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Abstract

Ion mobility spectrometry (IMS) equipped with a corona discharge (CD) ion source was used for measurement
of three auxin plant hormones including indole-3-acetic acid (IAA), indole-3-propionic acid (IPA), and indole-
3-butyric acid (IBA). The measurements were performed in both positive and negative polarities of the CD ion
source. Dopant gases NH;, CCl,, and CHBr; were used to modify the ionization mechanism. A time-of-flight mass
spectrometer (TOFMS) orthogonal to the IMS cell was used for identification of the product ions. Density func-
tional theory was used to rationalize formation of the ions, theoretically. The mixtures of the auxins were analyzed
by CD-IMS. The separation performance depended on the ion polarity and the dopants. In the positive polarity
without dopants, auxins were ionized via protonation and three distinguished peaks were observed. Application of
NHj; dopant resulted in two ionization channels, protonation, and NH,* attachment leading to peak overlapping. In
the negative polarity, two ionization reactions were operative, via deprotonation and O,™ attachment. The separa-
tion of the monomer peaks was not achieved while the peaks of anionic dimers [2 M-H]™ were separated well. The
best LOD (4 ng) was obtained in negative polarity with CCl, dopant. Methylation (esterification) of IAA improved
LODs by about one order.

Keywords Plant hormone - Ion mobility spectrometry - Auxin mixture - Halide attachment

Introduction

Auxins are an important class of plant hormones or phy-
tohormones with an aromatic ring and a carboxylic acid
group [1]. Indole-3-acetic acid (IAA), indole-3-propionic
acid (IPA), and indole-3-butyric acid (IBA) are the most
important members of this class (Fig. 1).

These plant hormones are distributed in all parts of
plants including root, leaves, flowers, and fruits with dif-
ferent concentrations [2]. Auxins are essential for plant
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growth, root initiation, seed dispersal, and fruit growth
and development, and they control the shape of the plants
and induce cell division and cell elongation [3-6]. Also,
they play roles in flowering and it can delay the senescence
of flowers [7]. Hence, different techniques and methods
have been used for determination of auxins and their
derivatives.

Chromatographic techniques are the most prevalent
methods that have been used for determination of aux-
ins and other plant hormones [8—11]. Because of the
very low concentration of the plant hormones in plant
tissues (0.1-50 ng g~!) [9], the chromatographic tech-
niques have been coupled with mass spectrometry (MS)
to achieve higher sensitivity [12—19]. Since auxins have
a polar COOH group, derivatization is used to increase
their volatility in gas chromatography (GC) or decrease
their hydrophilic property for measurements in liquid
chromatography (LC) [12, 20-22]. In the case of LC and
GC measurements with UV or fluorescence detectors, UV-
absorbing and fluorescent groups are added to analyte dur-
ing derivatization [23]. Capillary electrophoresis (CE) with
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Fig. 1 Chemical structures of indole-3-acetic acid (IAA), indole-
3-propionic acid (IPA), and indole-3-butyric acid (IBA)

electrochemiluminescent detection has been also used for
measurement of auxins; however, this technique requires
derivatization of auxin with some imides [24]. Over the
last two decades, different types of biosensors (mainly
fluorescence-based) have been developed for monitoring
of plant hormones with subcellular resolution [25-27].

Ion mobility spectrometry (IMS) is a fast and sensitive tech-
nique for detection of ions in gas phase [28]. The produced ions
move toward a detector under an electric field through a drift
gas, N,, or air mainly. Separation of different ions in the drift
region is based on the difference in the collisional cross sections
of the ions with the drift gas molecules [29]. Although a wide
range of ionization sources have been used with IMS, elec-
trospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI) are the prevalent ionization mechanisms in
IMS [28]. These ion sources are able to work in both negative
and positive modes.

In the positive APCI, ionization is mainly based on pro-
tonation or proton transfer from an initial ions called reac-
tant ions (RIs) to the analyte and formation of [M +H]*
ions [28, 30]. In the presence of higher concentration of the
analyte, proton-bound dimers, [MHM], can be also formed
[31-33]. In the negative APCI, ionization can proceed via
deprotonation, electron, and anion attachment [34]. Using
some additives or dopant gases, new Rls can be produced
in the negative and positive modes which consequently
influence the ionization mechanism [35-38]. The molecu-
lar structure of the analyte and the ionization mechanism
determine the efficiency of ionization or amount of ion for-
mation, hence, different ionization pathways lead to differ-
ent sensitivity.

In this work, an ion mobility-time-of-flight mass spec-
trometer (IMS-TOFMS) equipped with an APCI-corona
discharge (CD) is used for detection and separation of three
auxins IAA, IPA, and IBA. The effect of positive and nega-
tive polarities of the CD ion source and the effect of different
dopants on the ionization mechanism, sensitivity, and peak
separation are investigated. Supporting density functional
theory calculations were carried out to evaluate the thermo-
chemistry data of the studied molecules and elucidate the
ionization mechanisms.
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both positive and negative modes. The IMS-TOFMS was
a homemade instrument constructed at the Department of
Experimental Physics of Comenius University in Slovakia.
A detailed description of the instrument can be found else-
where [39]. The IMS drift tube operated at sub-ambient
pressure (700 mbar) and temperature of 110+2 °C (tem-
perature of the exited drift gas) with a Faraday cup as
the IMS detector in the end of the drift tube providing a
resolution of 50 for IMS measurements. The flow rate of
the drift gas (zero air) was 700 mL min~!. A voltage of
8 kV was applied to the whole cell of IMS (12.5 cm) to
provide a drift field of 640 V cm™!. The CD was supplied
by potential difference of 3 kV between the needle and
plane electrodes. The IMS tube was connected to the dif-
ferential pumping system through a 100 pm pinhole, and a
stream of dry air gas was used in the interface of IMS and
MS to keep the vacuum chamber from neutral molecules
and water. The pumping system includes three chambers:
the pressure of the first chamber was reduced to 0.1 mbar
using two rotary pump, and the pressures of the second
and third chambers were 10> and 5 x 10~ mbar, respec-
tively, provided by turbo molecular pumps. The length
of TOF-MS tube was 54.7 cm with internal pressure of
107® mbar. A multichannel plate (MCP) was used as a
detector for TOF-MS.

Materials and method

IAA (analytical standard, 98%), IPA (99%), IBA (99%),
ammonium carbonate (99.999%), tetrachloride carbon
(99%), bromoform (analytical standard), and methanol
(99.9%) were Sigma-Aldrich products. The stock solutions
of the analytes were prepared in methanol. To measure
solution samples, a high temperature injection port was
designed and constructed. The optimum temperature of the
injection as 180 °C was established (see Electronic Sup-
plementary Materials, Figure S1). For each measurement,
1 pL of the sample was injected into the injection port
and the vaporized sample was transported to the ioniza-
tion region using a carrier gas (dried air) with flow rate
of 50 mL min~"'.

To modify the ionization mechanisms, dopant gases
including NH; (in the positive mode), CCl,, and CHBr;
(in the negative mode) were injected into the ionization
region. The ammonium carbonate was used as NH; source.
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Dried air with flow rate of 5 mL min~! was used to trans-

port the dopant gas from the headspaces of ammonium
carbonate, tetrachloride carbon, and bromoform to the
ionization region. Schematic diagram of the experimental
setup is shown in Fig. 2.

The methylation (esterification) of IAA was carried out
using the method reported in [40]. Methylated TAA (IAA-
ester) was prepared by adding 4 mL HCI 1 M and 4 mL
CH;OH to a tube containing 1 mL IAA with concentration
of 1000 mg L~!. The tube was capped and put in a water
bath with temperature of 70 °C. In different time intervals
(2-80 min), 1 pL of the sample was injected to IMS to moni-
tor the progress of methylation reaction. It was found that
the maximum methylation is achieved after 5 min (see Elec-
tronic Supplementary Materials Figure S2).

Computational details

The structures of neutral molecules and the adduct ions were
fully optimized using DFT-B3LYP functional in the gas
phase. The calculations were performed using the basis set
6311+ +G(d,p) including diffuse and polarization functions
for both hydrogen and heavier atoms. Frequency calculations
were carried out at 25 °C at the same level of theory to com-
pute thermodynamic quantities including enthalpies (AH) and
Gibbs free energies (AG) of ion formation in the gas phase.
Gaussian 09 software was used for all calculations [41].

Results and discussion
Positive polarity

Figure 3a compares ion mobility spectra of IAA, IPA, and
IBA in the positive polarity in absence of dopants (air born
RI). Only one IM-peak is observed for each of the auxins

Fig.2 Schematic representa-
tion of the experimental setup "
and the gas flow paths. The +F
flow rates of drift, carrier, and
dopant gases are 700, 50, and

at drift times of 5.50, 5.67, and 5.88 ms, respectively. The
increase in the drift time corresponds with the number of
CH, groups in the alkyl chain of the auxins (Fig. 1). The
mass spectra in Fig. 3b show that in the positive polarity,
hydronium ions, H*(H,0),_, are the main Rls and the pro-
tonated auxins are [IAA + H], [IPA + H]", and [IBA + H]*
the product ions.

Auxins have both nitrogen and oxygen atoms as proton
acceptor sites. The comparison of the relative energies of the
isomers [IAA +H]* and [IPA +H]" in gas phase reveals that
oxygen atom of the C=0 group is the most favored site of
protonation for IAA and IPA (see Electronic Supplementary
Materials Figure S3). However, because of the small differ-
ence between the basicities of oxygen and nitrogen atoms
(2.8 and 13.8 kJ mol™! for IAA and IPA, respectively), the
nitrogen atoms can also be protonated but with lower abun-
dances. For IBA, the nitrogen and oxygen atoms show com-
parable basicities and both N- and O-protonated isomers
(protomers) can be formed in the ion source. The calcu-
lated proton affinities (PA) and gas phase basicities (GB) in
Table S1 (Electronic Supplementary Materials) show that
IAA, IPA, and IBA have more basicity than H,O indicating
that proton transfer from H;O™ to the auxins is thermody-
namically favored. However, Fig. 3b shows that the larger
hydronium clusters, H*(H,0)5 4, are the most abundant Rls
and direct proton transfer from these larger hydronium clus-
ters to the auxins is not thermodynamically favorable, hence,
the ionization proceeds via hydronium attachment followed
by dehydration [30, 36]:

A+H'(H,0), — [A+H'(H,0),] - [A+H'(H,0) | + (n—x) H,0
ey

The hydronium attachment step is an exothermic and
thermodynamically possible reaction. For example, the
calculated AH and AG for H*(H,0)," attachment to TAA
are — 115.4 and — 76.8 kJ mol ™!, respectively. The collisions

5 mL min.™!, respectively

Injectionport SEEETTE

Pressure
Regulator

Molecular Sieves Filter

Dopant

Drift Gas

i::
ExiK—2  Jon sourcé=
b —

—

= Drift Region

@ Springer



llbeigi V. et al.

6262
a . b & & .
(o) N o™ I
™ z T +
45 T +; é
3 )
IBA
+——\
I
+
<
a
} oy
|
IBA IPA
| n
| /\
\ f | I
| VI [\ IPA
PRSP e Netsrseosttl sl
A/J L )\ IAA il IAA
T T T T T T T T
2 4 6 8 100 200 300 400
m/z

Drift time (ms)

Fig. 3 Comparison of a ion mobility and b mass spectra of IAA, IPA, and IBA (30 mg L.™!) in the positive mode of CD ion source

between drift gas molecules and [IAA + H"(H,0),,] provide
the required energy for dehydration.

Figure 4a shows the IM-spectra of IAA, IPA, and IBA in
the positive polarity in the presence of ammonium dopant.
IAA shows only one IM-peak while two peaks were observed
for IPA and IBA. The mass spectra in Fig. 4b show that IAA
is ionized only by ammonium attachment while the ionization
of IPA and IBA is carried out via both protonation and ammo-
nium attachment reactions. Ammonium dopant replaces the
air born RI by NH,*(H,0), Rls. The ionization mechanism of
these RIs depends on the basicity of the analyte [36]. IAA with

the calculated PA of ~850 kJ mol™" is a weaker base than NH,
(PA = ~854 kJ mol™") [42] and cannot capture the NH,* pro-
ton (Table 1) while the ammonium attachment and formation
of [ITAA +NH,]" is thermodynamically favored. IPA and IBA
have higher basicities (PA =868 and 865 kJ mol ™!, respec-
tively) than NH;. These isomers can be both protonated by
NH4+, or form [M +NH4]Jr clusters. Hence, two IM-peaks are
observed for the IPA and IBA in the presence of NH; dopant.
Optimized structures and relative energies of possible isomers
of adduct cations of the auxins with NH,* are shown in Fig-
ure S4 (Electronic Supplementary Materials). Comparison of

o
+

a 5 g, T .
T T < z
= = 2 z
z & z §
T
=
z
IBA
T 7
2
IBA
L IPA
L
j IPA
) t 1AA | IAA
T T T T T T T
2 4 6 8 100 300 400
Drift time (ms) m/z

Fig. 4 Comparison of a ion mobility and b mass spectra of IAA, IPA, and IBA (30 mg L.™") in the positive mode of CD ion source with NHj as

dopant
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Table 1 The calcula.ted AH Protonation AH AG NH,* attachment AH AG

and AG for protonation of the

auxins by NH,* and their NH{ TAA+NH,* —[IAA+H]* +NH, 22 82 IAA+NH,* »[IAA+NH,]* -150.5 -103.6

lf;jﬁg;’ﬁ“" The energies are in IPA+NH," S[IPA+H]* +NH, —150 -39 IPA+NH," >[IPA+NH,* —1124 -785
IBA+NH,* - [IBA+H]* +NH; -122 -4.0 IBA+NH,* »[IBA+NH,]* -1515 -102.8

the relative energies shows that the C=0 group is the most
favored site for NH,* attachment. However, the hydrogen
bond C=0...HNHj is not the only interaction responsible
for ammonium attachment and cation-z interaction causes a
scorpion-like structure for the NH,* adduct cations.

Negative polarity

Figure 5a displays the ion mobility spectra of IAA, IPA, and
IBA in the negative polarity, in the absence of the dopants.
Two main IM-peaks are observed for each auxin; however,
for IAA, two additional small peaks are appeared in its
IM-spectrum. The mass spectra show that the product ions
responsible for these peaks are of different origin (Fig. 5b).
The mass spectrum of IAA shows that the peaks at 5.5 and
7.8 ms are due to deprotonated monomer [IAA-H]™ and
dimer [2IAA-H]". The small ion mobility peak at 5.2 ms
can be attributed to a fragment with m/z of 162 (Fig. 5b).
This peak may be due to complexation of [A-HCO,]™ with
O,. Another small peak at 6.1 ms is probably due to adduct
anion [IAA 4+ O,]™ which is not observed in MS spectrum
because of its dissociation after drift tube.

The mass spectra of IPA and IBA indicate that these com-
pounds are ionized mainly via formation of the adduct ani-
ons with O, rather than deprotonation. In other words, as

the length of alkyl chain of auxins increases, their tendency
for O, attachment increases. Different ionization mecha-
nisms of the auxins and resulting product ions are respon-
sible for large difference in the drift times of ions formed
from IAA and IPA.

The mass spectrum in Figure S5 (Electronic Supple-
mentary Materials) shows that in the absence of dopants,
0, (H,0),, and CO, (H,0),, are the reactant ions in nega-
tive mode which are responsible for the deprotonation and
0O,-adduct formation of the auxins. A comparison of the
relative stabilities of two isomers of CO,~ reveals that this
anion is in fact an adduct of CO, and O,", [CO,+O,]",
rather than a tetrahedral anion with carbon atom in the
center (see Electronic Supplementary Materials Figure S6).
The AH and AG for deprotonation of the auxins by O,™ and
[CO, +0O,]™ as well as formation of [M + O,]™ are summa-
rized in Table 2. The comparison of the thermodynamic data
shows that only O,~ can deprotonate the auxins while the
formation of adduct anions [M 4+ O,] is possible in the pres-
ence of both O, and [CO, + O,]". Interestingly, although
predominantly CO," is present in the ionization region, no
[M+CO,]™ adduct ions were detected experimentally. This
indicates that CO,~ has most probably [CO, +O,]™ form and
it can produce the [M +O,]~ adduct followed by a CO, elim-
ination. However, the data in Table 2 show that formation of

2

a Rls b ? ,
d 5)
<
[
5 2
53| T
z o T
o o 5
[M+O,] s
| [2M-H] IBA
‘ T
IBA b
= o
o S
(8]
\ IPA I Lu N l IPA
N s i p N
Ts T
waacoprol |3 % $
= g
g A
IAA Ll = IAA
T T T T T T T T
2 4 6 8 100 200 300 400
Drift time (ms) m/z

Fig.5 Comparison of a ion mobility and b mass spectra of TAA, TPA, and IBA (30 mg L.™") in the negative mode of CD ion source
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Table 2 The calculated AH and AG for deprotonation of the auxins by O,~, CO,~, CI~, and Br~ as well as anion attachments to the auxins in gas

phase at 25 °C. The energies are in kJ mol.™!

Deprotonation AH AG
IAA+0,” —[IAA-H]” +HO, —-42.1 —-50.7
IPA+0O,” —[IPA-H]™ +HO, —-40.9 —44.2
IBA+0O,” —[IBA-H]™ +HO, —40.5 —42.5
IAA+CO,~ —[IAA-H]™ +HCO, 107.5 109.3
IPA+CO,~ —[IPA-H]” +HCO, 108.7 115.8
IBA+CO,~ —[IBA-H]™ +HCO, 109.1 117.4
IAA+CI- —[IAA-H]”™ +HC1 41.3 30.2
IPA+Cl~ —[IPA-H]™ +HCI 42.6 36.7
IBA+CI~ —[IBA-H]™ +HCI 429 38.4
IAA+Br~ —[IAA-H]™ +HBr 78.7 67.1
IPA+Br~ —[IPA-H]™ + HBr 79.8 73.6
IBA+Br~ —[IBA-H]|™ +HBr 80.2 75.2

Anion attachment AH AG
IAA+0,” —»[IAA+0,]” —159.9 —130.5
IPA+0O,” —[IPA+O,]” —165.2 —1254
IBA+0,” —[IBA+0,]” -162.0 —-121.6
TAA+CO,~ —»[IAA+0,]” +CO, —-64.3 -57.1
IPA+CO,~ —[IPA+0,]” +CO, —-69.6 -52.0
IBA+CO,~ —»[IBA+0,]” +CO, —-66.4 —48.2
IAA+CI- —[IAA+CI]™ —109.7 —-76.2
IPA+Cl~ —[IPA+CI]~ —-112.2 —-76.4
IBA+CIl~- —[IBA+CI]|” —106.7 —-75.4
IAA+Br~ —[IAA+Br]” -90.8 —58.5
IPA+Br~ —[IPA+Br]” -92.7 —58.2
IBA+Br~ —[IBA+Br]~ —-89.8 —-59.0

[M+0O,]™ from O, is thermodynamically more favorable
than its formation from [CO,+ O,]". Although deprotona-
tion of IPA and IBA is thermodynamically possible, these
compounds are weaker acids than IAA. Furthermore, IPA
and IBA form more stable adduct anions with O, compared
to IAA. These can be the reasons why IPA and IBA have less
tendency for deprotonation.

The mass spectra show that for all three auxins, the ion
mobility peak at higher drift times is related to of anionic
dimers [2 M-H]™. Table S2 shows that the stability trend for
the anionic dimers is as [2IBA-H]™ > [2IPA-H]™ > [2IAA-
H]™ indicating that even if some [IBA-H]™ are formed,
they have tendency to form dimers and [IBA-H]™ ions are
depleted in the ionization region. The optimized structures
of the most stable isomers of the anionic dimers of IAA,
IPA, and IBA are shown in Figure S7 (Electronic Supple-
mentary Materials). Comparison of these structures reveals
that the stability trend is in accordance with the number of
hydrogen bonds between COO™ group of [M-H]™ ions and
CH, NH, and OH groups of the neutral auxins. In the posi-
tive polarity, proton-bound dimers of auxins, [2 M+ H]™,
were not detected, even at high concentrations. Previous
studies on the acidic compounds reported similar results for
the dimer formation and attributed it to lower affinity of
[M-H]~ for hydration compared to [M + H]*, because for-
mation of dimers from hydrated ions is thermodynamically
less favored [43].

Figures 6a and b compare ion mobility spectra
of the auxins in the presence of dopant gases tetra-
chloride carbon and bromoform. Only one ion mobil-
ity peak is observed for each auxin. Mass spectra in
Fig. 6¢ and d confirm that these peaks are due to hal-
ide attachment to auxins and formation of adduct ions
[M + Cl1]” and [M + Br]~. The auxins with an acidic

@ Springer

COOH group are expected to be ionized by deprotona-
tion; however, calculations show that C1~ and Br™ are
weaker bases than O,” and cannot deprotonate aux-
ins (Table 2). As the auxins have different hydrogen
bond donor sites, different isomeric adduct ions are
possible for [M + Cl]™ and [M + Br]~. The optimized
structures of the possible isomers of adduct anions of
IAA, IPA, and IBA with CI™ and Br™ are shown in
Figures S8 and S9 (Electronic Supplementary Mate-
rials), respectively. Comparison of the calculated AH
and AG values in Table 2 shows that formation of both
[M+CI]™ and [M + Br]™ is thermodynamically favored;
however, [M + Cl]™ adducts are more stable compared
to [M + Br]~ by about 20 kJ mol~! indicating stronger
hydrogen bonding interactions in the former.

Separation of auxins mixture by IMS

Figure 7 shows the ion mobility spectra of a mixture
of TAA, IPA, and IBA in different polarities and in the
presence of NH;, CCl,, and CHBr; dopants. In the nor-
mal positive mode, as the ionization mechanism for all
the auxins is protonation, three distinguished peaks are
observed for the auxin mixture (Fig. 7a). However, in
the positive polarity and in the presence of NH; dopant,
the ionization mechanism becomes more complicated,
IAA is ionized by NH,* attachment (one IM-peak) while
IPA and IBA are ionized by both protonation and NH,*
attachment (two peaks for each auxin). Hence, with
NH,* ionization, the peaks overlap and separation of the
auxin is not possible (Fig. 7b). This indicates the impor-
tance of removal NH; impurity in the drift gas or in the
ion source to avoid NH," attachment and overlapping
of the auxin peaks when the measurements are carried
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Fig.6 Ton mobility spectra of IAA, IPA, and IBA (30 mg L.™!) in the negative mode with a CCl, and b CHBr; dopants. Mass spectra with ¢

CCl, and d CHBr; dopants

out in the positive polarity. In the negative polarity and
absence of dopants, the peaks of monomers cannot be
used for separation of the auxins. As [AA is ionized by
deprotonation, [M-H]~, and IPA and IBA form adduct
anions with O,~, [M + O,]7, there is no regular drift time
difference between the IM-peaks and these peaks are
not appropriate for mixture analysis (Fig. 7c). However,
three well-separated peaks are observed for the anionic
dimers [2 M-H]™ in the mixture (Fig. 7c). In case of CCl,
and CHBr; dopants in negative polarity, the IM-peaks of
IPA and IBA are very close to each other and they over-
lap partially; however, more significant peak separation
is observed for CCl, dopant. In summary, the use of the

[M + H]* and [2 M-H]~ peaks in the normal positive
and negative polarities, respectively, in the absence of
dopants leads to more efficient separation of the auxins
in the mixtures. Although in the negative polarity, due
to three different ionization pathways including depro-
tonation, O, attachment, and dimer formation, the IM-
spectrum contains several peaks (Fig. 7c¢), more peak
separation is observed compared to the positive mode.
Effect of concentration of the auxins in the mixture on
the peak separation was also investigated. Figure S10
(Electronic Supplementary Materials) compares that
ion mobility spectra of the auxin mixture with different
concentrations (15, 25, 50 mg L‘l) in the positive and
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negative modes of the ion source. This range of concen-
tration does not have considerable effect on the peak
separation, and only the signal intensities increase with
increase in concentration.

The auxins were ionized via different reactions includ-
ing protonation, ammonium attachment, deprotonation,
and halide attachment. For this reason, calibration curves
and the limits of detection (LODs) were determined for
the auxins in all ionization conditions. For the negative
mode without dopants, the dimer peaks were considered
as the analytical signals to obtain calibration curves. The
LODs were determined as the concentration in which the
signal to noise ratio is ~ 3. The linear ranges and the LODs
in different conditions are summarized in Table 3. For all
the auxins, wider linear ranges are obtained with CCl, and
CHBr; dopants. Although the obtained LODs in different
conditions are similar, the negative mode without dopants
shows the highest LODs for IAA and IBA. Generally, the
best sensitivity and linear range for detection of the aux-
ins by IMS is observed for the negative mode with CCl,
dopants.

The reported LODs for auxin obtained by GC-MS are
in the range of pg [44, 45] indicating the lower sensitiv-
ity of IMS compared to GC-MS. The LODs obtained by
IMS are comparable with those reported for HPLC with
fluorescence (FL) detector (pmol ~ng) [46]. The amount
of TAA in 1 g tobacco leaf is 1-3 ng [44]. Hence, the
IMS method presented in this work can detect auxins in
real plant leaves with weight of > 1 g. In a previous study,
HPLC-FL method with comparable LOD has been suc-
cessfully used for measurement of auxins in 0.3-2 g of
wheat and tobacco leaves [46]. It should be mentioned that
the LODs obtained in our work are for direct injection;
therefore, preconcentration or using solid phase micro-
extraction (SPME-IMS) will further enhance the sensitiv-
ity [47]. Alternatively, derivatization of auxins is a simple
method improving their LODs. To prove it experimentally,
the effect of methylation (esterification) of IAA on the
sensitivity of IMS was investigated (Figure S2). Interest-
ingly, methylation of IAA decreased the LODs by about
one order in the positive mode without any dopant. This
can be due to (i) increase of the basicity of IAA after

methylation from 850 to 878 kJ mol~! and (ii) increase in
the volatility of IAA improving vaporization efficiency in
the injection port. Although IMS showed lower sensitivity
relative to the chromatographic techniques, the measure-
ment runtimes of IMS are in ms scale leading to faster
analysis of auxins.

As the auxins are acidic compounds, they are easily ion-
ized in the negative mode. Most of the chemical compounds
in plant tissues are not ionized in the negative mode while
they show intense signals in the positive mode and conse-
quently interfere the auxin analysis. Hence, negative mode
is recommended for measurement of the auxins in the real
plant tissues.

Conclusion

APCI-CD-IMS-MS was used to study ionization mecha-
nism and separation of three auxin plant hormones. Both
the nature of the reactant ions in APCI-CD and the struc-
ture of the auxins influenced the ionization mechanisms.
In the positive polarity, the auxins are ionized by protona-
tion and NH,* attachment, and in the negative polarity,
deprotonation and anion attachment are the main ioniza-
tion pathways. It was found that efficiency of IMS for
separation of a mixture of the auxins depends on both
ion polarity and on the dopants, which modify the Rls. In
the positive polarity, the protonation of auxins, [M +H]™,
resulted in appearance of three distinguished IM-peaks
for the mixture of auxins. In the negative polarity, the best
separation was achieved for the anionic dimers [2 M-H]".
In the case of ionization resulting in formation of several
product ions (more ionization pathway), the separation
power of IMS decreases due to overlap of auxin peaks.
For the separation of the mixtures of auxins, the optimum
method is the positive polarity without NH; dopant. The
LOD obtained in the negative mode of IMS with CCl,
dopant is about 4 ng. Although this sensitivity is adequate
for detection of auxins in the plant tissues, methylation
of auxins can be used for furthermore improvement in
sensitivity.

Table 3 The LODs and linear

) IAA IPA IBA

ranges (in ng) for IAA, IPA, and

IBA obtained by CD-IMS in the Polarity/dopant Linear range LOD Linear range LOD Linear range LOD

positive and negative polarities

with different dopan[s Positive 15-60 5 10-60 4 15-60 6
Positive + NH; 10-60 15-60 6 12-50 4
Negative 25-80 12 8-50 3 25-70 10
Negative 4+ CCl, 8-80 10-100 4 10-100 4
Negative + CHBr3 15-60 15-90 5 12-100 4
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