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ABSTRACT

lon mobility spectrometry is widely used for the detection of illegal substances and explosives in airports,
ports, custom, some stations and many other important places. This task is usually complicated by false
positives caused by overlapping the target peaks with that of interferents, commonly associated with samples
of interest. Shift reagents (SR) are species that selectively change ion mobilities through adduction with
analyte ions when they are introduced in IMS instruments. This characteristic can be used to discriminate
false positives because the interferents and illegal substances respond differently to SR depending on the
structure and size of analytes and their interaction energy with SR. This study demonstrates that ion mobility
shifts upon introduction of SR depend, not only on the ion masses, but on the interaction energies of the
ion:SR adducts. In this study, we introduced five different SRs using ESI-IMS-MS to study the effect of the
interaction energy and size on mobility shifts. The mobility shifts showed a decreasing trend as the molecular
weight increased for the series of compounds ethanolamine, valinol, serine, threonine, phenylalanine,
tyrosine, tributylamine, tryptophan, desipramine, and tribenzylamine. It was proved that the decreasing trend
was partially due to the inverse relation between the mobility and drift time and hence, the shift in drift time
better reflects the pure effect of SR on the mobility of analytes. Yet the drift time shift exhibited a mild
decrease with the mass of ions. Valinol pulled out from this trend because it had a low binding energy
interaction with all the SR and, consequently, its clusters were short-lived. This short lifetime produced fewer
collisions against the buffer gas and a drift time shorter compared to those of ions of similar molecular weight.
Analyte ion:SR interactions were calculated using Gaussian. IMS with the introduction of SR could be the
choice for the free-interferents detection of illegal drugs, explosives, and biological and warfare agents. The
suppression of false positives could facilitate the transit of passengers and cargos, rise the confiscation of
illicit substances, and save money and distresses due to needless delays.

Keywords: Adduction, ion mobility spectrometry, mass spectrometry, shift reagent, valinol, buffer gas
modifier

1. INTRODUCTION

lon mobility spectrometry is an analytical separation technique introduced in 1970 by Francis Karasek (Cohen
and Karasek 1970). IMS separates ions according to their size to charge ratio under the acceleration of an
electric field, while collisions with the buffer gas decelerate the ions (Mason and McDaniel 1988). The
collision cross-section, CCS, of the ions is proportional to the time the ions spend to reach the detector. IMS
is the instrumental technique most used to detect prohibited substances such as explosives, chemical and
biological warfare agents, and drugs in airports, ports, customs (Eiceman and Stone 2004), and prisons (Vautz
et al. 2009). False positives caused by interfering ions that overlap with the searched ions are annoying
incidents for transporters and passengers. The introduction of shift reagents (SR) in the buffer gas of drift-
tube ion mobility spectrometers has been used to selectively change ion mobilities and separate analytes that
overlap in IMS by adduction with analyte ions. Hence, using SR may decrease the number of false positives
by selectively changing ion mobilities and would save time to customs officials, transportation personnel, and
passengers. Shift reagents can be considered as a deliberate impurity added to the buffer gas that may react
with the ions travelling to lengthen their drift time. Eiceman et al. (1993) eliminated the ammonia interference
using ketones as SR to form clusters of hydrazine and monomethylhydrazine; after clustering with ketones,
the drift times of these species changed selectively, hence, separating them. Bollan et al. (2007) introduced
ketones into the buffer gas to form complexes with hydrazines avoiding ammonia interference. In 2014,
overlapping picoline isomers were separated using 2-butanol due to the formation of different nanocluster
product ions with different cross-section areas. These cross-sections depended on the position of the methyl
group on the pyridine ring (Ghaemi and Alizadeh 2014). The effect of the introduction of polar SR in the



buffer gas has been studied and electrostatic attraction, energetically possible conformations, hydrogen-
bonding, and steric repulsion were proposed as the origin of mobility shifts (Levin et al. 2007). Roscioli et al.
(2014) showed that analogous proton affinities of the SR were significant to obtain substantial mobility shifts.
The main origin of mobility shifts after the introduction of SR in IMS is the cluster binding energy and the
steric hindrance on the charge site instead of size. This was demonstrated by Campbell et al (2014). Tsai et
al. (2016) added SR to produce large clusters of ammonium nitrate and urea nitrate, commonly used as
improvised explosive devices, to overcome challenges for the detection of these species such as their low
mass. Butcher et al. (2019) added solution additives and gas-phase SR to heme proteins and found changes
in the mobility profiles depending on the size of the SR used (methanol, acetone, or acetonitrile). They
attributed the changes in mobility to clustering and considered that these experiments open new avenues for
the manipulation and interrogation of biomolecules in the gas phase. Similar results were obtained for
methanol, acetonitrile, and acetone as SR in the analysis of growth hormone-releasing hormone using trapped
ion mobility—mass spectrometry (Fouque et al. 2019). Parchami et al. (2017a) eliminated peak overlap in the
analysis of biogenic amines (histamine, putrescine, cadaverine, and tyramine) in canned fish samples by using
8-crown-6 as SR in the carrier gas. We have used SR to analyze valinol and other analytes introducing several
SR (Fernandez-Maestre 2018).

The formation of larger and slower SR-ion adducts than its original size and speed, decreases the mobility of
ions upon introduction of SR in the drift gas in IMS. Several parameters are used to explain these changes in
mobility: proton affinity and size, inductive effects, SR-ion binding energy, ion charge delocalization, steric
hindrance, and number of adduction sites (Rawat et al. 2015). Inductive effects strengthen or weaken ion:SR
interactions and the steric hindrance on the charge produced by bulky substituents shields the ion charge from
the adduction of SR molecules and delocalizes the charge weakening the ion:SR interactions. Because IMS
separates ions based on the size to charge ratio, and the clustering of ions to SR yields larger-sized adducts, it
increases the collisions against the molecules of the buffer gas, and resulting in a greater mobility shift.
Therefore, larger mobility shifts are obtained with bulkier SR. However, the larger the SR the smaller the
number of SR molecules clustering with a certain ion. Proton affinities, intramolecular hydrogen bonds, and
steric and inductive effects, are considered when computing the interaction energies of analyte-SR and,
consequently, the most used factors to explain mobility changes induced by SR are the number of adduction
sites, interaction energies, and SR size (Fernandez-Maestre 2018). Oberreit et al (2015) applied
differential mobility-mass spectrometry to observe the sorption of 1-13 vapor molecules onto
iodide cluster ions in air at 300 K. Measured CCS shifts were compared to predictions based on the Kelvin-
Thomson-Raoult (KTR) and Langmuir adsorption models. They found that the models fit very well
to measurements, but the earliest stages of vapor uptake were not well described by the KTR model. The
introduction of SR in the buffer gas in IMS has been reviewed (Puton et al. 2008; Waraksa et al. 2016).

The mobility shifts of valinol after the introduction of several buffer gas SR have been studied. The following
percent changes in mobilities have been obtained:- 5.1% (trifluoromethyl benzyl alcohol), -18% (methyl-2-
chloro propionate), -7.1% (water) -28% (ethyl lactate), -9.8% (2-butanol), and -21% (nitrobenzene) after
introducing 2.3, 1.0, 879, 1.7, 6.8, and 1.0 mmol m of the SR in the buffer gas, respectively (Fernandez-
Maestre et al. 2010a, 2010b). In the same conditions, serine, a compound with a similar mass and structure
showed larger mobility shifts than valinol. As a result, valinol moved away from the mobility shift-mass
correlation lines. In this study, we used IMS and theoretical calculations to elucidate the origin of the behavior
of valinol in the mobility shift-mass correlations after SR introduction. These mobility shift-mass correlations
and the explanation of the departure of some ions from these correlations have not been reported before. This
is important to explain this chemical behavior to take a step ahead in the study and design of SR for the IMS
detection of illegal substances.

2. EXPERIMENTAL
2.1. Instrument

The methodology has been modified from that described elsewhere and only a summary is given here
(Wittmer et al. 1994). An electrospray-ionization (ESI) atmospheric-pressure ion mobility spectrometer
coupled to a quadrupole mass spectrometer was used in these experiments (Figure S1). Routine operating
parameters for this instrument were: sample flow, 3 ul min!; ESI voltage, 15.6 kV; voltage at the first ring,
12.1 kV; voltage at the gate, 10.80 £+ 0.01 kV; gate closure potential, £40 V; gate pulse width, 0.1 ms; scan
time, 35 ms; number of averages per spectrum, 100-1000; pressure, 688-711 Torr (in Pullman, WA, USA);
nitrogen flow, 0.93 liter min’'; drift tube temperature, 100-250 = 2 °C. The ABB Extrel mass spectrometer
(Pittsburgh, PA, USA, 0-4000 amu) was operated in three modes. worked in single ion monitoring ion



mobility spectrometry (SIM-IMS), radiofrequency-only ion mobility spectrometry (IMS), and mass
spectrometry (MS) modes. In SIM-IMS mode, only the ion mobility spectrum of ions of a given mass to
charge ratio or a range of masses is obtained. In IMS mode, the total ion mobility spectrum is obtained; and
in MS mode, mass spectra are obtained.

The ion mobility spectrometer was made at Washington State University, WSU, (WA, USA) and experiments
were performed there. It comprised an electrospray ionization source, a 25-cm drift tube coupled, and a
quadrupole mass spectrometer detector. The reaction region length was 7.5 cm. A Bradbury-Nielsen ion gate
separated the desolvation and drift regions; a countercurrent of dry, preheated N, buffer gas was introduced
through the end of the drift tube.

2.2. Reagents

Desipramine, ethanolamine, methionine, phenylalanine, serine, threonine, tributylamine, tribenzylamine,
tryptophan, tyrosine, and valinol were used as analytes; 2,4-lutidine and 2,6-di-tert-butyl pyridine (DTBP) as
chemical standards; and 2-butanol, ethyl lactate, methyl-2-chloro propionate, trifluoromethyl benzyl alcohol,
and water as SR. These reagents plus methanol, water, and acetic acid (ACS reagent grade, >97 or 98% purity)
were purchased from Sigma Aldrich Chemical Co. (Milwaukee, WI, USA). The structures of compounds used
in this study are shown in Figure S2. These analytes were selected because their different molecular weights
and structures were required to compare the effects of size, interaction energy, and steric hindrance on the
mobilities of these molecules with those of valinol with the introduction of SR into the buffer gas. The
chemical standards, DTBP and 2,4-lutidine, were selected because they are commonly used as chemical
standards (Eiceman et al. 2002).

2.3 Buffer gas

N> was used as the buffer gas. The humidity of the buffer gas was an average of 10 ppmv. measured with a
GE Moisture Image Series 1 Instrument (Billerica, MA, USA), (Fernandez-Maestre et al. 2010a). The drift
tube was heated at 150°C using 5- and 10-cm 3/8” firerod cartridge heaters (Watlow, Anaheim CA, USA).
We waited until the drift tube was saturated with the SR to start drift time measurements so that the clusters
were formed in the ion source. Saturation was considered to be reached when the mobilities of the analytes
stabilized over time. The concentration of SR was set using the flow rate of liquid SR, the experimental
conditions, and the equation of state.

2.4 Solutions preparation and injection

Solutions were prepared at 50-uM (analytes) or 10-uM (chemical standards) concentrations in ESI solution
(47.5 % methanol: 47.5% water: 5% acetic acid). Liquid samples or blank solutions (ESI solution) were
electrosprayed continuously into the drift tube. Liquid SR were introduced as vapors into the buffer gas line
before the buffer gas heater through a heated cross-junction.

2.5 Computational-Theoretical Studies

The Gaussian 09 program (Revision D.01) (Frisch et al. 2009) was used for the theoretical-computational
calculations at 150°C using the X3LYP-GD3/6-311++(d,p) functional, which includes the Grimme scatter
correction. Also, a new, larger, ultrafine grid was used, useful when high precision is desired. Geometry
optimization was performed for the analytes, the SR, their protonated species, and their adducts. The
structures of the molecules were then used as starting points to determine the geometries and energies. The
interaction energies (IE) were calculated using the equation IE = Eadquct - (Esr + Eanatyteion). The proton affinities
were extracted from the calculations performed on the protonated analytes (Foresman and Frisch 1996). Gibbs
free energies (AG), enthalpies (AH) and entropies, reported as TAS, were calculated for the complex formation
reactions studied.

2.6 ldentification of peaks in the spectra

The identification of analytes was performed by comparing their m/z signal in mass spectrometry to the mo-
lecular weight of their protonated molecules or clusters. Also, analyte peaks and their clusters in the IMS
spectrum were analyzed by SIM-IMS for identification. Additionally, the reduced mobilities of the protonated
analytes were compared with values from the literature.



2.7 Instrument calibration

Under given conditions, the product of the reduced mobility of an ion, Ko, times its drift time is constant. This
lets the reduced mobility to be calculated from that of a calibrant, Ko, the calibrant drift time, c;, and the
analyte drift time at the same conditions, d::

Ct
K, = Ko,cd_ (€]
t
2,6-di-tert-butylpyridine was used as a calibrant.
2.8 Experiments

For every analyte ion and shift reagent we tried five SR concentrations (for a total 210 experiments) but only
48 at the highest concentrations were reported because the others showed a similar trend.

3. RESULTS AND DISCUSSIONS
The number of reduced mobility measurements was >3. Reproducibilities of 0.3 to 0.6% were obtained for

reduced mobilities. The raw database can be found in Fernandez-Maestre (2017). The mass spectrometer had
a low resolution, but this was not a constraint because the peaks of interest were easily differentiated.

3.1. Spectra of the buffer gas
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Fig. 1 Mass spectrum of the electrospray solution in pure N buffer gas at 150°C. Clusters with up to six water
molecules are shown at m/z 37.0, 55.0, 73.1, 91.1, and 109.1. W: water

Figure 1 shows the MS spectrum of the ESI solvent before introducing SR in the buffer gas. Water clusters
with two to six molecules are seen at m/z 37.0, 55.0, 73.1, 91.1, and 109.1. The spectrum looks clean with
only noise after m/z 109.1.
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Fig. 2 Ton mobility spectrum of the electrospray solution in pure N, buffer gas at 150°C. The water clusters
shown in Figure 1 coalesced into a single mobility peak at 17.08 ms due to the equilibria between these
species. The peak at 14.80 may be due to clusters of ammonium ions with water.

Figure 2 shows the IMS spectrum of the ESI solvent before introducing any SR in the buffer gas. Both the
IMS and mass spectra show no contamination: only water peaks are seen in the mass spectrum and only peaks
from the components of the ESI solvent are seen in the IMS spectrum; all other peaks are small. The



elimination of contamination is important to prevent the mobility shifts due to clustering of the analytes to
contaminants. The peak at 14.80 may be due to clusters of ammonium contaminating ions with water because
the ammonium peak always appears before the hydronium peak in IMS (Bahrami & Tabrizchi, 2012). The
difference between ammonium and water clusters with the same » number is only one m/z unit. For example,
water clusters appear at m/z 37, 55, 73, 91, 109 while the ammonium clusters appear at m/z 38, 56, 74, 92,
110. Because the mass spectrometer was low resolution, the two sets of clusters were not separated in the
mass spectrum. All hydronium water clusters in the IMS spectrum merged into one single mobility peak at
17.08 ms, with a weighted average of the ion mobilities of all water ions. Due to the following equilibria,
they quickly interconvert into each other many times during their travel through the drift tube,

(H,0)H" > (H,0),,H" + yH,0
This is also true for the peak at 14.80 ms that is the result of all ammonium water clusters.

3.2 Spectra of valinol in pure N> buffer gas or when the buffer gas was doped with 2-butanol
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Fig. 3 Mass spectra of a 100-uM solution of valinol in nitrogen-only buffer gas (a) and when 0.68 mmol m™
of 2-butanol (b) was introduced into the buffer gas. Protonated valinol ion (VH"), hydrated valinol cluster
(VWH"), doubly hydrated valinol cluster (VW-.H*), 2-butanol:valinol cluster (BVH*), hydrated 2-
butanol:valinol cluster (BVWH®), 2-butanol trimer (BsH*), and cluster of valinol with two 2-butanol
molecules (B2VH™) are seen

Figure 3 shows the mass spectra of valinol solutions in nitrogen-only buffer gas (a) and when 0.68 mmol m™
(5.0 pL/min flow rate) of 2-butanol (b) was introduced into the buffer gas by the end of the drift tube together
with the buffer gas. The protonated valinol ion (VH") and its clusters with water (the hydrated valinol cluster,
VWH', and the doubly hydrated valinol cluster, VW,H") are the dominant peaks without introducing 2-
butanol in the buffer gas. The water clusters seen in Figure 2 disappeared from the mass spectra by adduction
with 2-butanol or the charge was stripped by valinol and 2-butanol due to the lower proton affinity of water.
However, when 2-butanol was present in the buffer gas, the intensity of valinol ion decreased due to the
displacement of the equilibria to the formation of clusters of valinol with 2-butanol, such as BVWH?*, BVH*,
B,VH*, and others of minor intensity. The peak intensity of the clusters was higher than that of protonated
valinol even at a relatively low 2-butanol concentration (0.68 mmol m~) indicating that 2-butanol effectively
adducted to valinol without major interferences from steric hindrance and else.
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Fig. 4 Mobility spectra of a 100-uM solution of valinol in N»-only buffer gas (a) and when 0.68 mmol m™ of
2-butanol was introduced in the buffer gas. There was a 0.80 ms mobility shift when 2-butanol was present
in the buffer gas

Figure 4a shows the ion mobility spectra of valinol in N>-only buffer gas; the valinol peak is observed at 19.88
ms. When 0.68 mmol m™ of 2-butanol was introduced in the buffer gas the valinol peak displaced to 20.68
ms. This 2-butanol concentration corresponded to a flow rate of 5 uL/hr of 2-butanol vaporized into the buffer
gas. The drift time of valinol increased due to the occurrence of a hydrogen bond between the oxygen atom
in 2-butanol and the charge on the amine group in valinol that stabilized the charge by sharing it with the
hydroxyl group in 2-butanol. The valinol peak shifted from 19.88 to 20.68 ms, a 0.80 ms mobility shift,
according to a series of chain equilibria between the protonated valinol (VH") and 2-butanol (B).

VH"+ B < BVH"
BVH*+ B < B,VH"
B,VH'+ B < B;VH"...
VH;0" + B < BVH;0"...

In fact, all ion- molecule reactions that may occur in the drift tube under influence of water (W) and a shift
reagent (SR) can be generally presented in Fig. 5.
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Fig.5 Possible ion molecule reactions and equilibria that may occur in the drift region, when sample (M)
exists in the ionization chamber, and a shift reagent (SR) and water (W) in both the ionization and the drift
region. In the absence of sample and SR, only reactant ions of water clusters are formed in the ionization
region, as shown in the top first column (blue section). When the sample is added to the ionization region,
these ions convert into the product ions shown in the yellow section. This is the case for the peak at 19.88 in
Fig. 4 corresponding to all hydrated protonated valinol (VW,H"). If the shift reagent is added to the drift gas
without sample, the green and blue sections show the nature of ions involved in making an ion mobility peak.
If sample is added to the ionization region and at the same time SR is added to the buffer gas, the yellow and
pink sections show ion-molecule reactions that ultimately generate the peak. This is the case for the peak at
20.68 that includes all protonated valinol clustered with water or 2-butanol (B,VW,H") coalesced into a
single mobility peak. Ammonium and higher order clusters of sample, M,H" are not considered in these
reactions.

It is assumed that sample is only added into the ionization region where the hydronium ions are produced,
while water (W) and the shift reagent (SR) are present in both the reaction and drift regions. Ammonium ion
and higher order clusters of sample, M,H" are not considered in Fig. 5. The system is then described by
considering several series of complex reactions or a multi-equilibria system that can proceed in two
dimensions, adding a water or a shift reagent molecule to the core ion. This reaction map shows the species
that may be observed at different conditions. In general, the peaks of four species may appear on the ion
mobility spectrum. Water cannot be totally removed from the drift gas. Hence, in the absence of any sample
and SR, (blue section) only water clusters of hydronium ion, W,H30", as the reactant ion peak, are observed.
This is the case for Fig. 1 and 2 where the hydronium reactant ion peak is observed at 17.08 ms. Above the
dashed line no sample is present. If sample is added to the ionization region with no SR, (yellow section) only
the first column below the dashed line describes the reactions happening in the drift region. Then, a mixture
of water clusters of protonated sample (MH"W,) makes the product ion peak (PIP). This is the case for Fig.



4 a where a peak at 19.88 ms corresponding to water clusters of protonated valinol is observed. If the SR is
added to drift region, without any sample, then the reactions proceed towards the right direction above the
dashed line and occupy both the blue and the green section. In fact, a vector of W,H" converts into a matrix.
Then, the result is a mixture of SR,,W,H" ions with n=1,2,3.. and m = 0,1,2,... Although this is not the case
in our experiment, the peak at 223.4 amu in the mass spectrum presented in Fig. 3-b, corresponding to BsH*
is an example. When the sample is added to the ionization region and the SR is dopped into the drift gas, both
water and SR play a role in the ion-molecule reactions and shift the distribution towards heavier SR,MW,H"
clusters. In fact, the protonated sample is siege by W and SR molecules. They quickly and frequently take off
and on, so that the mobility gets smaller than the original protonated sample. In another word, the final
mobility is a weighted average of all cluster ions. This cause the product ion peak shift towards longer drift
times as demonstrated in Fig. 4, where the valinol peak shifted from 19.88 to 20.68 ms. This peak corresponds
to all ions bellow the dashed line (the yellow and peak sections). Nevertheless, if a valinol molecule is
separated from the cluster ion, it jumps to the zone above the dashed line and the remaining ion is in the form
of SR,,W,H, such as BsH" in Fig. 3-b. This reaction. However, is one way since no valinol molecule is
available in the drift region. Such ions may appear as a tail between the SR peak and the shifted PIP because
they travelled partially as SR or PI. Obviously, the tail will not be observed if the two peaks are not separated
well. Another possibility for observing such ion on the mass spectrometer could be the remaining unreacted
BH*, formed in the ionization region, that uptake more B molecules on their way while traveling through a
bath of B molecules. Examination of the ion mobility spectrum presented in Fig. 4-b show neither tail nor
double peak. Hence, the SR peak appears the same drift time as the shifted PIP for valinol with 2-buthanol
shift reagent.

In summary, all ions can be described either by one dimensional vectors, like the blue or yellow sections of
the map, or two-dimensional matrices as described in the green and the pink sections. Adding the sample
changes the vector W,H" to a new vector of MW,H" while adding the SR provides an extra dimension for
expanding the vector to a matrix of SR,MW,H". The same scenario can be imagined if ammonium ions are
initially considered as the reactant ions. A separate matrix may also form from the dimer ion MoH" if the
sample concentration is too high. Then a separated peak of the complex mixture of the dimer ion of
SR,M,W,H", appears at higher drift time.

In the case of valinol as sample and 2-buthanol as shift reagent only few adducts, denoted by oval in Fig.5,
including BVH" and B,VH" where observed. Other adducts with a larger number of 2-butanol molecules are
less abundant and cannot be seen in the mass spectra but they have been reported (Bollan et al. 2007;
Fernandez-Maestre et al. 2010b). The electrostatic surface potential map for one of the SR used in this study,
trifluoromethyl benzyl alcohol (F), with methionine, F-MetH", is shown in Figure S3 (Supplementary
Information). This map demonstrates that the nucleophilic regions on the SR disappear after clustering with
methionine. The electrophilic regions remain on the cluster for additional adduction.

3.3. Mobility shifts after the formation of SR-ion adducts

L 244
0.8 1 224
g 20
—_ ”g 184
® z
0.6 4 3 169
R g
= 1.4 A
o
-
= 12 4
=
N 044 B T T T T T
= 100 150 200 250 300
% Mass (amu)
8
F
=
0.2+
w
DO T T T T




Drift Time (ms)

150 200 250 300
Mass (amu)

Shift in Drift Time At (ms)

50 100 150 200 250 300

Mass (amu)

Fig. 6 a) Mobility and b) drift time shifts of ethanolamine (Et), valinol (V), serine (S), threonine (Thr),
phenylalanine (P), tyrosine (Tyr), tributylamine (Tb), tryptophan (Try), desipramine (D), and tribenzylamine
(Tz), when different SR were introduced into the buffer gas at 150 °C. The concentrations of SR in the buffer
gas were 2.3, 1.0, 879, 1.7, and 6.8 mmol m-3, for F, M, W, L, and B, respectively. R? regression coefficients
show the mobility shift-mass correlations. Table 1 shows the numeric values of these mobility shifts and SR
concentration. B: 2-butanol, F: trifluoromethyl benzyl alcohol, L: ethyl lactate, M: methyl-2-chloro
propionate, W: water. The analytes in the graphs, from bottom to top, are: M = Et, V, S, Thr, P, Tyr, Tb, Try,
Tz; F=Et, V, S, Thr, P, Tyr, Try; B=Et, V, S, Thr, P, Tyr, Try; W =Et, V, S, Thr, Met, P, Tyr, Try, Tz; L = Et,
V, S, D.

Figure 6 shows the shifts in mobility and drift time of selected ions, ethanolamine, valinol, serine, threonine,
phenylalanine, tyrosine, tributylamine, tryptophan, desipramine, and tribenzylamine, when different SR were
introduced into the buffer gas at different concentrations. Table 1 shows these mobility shift values when the
SR concentration was increased from 0.0 mmol m™ to the specific concentration shown in this table at 150
°C. The onsets show the behavior of the analyte versus mass mobility and drift time. It can be seen that the
drift time linearly depends on the mass, while the mobility does not. This is due to the fact that drift time
depends on the size of the ion. For a homologous series, the size is determined by the number of atoms and it
is directly related to mass. The mobility itself is inversely proportional to drift time. Therefore, mobility is not
expected to be a linear function of mass. The inverse relation between the mobility and drift time also affects
the graphs of the shift versus mass. The plots in Fig 6 show that, both shifts, in mobility and in drift time,
have similar decreasing trends with mass, but higher slopes for AK are observed. The steeper plots for AK
may be explained by considering Eq. 2.

K ! = AK At 2
XX — X —
: =z @

Based on the plot shown in the onset of Fig. 6-b, the drift time # may be substituted with mass m. Hence, we
have,
At

RNCEDY

3)

Where b is the intercept of the drift time-mass plot. Eq. 3 shows the relationship between the mobility shift
and the drift time shift. Assuming a decreasing Af with mass, it is evident that AK decreases more rapidly than
At, since the squared m exists in the denominator of the right hand side of Eq. 3. This means that, even if the
effect of a specific SR on drift times of ions with different masses are similar, or in another word, if the peak



displacement, At, is constant, AK still decreases with mass. This may mask the effect of SR on a series of ions
with different masses. Hence, unlike traditional way, we focus on Az rather than AK. In fact, Az purely reflects
the changes in size of an ion due to the presence of SR.

All the plots in Fig. 6-a show a general negative slope. This means that the largest drift time shifts were
obtained by the compounds of lower mass or smaller size, in this case, ethanolamine (average A¢5.01 ms) and
serine (Az4.9 ms) and the smallest shift by the largest mass compound, tribenzylamine (A¢ 1.11 ms). This is
because the larger the mass or size of an ion, the less its size is affected by the adduction of molecules. Average
At showed correlation with the ion masses with a 0.70 R? regression coefficient.

In a homologous series, the mass determines the position of an ion in the mobility or time shift-mass
correlation plots when a SR has been injected into the buffer gas in IMS (Figure 5). However, this correlation
is affected by the presence of intramolecular bonds and by the interaction energy with the SRs (Fernandez-
Maestre 2018). It is clear in Fig. 6 that, methionine departed from these correlations because it is less
influenced by the introduction of a SR due to the formation of an intramolecular bond that hinders the
adduction with the SR, because the positive charge of the ions is delocalized, and also due to the steric
hindrance on the ion’s charge (Nieckarz et al. 2008; Fernandez-Maestre et al. 2012). Karpas (1989) showed
that protonated o,—diamines have their charge delocalized due to an intramolecular hydrogen bond. This led
to more condensed structures than those of the protonated primary n-amines increasing the diamines’ mobility
more than that of n-amines. Also, due to the formation of intramolecular hydrogen bonds, it was found that
a,0-diamines had a lesser interaction with 18C6 than n-amines (Parchami et al. 2017b). In the graph for water,
it is hard to demonstrate a departure from linearity for methionine because its differences with the ion
mobilities of tyrosine and phenylalanine were not statistically significant maybe because the experiments
were performed at very high flow rates, 1250 uL/hr. At these high flow rates, the content of the 0.25 ml
syringe was emptied in only 12 minutes, imposing limited reproducibility to the experimental conditions
because the time to reach a homogeneous saturation of water in the drift gas was short.

Table 1. Mobility shifts, AKo, and drift time shifts At, for the selected ions when different SR were introduced
into the buffer gas at 2.3, 1.0, 879, 1.7, and 6.8 mmol m-3 concentrations for F, M, W, L, and B, respectively.
AKjy values were calculated as the mobility difference in nitrogen-only buffer gas and SR-doped buffer gas.
Average AKo showed correlation with the ion masses with a 0.73 R? regression coefficient (Fernandez-
Maestre et al. 2010b, 2012).

Shift reagent | °
fon B® Fo L MP WP 2
SR mass 741 176.1 118.1 1226 18.0 3
SR, mmol m3 6.8 23 17 1.0 879 <
Shift SAK | At | -AK | At | -AK | At | -AK | At | -AK | At | -AK | At
Ethanolamine | 0.38 | 3.16 | 0.26 | 2.03 | 0.83 | 9.00 | 1.37 | 9.17 | 022 | 169 | 0.67 | 5.01
Valinol 0.17 | 202 | 0.09 | 1.05 | 052 | 7.80 | 0.33 | 433 | 0.13 | 1.51 | 0.27 | 3.34
Serine 027 | 349 | 019 | 233 | 055 | 867 | 053 | 822 | 0.15 | 1.80 | 0.36 | 4.90
Threonine 023 | 311 | 015 | 1.93 - — | 041 | 629 | 012 | 151 | 023 | 3.21
Methionine 0.16 | 2.35 | 0.077 | 1.07 - - - - | 009 | 1.26 | 0.08 | 1.56
Phenylalanine | 019 | 3.38 | 011 | 1.85 - —~ | 032 631|008 | 132 | 017 | 3.22
Tyrosine 0.15 | 2.83 | 0.10 | 1.82 - - | 024 | 487 | 008 | 1.434 | 0.14 | 2.74
Tributylamine - - - - - - | 021|477
Tryptophan 011 | 223 | 005 | 1.051 | - - | 015 | 314 | 003 | 058 | 0.08 | 1.75
Desipramine - - - - | 015 | 4.05
Tribenzylamine | - - - - - - | 007 | 196 | -001 | 026 | 0.04 | 1.11
Average 2.82 1.64 7.38 5.45 1.26

B: 2-butanol, F: trifluoromethyl benzyl alcohol, L: ethyl lactate, M: methyl-2-chloro propionate, W: water. *
Fernandez-Maestre et al. 2010b. ® Fernandez-Maestre et al. 2010a. ¢ Fernandez-Maestre et al. 2012. More SR
and ions are shown in Table S1.
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3.4. The interaction energy of SR-ion adducts

The departure from linearity of the other compound, valinol, is more evident in Figure 6 (solid arrows) where
the shift-mass lines suffer a strong turn from valinol to serine to retake linearity after this amino acid. Valinol
is a small molecule with little steric hindrance and the explanation for its departure from linearity is the
interaction energy (Table 2). The lifetimes of the clusters depend on the interaction energies: the higher the
interaction energy the larger the lifetime. A larger adduct lifetime increases the average size of the ion because
it travels the drift tube a long time as a large adduct. A larger size increases the ions” collisions with the buffer
gas, decreasing the ion mobilities. The strongest interaction energy of the ion:SR adducts originates from the
hydrogen bonds formed between the positive charge of the ion and electron-rich groups on the SR. For valinol,
the ion interaction energies with any of the SR used were lower than those for serine. This implied that valinol
had a shorter adduct lifetime, a smaller average size, and fewer collisions with the buffer gas. Therefore, the
mobility of valinol was less affected than those of the other ions and its mobility shifts were also smaller than
those of the other ions (Figure 5).

The origin of the higher interaction energy of serine with any SR, when compared to valinol, resides in the
fact that serine is an amino acid and has one additional OH and carboxylic groups. These groups yield a
stronger interaction energy of serine with most SR (Table 2). The effects of intramolecular hydrogen bonding,
interaction energy, and proton affinity on ion mobility after the injection of SR have been reviewed
(Fernandez-Maestre 2018; Waraksa et al. 2016).

Table 2 shows the interaction energies for the compounds and adducts investigated, and Table S3 their
interaction energies, Gibbs energies, enthalpies and entropies. The Gibbs energy describes the condition of
equilibrium and spontaneity in a process. All Gibbs energies were negative indicating that the complexation
processes were exergonic and spontaneous for the formation of clusters in all species corroborating the
interaction energies calculations.

Table 2. Interaction energies (IE) in kcal/mol for the ions and adducts investigated. Calculations were made
using Gaussian 09 (Revision D.01) at 150°C and the X3LYP-GD3/6-311++(d,p) functional. The complete
data set with energies in Hartree and kJ/mol is found in Table S2.

Analytes Shift Reagents
B2 | FP Lc | MP | wP" | Average

Ethanolamine -20.2 | -19.8 | -28.8 | -25.1 | -17.2 -22.2
Valinol -17.1 | -17.1 | -25.2 | -21.7 | -14.6 -19.1
2-methyl-3-pentanamine | -17.9 | -17.8 | -26.1 | -22.4 | -15.2 -24.8
Serine -23.9 | -21.1 | -40.8 | -35.4 -30.3
Threonine -19.6 | -17.6 242 | -16.5 -19.5
Phenylalanine -20.7 | -19.4 -33.5 | -16.7 22,6
Tyrosine -20.0 | -19.2 248 | -17.2 -20.3
Tributylamine -19.6 -19.6
Tryptophan -18.9 | -18.8 -22.7 | -16.3 -19.2
Desipramine -27.8 278
Average -19.8 | -18.8 | -29.7 | -26.2 | -16.2

B: 2-butanol, F: trifluoromethyl benzyl alcohol, L: ethyl lactate, M: methyl-2-chloro propionate, W: water.

A compound, 2-methyl-3-pentanamine, was compared to valinol, of similar structure, concerning the interac-
tion energy with the SR (Table 2). The difference of 2-methyl-3-pentanamine with valinol is that the OH
group in valinol is replaced by a methyl group (Figure S2). It would be expected that the presence of an OH
group in valinol would produce a stronger bond with all SRs than 2-methyl-3-pentanamine based on the com-
parison made above between valinol and serine. However, in all cases, the opposite result was obtained (Table
2). The reason for this result is the presence of an intramolecular bond in valinol with a -9.2 kcal/mol energy
between the positive charge on the nitrogen and the free electrons of the oxygen (Figure S5). This bond hin-
ders the interaction of serine with 2-butanol, as has been demonstrated with atenolol, (Fernandez-Maestre
2018) by dispersing the positive charge on the nitrogen over a larger number of atoms. This bond is not present
in 2-methyl-3-pentanamine because of the absence of the hydroxyl group. Figure S6 shows the potential en-
ergy surface maps when valinol protonation is carried out. Upon protonation of valinol, the intramolecular
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bond is formed. If we force the anti-position between the amino group and the hydroxyl group when proto-
nation is carried out, we can observe a ~12 kcal/mol difference in the stabilization energy of the molecule,
indicating that the structure with the higher stabilization energy, forming the intramolecular bond, is the most
favored. When valinol was excluded from the graphs in Figure 6-b, the R? correlation coefficients increased
from 0.58, 0.70, 0.76, 0.90, and 0.91 to 0.68, 0.89, 0.93, 0.90, and 0.93, for M, F, B, W, and L shift reagents,
respectively, indicating the extent of the departure of valinol from linearity and the effect of the low cluster
interaction energy.

3.5. Average shifts and interaction energies

Fig. 6 shows that the shift is a function of mass or size with negative slope. However, the slope differs for
various SRs. Water gives the smallest shift while ethyl lactate shows the largest shift. The smallest shifts are
produced by W, B and F for all analytes and the largest ones are produced by L and M. This is perhaps due to
the presence of C=0 bond in L and M that generates higher proton affinity than other SRs. Also, these SRs
have three interaction sites compared to one site on the other SR. The effect of SR on the shifts can be more
accurately discovered if the interaction energy between the SR and the ion is considered. Fig. S7 shows a
large correlation (R? > 0.98) between the average interaction energies and the average shifts for the selected
SRs and analytes. In fact, the shift depends not only to the individual analyte, but also to the tendency of the
SR for attachment.

4. CONCLUSIONS

We observed time and mobility shift-mass correlations for protonated desipramine, ethanolamine, serine,
methionine, phenylalanine, threonine, tribenzylamine, tributylamine, tryptophan, tyrosine, and valinol when
different SR were introduced into the buffer gas at 150 °C. This correlation is due to the fact that the lighter
or smaller ions are more affected by adduction of the SR than the heavier or larger ions. However, the
correlation had exceptions in our experiments: valinol, due to the low binding energy with the SR, and
methionine, due to the formation of an intramolecular hydrogen bond. Furthermore, it was shown that the
average shifts perfectly correlate to the average interaction energies. This shows that the shift is determined
by the initial size of the ion as well as the SR-ion interaction. The understanding of this behavior is important
in IMS to predict the adequate SR for a given interferent in the detection of illegal substances in airports,
ports, and customs. These interferents cause false positives that hinder the transit of passengers and cargo due
to unnecessary deeper inspections. SRs can be used to rule out the presence of false positives by facilitating
transport and trade.
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Fig. S2 Structures of compounds used in this investigation.
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Methionine
Trifluoromethyl benzyl alcohol, Trifluoromethyl benzyl alcohol-methionine

adduct

Fig. S3 Electrostatic surface potential map (ESPM) for the adduct trifluoromethyl benzyl alcohol-methionine
demonstrating that the red nucleophilic regions in the SR ESPM disappeared after adduction and electrophilic
regions remained in the adduct for additional adduction.
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Fig. S4 Mobility shifts of ethanolamine, valinol (blue solid arrow), serine, threonine, methionine (red dotted
arrow), phenylalanine, tyrosine, tributylamine, tryptophan, desipramine, and tribenzylamine, when different
SR were introduced into the buffer gas at 150 °C. Table 1 shows the numeric values of these mobility shifts.
The concentrations of SR in the buffer gas were 2.3, 1.0, 879, 1.7, and 6.8 mmol m-3, for F, M, W, L, and B,
respectively. The analytes in the graphs, from bottom to top, are: M = Et, V, S, Thr, P, Tyr, Tb, Try, Tz; F =
Et, V, S, Thr, Met, P, Tyr, Try; B = Et, V, S, Thr, Met, P, Tyr, Try; W = Et, V, S, Thr, Met, P, Tyr, Try, Tz; L =
Et,V, S, D. B: 2-butanol, D: desipramine, Et: ethanolamine, F: trifluoromethyl benzyl alcohol, L: ethyl lactate,
M: methyl-2-chloro propionate, Met: methionine, P: phenylalanine, S: serine, Tb: tributylamine, Thr:
threonine, Try: tryptophan, Tyr: tyrosine, Tz: tribenzylamine, V: valinol, W: water.
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Fig. S5 Valinol with a five-membered intramolecular bond, energy -9.2 kcal/mol. Bond distance: 1.98 Ang-
stroms.
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Valinol protonated on the nitrogen
(anti posicion)

Energy: -328.63 Hartree

PA: 229.45 kcal/mol

Valinol. Energy: -328.26 Hartree Valinol protonated on the nitrogen
Energy: -328.65 Hartree
IHB: 9.22 kcal/mol
PA: 238.67 kcal/mol

Fig. S6 The potential energy surface map shows that when valinol protonation takes place an intramolecular
bond of 9.22 kcal/mol is formed. Upon protonation of valinol, we can notice the change of the electrophilic
zone of oxygen and nitrogen from reddish-yellow to dark blue denoting a nucleophilic zone that includes the
intramolecular bond. If we force the anti position between the amino and hydroxyl group when protonation
takes place, we can observe a small difference in the stabilization energy of the molecule of approximately
0.02 Hartree indicating that the structure with the highest stabilization energy and forming the intramolecular
bond is the most favored. PA: proton affinity. IHB: intramolecular hydrogen bond.
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Fig. S7 The average shifts in drift time versus the average interaction energy for different SR-ion clusters,
using data in Tables 2 and 3.
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Table S1. Mobility shifts, %AKy, for selected ions when different SR were introduced into the buffer gas at
different concentrations in mmol m™. Ions here were not considered in Table 1 because they form
intramolecular bonds or present steric hindrance on the positive charge that deter SR adduction. AKO values
were calculated as the percent difference mobilities in nitrogen-only buffer gas and SR-doped buffer gas. The
concentrations of SR in the buffer gas were 2.3, 1.0, 879, 1.7, 6.8, and 1.0 mmol m-3, for F, M, W, L, B, and
N, respectively (Fernandez-Maestre et al. 2010a, 2010b).

Compound 4 Mass M F L N B n W
SR concentration=> 2.3 1.0 | 6.8 | 22* | 879
SR mass=> 1222 | 176.1 | 118.1 | 123.1 | 741 | 34 | 18
2,4-lutidine 1071 -19 | -1.2 | -24 -12 | -5.6 [ -0.3 | -6.9
RIPs - - - - - - |-19]-38
DTBP 191.3] -09 | -13 | -15 | -04 | -22 | 0.0 | -2.1
TBA 2425 -01 0.0 -0.3 00 | -03]-04]-09
TEA 1303 | -0.1 0.0 -0.5 00 |-10|-05]-29
TMA 742 | -04 0.0 -10 | -10 | -1.0 [-03|-4.0
TPA 186.4 | -0.1 0.0 -0.1 00 | 00 |-02|-18
Methionine 149.2 | -14 -4.7 - - - - |-55
Phenylalanine 1652 | -21 -7.3 - - - - |-51
Asparagine 1321 - - - - - - |-7.9
Serine 1051 -29 | -106 | -30 - -14 | 48| -
Threonine 119.1 | -23 -8.6 - - - - |-6.6
Tyrosine 181.2 | -16 -7.0 - - - - |51
Tryptophan 204.2 | -10 -4.0 - - - - | -22
Tribenzylamine 28741 -61 | -3.1 - - - -0.3|-1.0
Tributylamine 185.3 | -15 -6.2 - - - - | -20
Caffeine 194.2 - - -3.2 - 17 - -
Glucosamine 179.2 - - -6.9 - 24| - -
Valinol 1032 -18 | -51 | -28 -22 [ -98(-04(-71
Desipramine 266.4 -12 11| - -
Atenolol 266.4 | -0.1 0.1 -70 | -16 | -0.7 | 0.0 -
Ethanolamine 61.1 -68 -13 -41 -61 | -19 - -9.2

* The water in the ammonia solution, 106 mmol/m?® of water, also affects the mobility. A: 2-methyl-3-
pentanamine, B: 2-butanol, F: trifluoromethyl benzyl alcohol, L: ethyl lactate, M: methyl-2-chloro propionate,
N: nitrobenzene, n: ammonia, W: water.

(Fernandez-Maestre 2018).
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Table S2. Interaction energies (IE) and proton affinities (PA) for the compounds and adducts investigated.
Calculations were made using Gaussian 09 (Revision D.01) at 150°C and the X3LYP-GD3/6-311++(d,p)
functional. The data for the same modifiers are highlighted. The clusters are ordered by increasing mass.

Species | PA kcal/mol | PA kJ/mol Species | IE kcal/mol | TE kJ/mol
DH" -234.73 -982.09 B-A -17.95 -75.13
EtH" -229.52 -960.30 F-A -17.78 -74.37
PH* -225.13 -941.96 L-A -26.11 -109.26
SH* -217.81 -911.33 M-A -22.45 -93.93
ThrH* -229.05 -958.33 N-A -21.69 -90.76
TryH" -228.04 -954.14 W-A -15.22 -63.68
TyrH* -224.79 -940.52

VH' -238.67 -998.60

AH' -232.29 -971.90

Species | IE kcal/mol | IE kJ/mol
B-Et -20.22 -84.60
B-V -17.07 -71.40
B-S -23.92 -100.10

B-Thr -19.57 -81.90
B-P -20.72 -86.70
B-Tyr -20.01 -83.70
B-Try -19.57 -81.90
B-D -18.93 -79.20
F-Et -19.80 -82.85
F-P -19.41 -81.20
F-S -21.10 -88.29
F-Thr -17.58 -73.56
F-Try -18.81 -78.71
F-Tyr -19.25 -80.56
F-V -17.08 -71.47
L-Et -28.80 -120.50
L-V -25.25 -105.63
L-S -40.84 -170.89
L-D -27.82 -116.42
M-Et -25.07 -104.92
M-P -33.55 -140.38
M-S -35.44 -148.27
M-Thr -24.25 -101.48
M-Try -22.71 -95.02
M-Tyr -24.79 -103.73
M-V -21.67 -90.66
W-Et -17.18 -71.89
W-P -16.71 -69.93
W-Thr -16.51 -69.06
W-Try -16.33 -68.32
W-Tyr -17.22 -72.04
W-V -14.59 -61.05

A: 2-methyl-3-pentanamine, B: 2-butanol, D: desipramine, Et: ethanolamine, F: trifluoromethyl benzyl
alcohol, L: ethyl lactate, Met: methionine, M: methyl-2-chloro propionate, P: phenylalanine, Thr: threonine,
Try: tryptophan, Tyr: tyrosine, S: serine, V: Valinol, W: water.

23



Table S3. Interaction energy differences without zero-point vibrational energies (IE), Gibbs free energies
(AG), enthalpies (AH) and entropies (reported as TAS) for the complex formation reactions studied.
Calculations were made using Gaussian 09 (Revision D.01) at 150°C and the X3LYP-GD3/6-311++(d,p)
functional and calculation basis. All energies are given in kJ/mol. The data for the same modifiers are

highlighted. The clusters are ordered by increasing mass.

Species AH AG TAS IE Species AH AG TAS IE
(kJ/mol) | (kJ/mol) | (kJ/mol) | (kJ/mol) (kJ/mol) | (kJ/mol) | (kJ/mol) | (kJ/mol)
B-Et -79.6 -41.3 -38.3 -84.6 M-Et -99.8 -61.8 -38.0 -104.9
B-V -103.6 -63.2 -40.4 -71.4 M-V -123.1 -83.3 -39.8 -90.7
B-S -94.9 -54.5 -40.5 -100.1 M-S -142.5 -105.7 -36.8 -148.3
B-Thr -76.1 -36.5 -39.6 -81.9 M-Thr -95.7 -57.9 -37.8 -101.5
B-P -81.3 -43.8 -37.5 -86.7 M-P -134.6 -98.9 -35.7 -140.4
B-Tyr -78.0 -42.9 -35.0 -83.7 M-Tyr -98.2 -58.5 -39.7 -103.7
B-Try -75.9 -36.2 -39.7 -81.9 M-Try -89.6 -52.7 -36.8 -95.0
B-D -73.9 -30.8 -43.1 -79.2
F-Et -76.9 -38.4 -38.5 -82.9 W-Et -65.8 -32.2 -33.6 -71.9
F-V -103.2 -60.1 -43.1 -71.5 W-V -92.9 -60.2 -32.7 -61.0
F-S -82.0 -41.3 -40.6 -88.3 W-Thr -62.6 -30.2 -32.4 -69.1
F-Thr -67.5 -31.5 -36.0 -73.6 W-P -63.4 -29.7 -33.8 -69,9
F-P -77.3 -29.4 -48.0 -81.2 W-Tyr -65.7 -32.6 -33.1 -72.0
F-Tyr -74.0 -34.3 -39.7 -80.6 W-Try -62.0 -25.0 -37.0 -68.3
F-Try -72.0 -32.1 -40.0 -78.7
L-Et -115.8 -77.7 -38.1 -120.5 B-A -69.1 -27.2 -41.9 -75.1
L-v -138.2 -95.7 -42.6 -105.6 F-A -67.7 -24.8 -42.9 -74.4
L-S -164.4 -124.8 -39.6 -170.9 L-A -103.5 -61.8 -41.8 -109.3
L-Thr -114.6 -72.7 -41.9 -120.8 M-A -88.3 -49.4 -38.8 -93.9
L-P -113.5 -76.9 -36.6 -118.7 W-A -57.4 -23.6 -33.8 -63.7
L-Try -109.0 -69.5 -39.5 -114.5
L-D -148.3 -104.3 -44.0 -116.4

A: 2-methyl-3-pentanamine, B: 2-butanol, D: desipramine, Et: ethanolamine, F: trifluoromethyl benzyl
alcohol, L: ethyl lactate, Met: methionine, M: methyl-2-chloro propionate, P: phenylalanine, S: serine, Thr:
threonine, Try: tryptophan, Tyr: tyrosine, V: Valinol, W: water.
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The ion:shift reagent interaction energy explains the anomalies (arrow) in the mass-mobility shift
correlation in Ion Mobility Spectrometry

e Jon mobility spectrometry detects illegal substances but false positives thwart this task

o  Shift reagents can eliminate false positives but this mechanism needs clarification

e Injection of shift reagents changed ion mobilities and mass-mobility shift correlation

o Jon:shift reagent interaction energies explain these changes

e False positives hinder passenger/cargo transit and seizure of illicit substances and needless delays
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