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The application of mountain hay for wellness purposes has led to a substantial
valorisation. To assure the quality associated with the high standards of
production, which are often related to a characteristic distribution of plants
and a variety of essential oils, a mass spectrometer, based on ion-molecule-
reactions (IMR) of mercury, krypton and xenon, was employed to analyse
characteristic VOCs of hay such as coumarin or typical monoterpenes and then
used to develop an approach for the traceability of single hay samples based on
concepts of multivariate statistics. The application of the primary gases to
aqueous solutions of the pure compounds shows their suitability to deal with this
problem, reveals important factors for the creation of a measurement set-up of
such gas mixtures and indicates different mechanisms for the fragmentation, as
shown for coumarin. The limit of determination (3*sg/SEN) for aqueous
solutions of p-cymene is 0.13mgL~" using PLS1 and the presented combined
mercury and xenon set-up, which confirms that this strategy is appropriate for an
integration of compounds, which are present in low concentrations only, into a
qualitative model. The results of the principal component analyses (PCA) of 136
hay samples were verified for the suitability to characterize single types of hay
using three measurements of nine mountain hay samples, three normal hay
samples and three aftermath samples for evaluation and applying SIMCA for
classification at a significance level of 5%. The traceability of mountain hay
samples is good (93% correctly classified) and can be used to protect these
valuable samples.

Keywords: coumarin; hay; ion-molecule-reaction; multivariate data analysis;
phytochemical analysis; terpenes; traceability
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1. Introduction

In times of globalisation new innovative marketing strategies are of supreme importance.
Especially in the field of agricultural products these include the highlighting of a product’s

origin and the emphasis of the production site as a distinctive cachet [1].

This work refers to the application of hay for wellness purposes like hay baths, a
traditional [2,3] wellness offer in the Alpine regions. Since the plant combination of hay [4]
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and hence the composition of essential oils, which are typical for the hay’s odour, can vary
considerably from one region [5] to another, the attributed therapeutic effects [6—8] should
diverge to the same degree. This aspect leads to qualitative differences in different types of
hay which are reflected in the price. Additionally, the claim that mountain hay, grown at
altitudes above 1700 m, is outstandingly suited for this cure caused an almost incredible
valorisation of this agricultural product (2.20 € + VAT/kg).

Unfortunately the brittleness [4] of hay after the haying complicates the botanical
determination of single plants, which would allow inferences to the phytosociology which
is characteristic for a meadow and thus for the hay’s origin. Because of this circumstance
hay of minor value, such as normal hay (harvested below 1700 m) or aftermath (2nd cut),
can be sold at higher prices too, ignoring the high standards of production required to
obtain a botanical certificate, which can be issued only after an inspection of the meadow
before mowing.

Many strategies for the analysis of gas mixtures, such as the odour of hay [9], and their
components include concepts for the enrichment of the volatile analytes. Beside classical
solvent extractions or variants of headspace sampling, primarily the highly sophisticated
adsorption to a fibre coated with an extraction phase [10] is a well-established technique
for the sample preparation. Among these concepts especially the solid phase micro
extraction [11] in the headspace mode (HS-SPME) in combination with hyphenated
separation methods (e.g. GC-MS) should be pointed out, which owing to the high
selectivity and efficiency of the available fibres is used in a number of applications for the
analysis of environmental samples [12], food [13,14] and fragrances [15].

The automation of these important, and often necessary, preconcentration steps in the
headspace has contributed significantly to the reduction of the time of analysis and cost of
such analytical concepts for volatile analytes [16]; however, generally they are not yet
considered as quick methods, because the sample throughput in many cases is still
comparatively small and a real-time monitoring is not possible. Such applications are still
a domain of gas sensors and e(lectronic)-noses [17]. Particularly the latter have shown their
potential to solve a variety of problems in areas such as the manufacturing and quality
control of food [18], environmental monitoring [19-21] or medical diagnostics [22,23]. This
versatility of electronic noses for the detection and discrimination of complex odours is
owed to the flexibility of the employed sensor arrays, which predominantly consist of
conductometric chemosensors (metal-oxide semiconductors/MOS, conducting polymers),
chemocapacitors, potentiometric chemosensors (e.g. MOS field-effect transistors), gravi-
metric chemosensors, surface acoustic wave (SAW), optical chemosensors, calorimetric
sensors or amperometric sensors. Besides issues such as drift and its compensation [24,25],
the selection of a suited sample preparation or sensitivity, the most challenging aspect
when operating an electronic nose is probably the complexity of the acquired sensor
response data which requires a sophisticated strategy for the evaluation [26], which may
include e.g. multivariate statistical approaches or artificial neural networks (ANNs). This
is especially true for the analysis of natural products with their inherent variability (origin,
season, species).

Mass spectrometry is an important tool for quality control and in this context it has
become an indispensable instrument for the analysis of a variety of natural products [27],
profiting especially from the combination with separation techniques such as chromatog-
raphy or electrophoresis. In the form of so-called mass sensors it has also emerged as a
promising approach for e-noses, which are therefore sometimes referred to as new-
generation electronic noses. Such instruments [28,29] are designed for a direct introduction
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of volatile compounds into an ionization chamber of a mass spectrometer without a prior
separation. The registered fragment ions of the mass spectrum with their specific m/z ratio
operate as sensors and their abundance is equivalent to a sensor signal. Hence MS-based
e-noses can have a flexible number of sensors, which eventually provide interpretable
chemical information about a sample through the fragmentation pattern. Especially
innovative soft ionization techniques, such as the proton transfer reaction (PTR)
ionization, have shown to be appropriate methods for the analysis of volatile organic
compounds (VOCs) resulting from urban lawn mowing [30], agricultural grasslands [31] or
herbal extracts [32], mastering successfully tasks similar to the one investigated here.

The goal of the present study was the development of a cheap and quick method, which
enables the traceability of hay samples to their site of production. The V&F AirSense®
technology, a spectrometer based on ion molecule reactions (IMR) [33] of mercury, xenon
and krypton [34-36], fulfils the first two requirements. Its suitability for the problem at
hand was evaluated using concepts of multivariate statistics [37,38] (PLS, PCA, SIMCA)
for the interpretation of the acquired data.

2. Experimental
2.1 Instrumentation

The V&F (Andreas Hofer Strasse 15, A-6067 Absam, Austria) AirSense® is a quadrupole
mass spectrometer equipped with a channeltron, which was designed for the quick analysis
of gas mixtures [39] applying a proprietary system for the direct introduction of sample
gases into the ionization chamber. It is based upon a special ionization technique, the ion
molecule reaction (IMR). This variant of the chemical ionization [40], which generates just
a few or even no fragments and can be run at different pressures [41], uses low-energy
primary ions of mercury, krypton or xenon for a soft charge transfer to gaseous sample
molecules.

The ion molecule reaction in the AirSense® occurs while the reactant gas ions of
mercury, krypton or xenon are present in excess and the collision of such a positively
charged ion, R, with a neutral analyte molecule, M, leads to a charge transfer which can
be drafted in the following way:

R™4+M — R+M™* (D

The unfragmented molecular ion [M**] is a radical because of the unpaired electron.
This ion molecule reaction (IMR) is exothermic, if the recombination energy (with an
electron) of the reactant ion R** is higher than the ionization potential of the neutral
analyte molecule M. The exothermicity of the charge exchange reaction proves to remain
primarily in a transition state as internal energy [42] in the product ion M™*. If this internal
energy is high enough, a fragmentation of the product ion can be induced. The
fragmentation reactions taking place are similar to those observed in electron impact
ionization. However, while the molecular ions formed after electron impact are
characterized by a distribution of their internal energy, ions resulting from the IMR,
M™* show a discrete amount of energy or are distributed in a small energy band, if
reactant gas ions R** with more recombination energies are applied (e.g. the ground states
of the singly charged noble gas ions are doublet states with configurations 2P3/2 and P, ).
The internal energies of ions formed in such ion-molecule reactions, M*®, are determined
by the exothermicity of the charge exchange reaction. Since this exothermicity depends
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from the recombination energy of the selected reactant gas [35], R, and the ionization
potential of the analyte molecule, M, the choice of the primary gas and thus of a
characteristic recombination energy is a selectivity-determining factor, because it is
decisive if, or to what degree, fragmentations are observed in the mass spectrum. The
AirSense® provides the use of mercury (10.44¢V), xenon (12.12eV) and krypton (13.99eV)
as possible primary gases.

It is important that the ionization potential of the primary ions (Hg, Xe, Kr) is
sufficiently high to contribute to the ionization of the sample molecules. Their internal
energy should be only slightly above (preferably <2eV) the energy that is required to
generate product ions, if the molecular peak of the substance of interest shall be
investigated in the mass spectrum. Furthermore the employed primary gas ions should
have a translational pulse energy of such an amount (preferably below 10¢V) in the
respective centre-of-mass system that the kinetic effect on the ionization process is
negligible in comparison to the influence of the internal energy. The reader interested in
these aspects is referred to a V&F patent, wherein the inventors of the AirSense®
technology discuss these issues [43].

2.2 Methods

An aqueous 100 mg L™ solution of coumarin was prepared, 1 mL was given into a GC vial
and thermostated at 60°C. The solution was then measured with the AirSense® using a
scan set-up in the range from m/z 40 to m/z 170 setting the inlet pressure to 25hPa. All
possible primary gases (Hg, Kr, Xe) were used to see the behaviour of this well known
analyte of hay in the IMR mass spectrometer.

Aqueous 10mgL~" solutions of the monoterpenes limonene, camphene and B-pinene
as well as of p-cymene were measured with all ionization gases at 30°C and an inlet
pressure of 25hPa generating a spectrum ranging from m/z 40 to m/z 170. All these
compounds are known components of hay too.

All hay samples were ground with a Fritsch (Idar-Oberstein, Germany) power cutting
mill Pulverisette 25 using the 1.0 mm sieve cassette, cooling both stationary and rotating
knives with compressed air thus minimizing loss of volatile analytes. After grinding the hay
was stored in glass containers.

A total of 1.0 g of the ground hay was given into a GC vial and covered with untreated
glass wool to avoid an obstruction of the tight transfer channel into mass spectrometer
with dust. The sample was then thermostated for 30 min at 30°C in the heating block of the
AirSense® sampler. This temperature was clearly preferred in comparison with a
temperature of 50°C, which was also tested in a preliminary experiment to monitor
selected signal intensities (a hay sample was spiked with 10 pl of water and measured with a
provisional set-up at 30°C and 50°C), because of the lower influence of the vapour
pressure of water, which could be in the hay even after the drying, with respect to the mass
spectral signals (since too high intensities could eventually damage the detector or induce a
drift). The inlet pressure was set to 25hPa and the sample was finally measured with a
combined set-up of xenon and mercury ionization. The applied scan sequence began with
31 xenon parameters (control mass CM 7 Xe, m/z: 7; 16; 20; 26; 27; 29; 41; 46; 47; 60; 64;
68; 69; 76-78; 90-92; 94; 104-107; 118-121; 145; 146; control mass CM Xe2*) and
terminated with 188 mercury measuring points (control mass CM 7Hg, m/z: 17; 19; 28;
30-34; 37, 42-44; 46; 46-49; 54; 56; 57; 60; 60—63; 66-144; 147-166; 169-192; 208-219;
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222-237; 240-249; control mass CM Hg2). Four cycles were used to measure the spectrum
of a hay sample. During all measurements drift was monitored using a freshly prepared
10mgL~" aqueous solution of 1,2-Dichlorobenzene. However, owing to the stability of
the system a drift correction has not been applied.

This set-up was also used to measure aqueous solutions of p-cymene (0.5, 1.0, 10 and
20mg L™, 4 repetitions/sample) in order to compare an uni- and a multivariate calibration
of a characteristic hay compound.

Microsoft Excel (Redmond, WA, USA) was used to create the depicted mass spectra
and to calculate the results of the univariate calibration. Multivariate data analysis was
performed employing Camo Unscrambler (Oslo, Norway).

2.3 Samples and materials

In total 136 samples including hay and aftermath from Poland (1), Germany (1),
Switzerland (7), Austria (16) and Italy (111) were available. This sample set consisted of 40
mountain hay samples, 75 normal hay samples and 21 aftermath samples. The Austrian
hay was provided by the Tiroler Landwirtschaftskammer (Brixner Strallie 1, A-6020
Innsbruck), the German hay sample by the Landschaftspflegeverband Birkenfeld
(Kreisverwaltung Birkenfeld, Untere Landespflegebehdrde, D-55765 Birkenfeld). The
Polish hay sample and a few Italian samples were obtained through private contacts. The
biggest part of the Italian samples came from the Siidtiroler Bergwiesenheugenossenschaft
(Schlattach Niederstein 6/A, 1-39015 St. Leonhard in Passeier), others from the agricul-
tural institute San Michele all’Adige (Via Edmondo Mach 2, 1-39010 San Michele
all’Adige). The Swiss samples were ordered at Landi Wiggen (Alte Post, CH-6192
Wiggen). All samples were mowed in the same year and stored at room temperature in
paper bags in a dry and dark room to avoid fermentation induced by humidity or light.

All chemicals used (analytical degree) were purchased from Sigma Aldrich (St. Louis,
MO, USA).

3. Results and discussion

The effect of the AirSense® ionization technology on hay analytes can be studied directly
comparing the recorded spectra with reference spectra and analysing appearing fragmen-
tations. Figure 1(a) shows the base peak scaled AirSense® spectrum of an aqueous solution
of coumarin using mercury for the ionization. The base peak appears at m/z 146 thus
matching the nominal mass of coumarin and allowing a simple identification of this
compound since all other intensities are rather low. The signal group formed around this
characteristic mass-to-charge ratio is partly result of the limited resolution of
the AirSense® (Rpax = 100) leading to fuzzy intensities above m/z 100.

Figure 1(b) shows the spectrum of coumarin using xenon for the ionization under the
conditions described in the experimental section. The ionization energy of xenon is higher
than the ionization energy of mercury. Therefore higher intensities at lower m/z may be
expected and in this case the base peak can indeed be found at m/z 118. However, the
signal group around m/z 146 can still be observed. Both signals can also be found in the
electron impact mass spectrum of coumarin depicted in Figure 1(c), which was taken from
Wiley’s NIST/EPA/NIH 2002 mass spectral library. The peak at m/z 118 could be the
result of an ionization of the double-bound oxygen (lone pair electrons) of the 8-lactone
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Figure 1. (a) AirSense® spectrum of an aqueous solution of coumarin using mercury as ionization
gas, (b) AirSense® spectrum of an aqueous solution of coumarin using xenon for the ionization,
(¢) Electron impact spectrum of coumarin at 70eV from Wiley NIST/EPA/NIH mass spectral
library 2002, courtesy of NIST, (d) AirSense® spectrum of an aqueous solution of coumarin using
krypton as ionization gas.
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Figure 2. ESI-MS" fragmentation pattern proposed for coumarin by Concannon et al. [59].

system in coumarin (m/z 146), followed by an «-cleavage and a subsequent elimination of
CO (—28 m/z) leading to a cation detectable at m/z 118. The structure of this ion, especially
whether it is a closed ring or not, as well as a variety of thermodynamic and kinetic aspects
were investigated and discussed with more sophisticated approaches [44—48], but — at least
to the authors’ knowledge — no final conclusions were possible.

Figure 1(d) shows the mass spectrum of coumarin using the krypton ionization. The
signals between m/z 78 and m/z 87 had to be suppressed because of the krypton isotopes
("Kr, Kr, 2Kr, ¥Kr, #*Kr, **Kr) which are present in excess, thus bearing no structural
information, and could therefore damage the channeltron. Krypton has the highest
ionization energy (13.99 eV) and therefore leads to spectra leaning to the left and lower m/z
when compared with xenon and mercury spectra. While the base peak is now at m/z 147,
the relative intensity of the peak at m/z 118 is considerably lower. These findings could
indicate an additional mechanism for this fragmentation pattern.

Very fast and efficient charge transfer reactions (2) between Kr*® and H,O, which is
omnipresent — at least in traces — in hay and has an ionization potential of 12.6 eV (lower
than that of Kr), are well studied and lead to the production of H,O"* ions [49—52], which
then rapidly react with H,O (3) [53,54]. The resulting H;O™" ions (and clusters thereof) are
suited precursors [55] to undergo efficient proton transfer reactions (PTR) with molecules,
which have proton affinities greater than that of water molecules, thus finally producing
[M 4+ HJ" ions [56-58]. In the case of coumarin this should lead to the aforementioned
peak at m/z 147.

Kr**+H,0 — H,O™+Kr ©)

H20+'+H20 — H30++HO. (3)

A sophisticated ESI-MS" based investigation about the fragmentation of coumarin
derivatives was performed by Concannon et al. [59], who proposed the interpretation
depicted in Figure 2. In contrast with the EI induced fragmentation [60], their approach,
which includes a protonation, would involve as a first step the expulsion of CO; from the
pyrone ring system, which would consequently lead to a strained protonated bicyclic ring
detectable at m/z 103. The further fragmentation, which should include the loss of
acetylene, C,H,, would then result in a product ion that should be registered at m/z 77.
Our experimental results could agree with this report, since we were able to find the peaks
at m/z 147 (100%) and m/z 77 (23%) with acceptable relative abundances, but the peak at
m/z 103, eventually representing the (deloc-1,2,3,5,6,7,8)-Bicyclo[4.2.0]octa-2,5,7-trien-1-
ylium cation from Figure 2, shows a rather low intensity (1.6%), which could be the result
of its poor relative stability. The reader interested in this ion is referred to a theoretical
work by Eckert-Maksi¢ et al. [61], who performed ab initio HF 6-31G* and MP2(fc)/
6-31G*//HF/6-31G* calculations, in order to study electronic and geometric structures
and to discuss energetic aspects.
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These results indicate that a combined set-up involving mercury ionization (molecular
peak) and at least another ionization gas (fragmentation) is best suited to filter structural
information from the mass spectra. To reduce the measurement time and complex
enrichment processes in the gas mixture a set-up with only two ionization gases is
preferred. The present case study shows that the medium ionization energies from xenon
suffice to observe the fragments of coumarin known from the EI spectrum.

The mercury AirSense®-spectra of the monoterpenes limonene, camphene and
B-pinene are depicted in Figure 3, the relative abundances of important fragments are
detailed in Table 1. The bicyclic terpenes camphene and B-pinene with their exocyclic
double-bonds do not show a distinctive molecular peak, but the monocyclic limonene with
two double-bonds competing for a m-ionization features a signal group around m/z 136
including the molecular peak. The comparison in Figure 3 indicates that an isomeric
discrimination of these compounds in a mixture, based on relative intensities only, is
hardly feasible, because of a number of common fragments, and therefore requires the
involvement of a multivariate pattern analysis method, such as the principal component
analysis (PCA). A report of Steeghs er al. [62] about the dissociation patterns of 10
monoterpenes, among them limonene, camphene and A-pinene, in an attempt to
distinguish between different monoterpenes confirms the difficulty of this task, especially
when investigating gas mixtures of these compounds. Similar conclusions were drawn in a
PTR-MS study about these monoterpenes, where Maleknia et al. [63] suggest the loss of
neutrals as an explanation for the observed fragmentation pattern, which should agree
with the fragments described in Table 1 (m/z 120:—~CHy4, m/z 108: —C>Hy, m/z 106: —C>Hg,
m/z 94: —C3Hg4, m/z 92: —C3Hg), and report about electron impact spectra of these
monoterpenes with the ions C;H® (m/z 93) and C;H{;® (m/z 95), which can also be found
in Table 1. Additionally, the ionization of those small molecules, which result from the
fragmentation of the pure compound, within the reaction chamber could contribute
significantly to the complexity of the spectrum of such a gas mixture. For instance, the
camphene spectrum in Figure 3 therefore shows high intensities at the left side of the
spectrum, which should result from the ionization of CsHg (m/z 44) and CsHg (m/z 42).

Figure 4 shows the mercury AirSense®-spectrum of p-cymene. This compound, often
appearing in hay [5], has a nominal mass of 134 thus not belonging to the monoterpenes,
which have the general molecular formula C;oH;s and a nominal mass of 136. The
molecular ion of this compound is rather stable and can easily be observed with a relative
abundance of 14.9%. The limited resolution of the AirSense® above m/z 100 however
complicates the separation from the class of monoterpenes (regions around m/z 135 and
120 in the spectra of limonene and p-cymene) and this is a crucial aspect for data mining.
The application of the first derivative is a suited data pre-treatment method to deal with
overlapping spectra in multivariate approaches [64] enhancing discrimination power.

Because of its high frequency in hay [5], p-cymene was also used to verify the suitability
of the combined mercury and xenon set-up outlined in the experimental section to quantify
such a characteristic VOC of hay. The classical approach of an univariate calibration [65]
based on single peaks was performed using the molecular peak at m/z 134 and the base
peak at m/z 119 (loss of a methyl group, Am = 15) from the mercury part of the spectrum.
The figures of merit of the signals m/z 134 (LOD=3.68mgL~', LOQ=5.11mgL~",
R?=0.982, P=99%) and m/z 119 (LOD=0.86mgL~", LOQ=1.26mgL~", R*=0.999,
P=99%) indicate that the base peak at m/z 119 is, as expected, better suited for a
calibration with respect to the limit of detection (LOD), to the limit of quantitation (LOQ)
and to linearity, however these results would suggest that this set-up (Xe&Hg), which had
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Figure 3. AirSense® spectra of limonene, camphene and g-pinene using mercury ionization.

not been optimised for this purpose but for its classification ability, and the calibration
range (0.50-20.00mgL~") are only moderately suited to prepare an univariate
quantitation.

In a further study a PLSI1 (partial least squares) calibration, a multivariate bilinear
modelling method [66], was performed using the signals of the combined mercury and
xenon spectrum as predictor variables (219 variables). The data set was not pre-treated.
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Table 1. Relative abundances of important fragments in AirSense® spectra of
100mgL~" aqueous solutions of the monoterpenes limonene, camphene and
B-pinene using an inlet pressure of 25 hPa and mercury for the ionization (further
details can be found in the text).

m/z Limonene [%] Camphene [%] B-pinene [%]
92 34.2 18.2 14.0
93 100.0 33.0 100.0
94 67.0 20.8 16.5
95 22.8 11.3 1.8

106 3.7 1.8 0.6

107 30.6 13.3 4.5

108 12.6 8.7 2.0

109 1.1 2.3 0.2

120 2.2 5.4 0.6

121 30.0 46.8 7.8

122 32 4.6 0.9

136 9.1 0.3 0.3

p-Cymene Hg (10.44 eV)

120
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80 A
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Figure 4. AirSense® spectrum of an aqueous solution of p-cymene using mercury as ionization gas.

The results of the regression obtained with the Unscrambler software were tested using
a full (leave-one-out) cross validation to determine a suited number of principal
components (PC) for this task considering the following aspects discussed by Esbensen
[38]: (a) the root mean square error of the prediction (RMSEP) should be small, preferably
in a minimum when plotted against the number of principal components, (b) simple
models with fewer principal components were preferred. Therefore the model with three
principal components (R*=0.998), which showed a minimum for the RMSE (fulfilling
condition (a), Figure 5(a)) and is able to explain 99.85% of the response variable variance
with 99.79% of the variance in the spectra (contributing to a lower model complexity), was
used to estimate the limit of determination. For this purpose a Matlab package for
multivariate calibration (MVCI) developed by Olivieri et al. [67] was employed. Both the
limit of determination (defined as 3*sg/Sensitivity=0.13mgL~", sg is the standard
deviation of the instrumental response) and the limit of quantitation (defined as 10%sg/
Sensitivity =0.42 mg L") were, as expected for a multisensor method [68], lower than for
the classical approach profiting from correlation effects and the relative reduction of
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Figure 5. Aspects of the PLS1-Regression: (a) showing the root mean square error (RMSE) plotted
against the number of principal components with a minimum at the 3rd principal component,
(b) showing the regression coefficients for the model with three principal components, dominated by
the signals M 134 (mol peak of p-cymene) and M 119 (loss of a methyl group) in the mercury part of
the combined spectrum.

noise [69]. The highest regression coefficients resulted from the M119 and M134 signals
from the mercury part of the combined spectrum (Figure 5(b)) which correspond to base
peak and molecular peak in the p-cymene spectrum (Figure 4).

This confirms that the lower end of the calibration range, 0.5mgL ™", is accessible for
this set-up of the AirSense®, even without pre-processing the spectra or specifying a
spectral window. This finding also shows that a typical compound of hay, such as
p-cymene, can be integrated in a qualitative model (e.g. for a classification) even if present
in low concentrations only. A quantitative estimation of single hay compounds, however,
was not performed using this approach, but can be found along with the relative frequency
of known volatile hay constituents in a previous study of the authors [5].

Thereby also volatiles with higher molecular masses such as oxidized sesquiterpenes
(e.g. caryophyllene oxide, M =220.35gmol ") had been found. Therefore the measure-
ment range of the AirSense® set-up with mercury as ionization gas was expanded up to
m/z 250, in order potentially to include molecular peaks and fragments of these substances,
which owing to their partly low occurrence in the studied hay samples contribute to the
characterization of single hay samples. The aforementioned GC-MS approach had also
shown that a number of sesquiterpenes (among them: g-bourbonene; jy-selinene;
epi-bicyclosesquiphellandrene; ylangene; cyclosativene; p-cubebene; «-caryophyllene;
y-muurolene; g-farnesene; B-elemene; copaene and B-caryophyllene) with the molecular
formula C,sH,4 and a molecular mass of 204.35gmol™", which may be found in the
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hay samples. Their molecular peaks unfortunately cannot be detected, because the range
between m/z 193 and m/z 207 had to be excluded from the set-up due to potentially
damaging effects of mercury isotopes ('**Hg, '"*Hg, '"’Hg, **°Hg, **'Hg, ***Hg, ***Hyg).

Therefore in order to study the traceability of single types of hay, each of the 136
samples was measured 10 times using the combined xenon and mercury set-up of the
AirSense® presented in the experimental section. The ten spectra obtained for each hay
sample were then used to make a characteristic multivariate model based on a principal
component analysis (PCA). For that reason the data set for each hay had to be pre-treated
as follows: the first-order derivatives for the spectra were calculated using an algorithm
implemented in the Unscrambler software (Norris, Segment size for averaging: 3,
A(x — x¢_1):2), the data set was centred and the variables were standardized, which is
helpful to avoid an overemphasis of intense signals. The results of each PCA were
validated with a full cross validation.

To check the suitability of the PCA models to characterize the single types of hay, nine
randomly selected samples of mountain hay, three randomly selected samples of aftermath
and three randomly selected samples of ‘normal’ hay were measured three times with the
xenon and mercury set-up. The obtained spectra were then used for a classification
attempt. For this purpose SIMCA (Soft Independent Modelling of Class Analogy), a
classification method based on disjoint PCA models [70], was employed. It tries to model
similarities between members of the same class and to recognize unknown samples as
members of a class, if they are similar enough, else rejecting them. The significance level
for this task was set to 0.05, the optimal number of PCs for each PCA-model was derived
from the cross validation.

While this approach was successful for the correct and smooth classification of
mountain hay samples (25/27, i.e. 93% correctly classified, 2% false positives), the results
for both ‘normal’ hay (6/9, i.e. 66% correctly classified, 15% false positives) and aftermath
(0/6, i.e. 0% correctly classified, 13% false positives) indicate that it is not suited for the
latter types of samples (Table 2). The good results for mountain hay could be caused by

Table 2. Classification results for different kinds of test samples.

Hay sample Type of hay Cut Altitude [m] Correctly classified
A03 Mountain hay 1 1750 30of3
P59 Mountain hay 1 2000 20f3
P80 Mountain hay 1 1900 30f3
P81 Mountain hay 1 2100 30of3
P82 Mountain hay 1 2000 30of3
S19 Mountain hay 1 1900 20f3
S43 Mountain hay 1 1973 30of3
S49 Mountain hay 1 2500 3of3
S52 Mountain hay 1 2100 30of3
P08 Hay 1 600 1 of3
P09 Hay 1 630 30of3
P50 Hay 1 1130 20f3
P51 Aftermath 2 1130 0of 3
P23 Aftermath 2 650 0 of 3
P70b Aftermath 2 1250 0 of 3
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the fact that homogenizing manure is excluded for mountain meadows, thus allowing the
formation of phytosociological units typical for climate and soil [71,4]. The resulting
biodiversity should then lead to a variety of VOCs detectable with the AirSense®, which
form a characteristic spectral pattern for these samples, ideal for discrimination and hence
for traceability. A comparison of the results for the samples P50 and P51 in Table 2 also
evidences the importance of biodiversity for a correct classification. Both of them originate
from the same meadow, but while the hay P50 can still be identified reasonably (in 2 of 3
cases), this is not possible at all for the aftermath P51. After the first cut (hay), which
comprises a bigger number of plant species (those growing and blooming between spring
and early/mid summer), the second cut (aftermath) includes fewer plants, because they
grow afterwards and in the shorter period until early autumn.

In order to give a visual impression of the discrimination power to distinguish between
single samples of hay using the selected AirSense® set-up (mercury and xenon for the
ionization) and the employed data pre-treatment (Norris derivative, data set standard-
ization) a concrete example with a three-dimensional scores-plot (with the first three
principal component axes) of a cross validated principal component analysis of three
samples from South Tyrol (P80, P81, P82) and a sample from Austria (A03) is depicted in
Figure 6. The model was created using 10 AirSense®-spectra (an example for an untreated
digitized composite xenon and mercury spectrum of the hay sample A03 from Austria is
given in Figure 7; the intensities of the single signals depend from the position in the

PC3

10 Pl e ~~PC2

g

6 X
87 ~ Ly .20 -25
10 i 3 *a 5 -0

12 Ny 10

Figure 6. PCA scores plot with three principal components involving four hay samples: the clusters
for each hay sample are compact and distant enough to allow an easy discrimination between single
hay samples under the selected conditions for measurement (Xe and Hg ionization) and data-
pretreatment (Norris derivative, data set standardization). The test samples (marked x) fall within
the corresponding clusters.
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Table 3. Model distances between the described (see text) PCA-models of the
hay samples A03, P80, P81 and P82, calculated with the Unscrambler. The
number in parenthesis refers to the number of principal components used for
the specified model (derived from a full Cross validation) in the SIMCA analysis.

Model A03 (5) P80 (5) P81 (8) P82 (4)
A03 1 2658.31 8698.23 49185.62
P80 2658.31 1 28808.26 70197.09
P8l 8698.23 28808.26 1 6426.34
P82 49185.62 70197.09 6426.34 1

measurement cycle, from the compounds’ vapour pressure as well as the presence of
compounds which could eventually influence the complex gas phase equilibrium) without
the control masses for each of the four hay samples. For pre-treatment the data set, which
consists of the first-order Norris derivatives (Segment size for averaging: 3, A(Xx—Xx_1):2)
of the spectra, was centred and the variables, i.c. the single signal intensities, standardized.
The resulting four clusters in the PCA scores-plot (Figure 6) with the first three principal
components (which can explain 74% of the total variance according to the leave-one-out
cross validation) can be used to give an orientation to which group unknown samples
belong. To show this, three test samples (marked x in Figure 6) for each of the single types
of hay employed in this exemplification were projected into the selected subspace spanned
by the first three principal components. As can be seen in Figure 6 these test samples can
be attributed easily to the corresponding cluster to which they actually belong. This is
possible because the single clusters which represent such a hay sample are rather compact
and far enough from each other to avoid an interference.

The model distances between the PCA models of the hay samples A03, P80, P81 and P82,
which were used for the SIMCA analysis, are given as a matrix in Table 3. Following the
useful rule-of-thumb reported by Esbensen [38] which suggests that model distances greater
than 3 indicate significant model differences, it shows that the PCA-models of A03, P80, P81
and P82 are clearly separable since all model distances are far above 3.

4. Conclusions

This mass spectral approach for the analysis of characteristic volatiles of hay, such as
coumarin or monoterpenes, shows that these compounds can easily be measured using
selected ion-molecule reactions in a mass spectrometer designed for this purpose.
In comparison with near-infrared spectroscopy (with typical limits of detection in the
lower percentage range), nowadays a standard method to accomplish quick analyses of
agricultural products [72] and food, it should be pointed out that the sensitivity of the
measurement principle allows, as shown for p-cymene, low limits of determination for hay
VOCs, which in combination with suited chemometric concepts should help to enhance
discrimination power.

The presented strategy reveals its potential for a correct classification of mountain hay
samples in a relatively short time (5 min for sample preparation, 30 min for thermostating,
20 min for the measurement of three samples and data analysis), but fails to achieve this
target for ‘normal’ hay samples and aftermath samples. However, it should offer an easily
accessible protection for those precious mountain hay samples, which were registered in a
database, from forgeries (under these circumstances ‘normal’ hay or aftermath). Since
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neither solvents nor additional chemicals are needed to perform a classification, it can be
considered environment-friendly and cheap. This application confirms the broad
analytical applicability for these types of IMR-spectrometers alongside classical areas of
application such as medical sciences [42] or the automotive industry [73].
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