). Larriba and Hogan (2013)
suggested the approach Q = Z¢PA where ¥ is a complex non-linear correction factor for polarisation, and a function of
¢" (labelled as ¢, in their work) and ¢&:

1 1/1 4 .
L~ [1+%<ﬁ+5 (R‘i‘g(ﬂe))} ifo, <1

; 1 23 1/9 6.8
Z~ |1 S (A j 1
[ te. (4 10007 " ¢ (56 1000%))] vo.>
These equations were based on using IMoS to calculate the effect of polarisation on a sphere separating direct momentum
impinging and grazing collisions and are not derived from experimental observations.
Here, we used a Gaussian function to depict the bell shape and skewed it using a power function for fitting to the experimental data.
The polarisation correction term therefore takes the following form:

f(&‘):a— ﬁ-e 2-a? +d, (9)

where a, b, ¢, d and h are coefficients. d is a scaling factor chosen as a constant, d = 0.6, in our treatment. Eq. (9) captures the variation

of m with £” well and is able to explain over 99 % of the variability in most cases (Fig. 7).



X. Chen et al. Journal of Aerosol Science 179 (2024) 106353

—~ 1.05 25 — b) :

=0
= O linear 820
* fited curve | §
. ) di ]

@ fitted curve 2 10

- 0.95 tri- o
< fittedcurve | 3 s
e

<09 0

0 0.2 0.4 0.6 0.8 1 0.986 0.988 0.99 0.992 0.994 0.996 0998 1
& R2

Fig. 7. a) The ratio between measured and theoretical mobilities based on the modified Mason-Schamp equation (K/(Kws-f(&, dy))) vs. the
polarisation parameter (¢*) with fitted curves using the modified gaussian distribution. b) Distribution of goodness of fit (GoF) R? of fittings to data
separated by structure, T and RH using eq. (9).

Fitting eq. (9) to structure, T and RH separated data allows us to determine the connections of the coefficients to ion structures, T
and RH. We consulted least squares linear regression and performed a F-test on each regression term and found that the following

models can best describe a/c, a, b'/" and h in eq. (9):
Ly 0.96315 — 5.9315-107°-T-RH — 7.6751 - 107> - T- S + 0.00095043 - RH - S
C

a ~ 17197 — 1.0924 -5 — 0.00019824 - T - RH + 0.057663 - RH - S 4 0.00062036 - T - S* — 0.011952 - RH - §*
b~ 0.37597 + 0.012228 - RH + 0.044693 - S — 5.0513-107° - T- RH
h ~ 1.5711 —0.94335-S — 0.00024211 - T - RH + 0.078351 - RH - S + 0.15924 - S> — 0.017166 - RH - §*

(10)

These models can explain 45.9 %, 80 %, 92.8 % and 78.8 % of a/c, a, b'/" and h, respectively (Fig. 8). Except for a/ c, the rest of the
coefficients in eq. (9) that govern the width, the location of the maximum and the skewness of the curve shape can be relatively well
predicted using ion structures, T and RH.

The calculated polarisation correction using eq. (9) and the models of coefficients in eq. (10) is comparable to the ratio between
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Fig. 8. Coefficients of eq. (9) obtained from fitting &" to K/(Kws - f(£.d,)) vs. predicted coefficients using linear models composed of temperature,
relative humidity and ion structural information. Coefficient of determination (R?) and p-value for the F-test on the model are given for
each coefficient.
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measured and calculated mobilities using eq (5) and ¢ and dg parameterisations in eq. (8) (see Fig. 9). The discrepancy is within +10%.

3.4. Model validation

We applied eq. (5) with the polarisation correction described in eq. (9) using parameterisations of &, d,, a/c, a,b'/" and h from this work

to predict the mobilities of the 9 other alkyl ammonium cations measured only at IUPUI (see Fig. 10). Except for dipentylammonium™,

+

these alkylammonium cations contain branches of unidentical functional groups. The predicted mobilities for dipentylammonium™ lie
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along the 1:1 line with the measured data but are slightly lower. The comparison between the measured and predicted mobilities indicate
that isopropyl, isobutyl, sec-butyl, and 2-ethyl-N-butyl ammonium™ behave more like the linear type, though they also have some trace of
the di-branched group. These ions are primary alkylammonium cations and have the general structure of H3N 'R as in the linear case. N-
ethyl-2-methyl-2-propanammonium*, which is a secondary alkylammonium cation, is closer to the di-branched type. The tertiary N-
dimethyl-ethyl and N-methyl-dibutyl ammonium™, however, tend to have similarities to both di-and tri-branched structures, which may
be attributed to unequal length of the alkyl chains in the tail. Our model significantly underestimates the mobility of
triisobutylammonium™, likely because of the more compact conformation brought by the isobutyl groups in the tail.

4. Conclusions

We measured ion mobilities of alkylammonium cations in air under different temperature (T =14 °C, 24°C, 34 °C and 41 °C) and
relative humidity (RH = 0 %, 20 %, 40 %) conditions. 12 analytes were measured using two individual planar DMA-MS setups and the
results were in excellent agreement. In general, mobility increases with rising T and decreases with loading water vapour. In addition,
the mobility dependence on mass is clearly observed when separating the measurement data by ion structural information. For several
ions, we observed significant discrepancies between the measured and calculated ion mobilities, which is possibly caused by adduct
formation on the monomer ions via clustering (or reactions). In dry conditions, both methanol and oxygen (occasionally nitrogen or
alkyl chain elongation) are possible candidates of the adduct, and the mechanism behind the phenomenon requires further investi-
gation. Adduct formation seems to be a common phenomenon associated with light ions under atmospheric pressures, and therefore
taking it into consideration in performing simulations using density functional theory for mobility calculations brings insightful in-
formation in the interpretation of experimental data.

Karpas’ works pointed at gas clustering possibilities (Karpas, 1989, Karpas, Berant et al., 1989). In atmospheric pressure mea-
surements, the drift gas molecules constantly interact with the ion due to polarisation, which may seemingly result in gas molecules
clustering around the ion as it travels, in particular at low temperatures. This may create a pressure-dependent ‘continuum-like’ effect
that is not described by the free-molecular theory, which could be worth further exploration in theoretical mobility calculations.

The modified Mason-Schamp’s approximation (Kys - f(£,d;)) can be used to link measured mobility to mobility equivalent diameter
for spheres via a drag enhancement factor £. The mobility equivalent diameter for spheres can be expressed as a sum of ion mass
diameter d,, and an extra length from the effective gas-molecule collision diameter d,. Our data gave £ = 1.359 £ 0.023 (1.3664 0.011
by excluding £ < 1.34) and d, = 0.32 & 0.051 nm (0.338 = 0.047 nm by excluding d, corresponding to £ < 1.34) using Kys - f(¢,dy).
We observed weak non-linear dependence of £ only on ion structures and RH, but d, values were well separated by structures and RH
and slightly by T. d, decreases with decreasing T and increasing number of branches in the ion structure and increases with rising RH.

Ions travelling through a neutral gas medium experience ion-induced dipole interactions with surrounding gas molecules. For air,
the polarisation is the dominant contribution to the drag force. We followed the idea proposed by Fernandez-Garcia and Fernandez de
la Mora (2013) to parameterise the polarisation correction term from experimental data. However, our data exposed a non-linear
dependence on the polarisation parameter . We found that the shape can be well captured using a modified Gaussian function
with a power function. The coefficients in the modified Gaussian function as well as £ and d, were parameterised using linear models
for ion structures, T, and RH. The mobilities calculated by the final model Kys - f(&,d,) - f(¢") using our parametrisations resulted in

+10 % deviation from the measured data.

We further used 9 other alkylammonium cations for validation of the model. Only one of these 9 cations is of a di-branched
structure. The rest have unidentical alkyl structures. Although in theory our model is not able to explain these ion structures
correctly, it can help to reveal their similarity to linear, di- or tri-structures. Except for triisobutylammonium™, our model was able to
predict the mobilities moderately well. The results indicate that the studied primary alkylammonium ions resemble the linear
structures and the studied secondary ions behave like the di-branched structures, but the studied tertiary ions tend to possess the
properties of both di- and tri-branched structures. The large discrepancy for triisobutylammonium™ likely comes from the more
compact alkyl tail, which is not properly represented by the linear alkyl structures used in our parameterisation, implying that the
polarisation effect is functional group dependent and related to ion chemical properties.
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