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A B S T R A C T

The analysis of herbivore-induced plant volatiles (HIPVs) is essential for understanding plant-environment in
teractions and defense strategies against herbivores. Proton transfer reaction time-of-flight mass spectrometry 
(PTR–TOF–MS) is a powerful analytical tool that enables real-time monitoring and quantification of diverse 
groups of HIPVs. However, the PTR–TOF–MS technique is constrained in its ability to effectively differentiate 
between isomers. When analyzing complex mixtures of HIPVs, the separation of isomers becomes crucial as 
major compound classes such as terpenes comprise thousands of isomers. In this study, we present an optimized 
fast gas chromatography (fastGC) based on a modified version of the commercially available fastGC add-on 
integrated into a mobile PTR–TOF. The system was optimized for the analysis of emissions from enclosed 
trunks of Acer platanoides infested by Anoplophora glabripennis (Motschulsky), commonly known as Asian long
horned beetle (ALB). The development of fastGC was primarily focused on the sesquiterpenes α-longipinene, 
cyclosativene and α-copaene, which serve as strong indicators of ALB infestation. These sesquiterpenes were 
separated in less than three minutes, with intra-day retention time RSD < 0.6 % and resolutions of 2.6 ± 0.3 and 
1.3 ± 0.2. In comparison to the original system, the optimized fastGC demonstrates more than tripled sesqui
terpene resolution, twice the sensitivity relative to direct inlet mode, and an approximately 10 % reduction in 
total analysis time. The optimized fastGC–PTR–TOF allows for near real-time analysis of complex mixtures of 
biogenic VOCs, making it a powerful tool for environmental monitoring, integrated pest management, and forest 
protection.

1. Introduction

Plants emit a variety of volatile organic compounds (VOCs) in order 
to interact with their environment [1,2]. These VOCs are released from 
different plant tissues into the atmosphere or into the soil for several 
purposes: attraction of pollinators and seed dispersers to ensure repro
duction [3], protection against abiotic stresses such as excessive light 
and temperature, drought, oxidative stress or radiation [4,5], defense 
mechanisms against herbivores [6] or pathogens [7], and plant-plant 
interactions [8]. Defense mechanisms against insect herbivores can be 
either direct by affecting their physiology, or indirect by involving 
carnivorous natural enemies, which actively reduce the number of 
attacking herbivores [9]. Among the defense mechanisms, 

herbivore-induced plant volatiles (HIPVs) play an important role as they 
can contribute to both direct and indirect defense of the plant [10,11]. In 
addition, HIPVs can be perceived by intact parts of the attacked plant 
and by neighboring plants, which may enhance their resistance to future 
herbivory [12]. The qualitative and quantitative composition of HIPV 
profiles depends on the plant and herbivore species, their developmental 
stages and environmental conditions [13]. HIPVs are a diverse group of 
chemical compounds, which include terpenoids, fatty acid derivatives, 
volatile phenylpropanoids or benzenoids as well as sulfur- and 
nitrogen-containing compounds [11,14]. Volatile fatty acid derivatives 
include C6 aldehydes, alcohols and esters, which are commonly referred 
to as green leaf volatiles (GLVs) as they are emitted from plant leaves 
immediately after mechanical damage [6]. Terpenes and terpenoids are 
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classified (based on the number of isoprene subunits) into hemiterpenes 
(C5), monoterpenes (C10), sesquiterpenes (C15), homoterpenes (C11 and 
C16) and diterpenes (C20). They represent the most abundant group of 
secondary plant metabolites with several thousand isomers [15], and 
they can play a key role as airborne signals to attract herbivores or 
induce defense mechanisms in neighboring plants [16,17].

Two of the most commonly used analytical techniques for the anal
ysis of HIPVs are gas chromatography coupled to mass spectrometry 
(GC–MS) and proton transfer reaction mass spectrometry (PTR–MS). 
They are often used complementary because of their distinct advantages 
and limitations [18]. GC–MS is the method of choice for the qualitative 
analysis of complex gas mixtures containing a wide range of VOCs. GC 
separation combined with MS detection allows for the initial identifi
cation of compounds based on their retention times and mass spectra. 
However, to achieve adequate sensitivity, GC–MS requires sample pre
concentration, e.g. on an adsorbent followed by thermal desorption 
(TD). Therefore, the main disadvantages of TD–GC–MS include the 
considerable time required for sampling and analysis, limitations con
cerning the adsorbent material. such as incomplete adsorption or arti
facts, restriction to a single analysis per sample, and limited quantitative 
analysis, which is also time and resource consuming [19,20].

PTR–MS combines high sensitivity with the possibility of rapid 
quantification and real-time measurement [21]. It is based on proton 
transfer, typically from hydronium ions H3O+ as reagent ions, to organic 
molecules with a higher proton affinity than water. Since the major 
components of air are not ionized and the soft ionization technique re
sults mainly in the formation of protonated molecular ions, PTR–MS is 
highly sensitive to the detection of VOCs and allows their quantification 
at trace levels. When equipped with a time-of-flight mass spectrometer 
(TOF), it also offers high time resolution for full mass scans and high 
mass resolution [22,23]. Specifically, the most recent version demon
strates a mass resolution of over 10 000 m/Δm, combined with a 
sensitivity of up to 80 000 ccps/ppbV (ccps = corrected counts per 
second, ppbV = parts per billion by volume) and a detection limit as low 
as 0.5 pptV (parts per trillion by volume) [24].

The broad applicability of PTR–MS has been demonstrated in various 
research fields including atmospheric chemistry, plant studies, food 
science and medical applications [25]. Its suitability for monitoring 
defensive plant volatiles in response to herbivores or pathogens has been 
extensively reported for different species [26–38]. Since isomers cannot 
be separated by PTR–MS, it is mainly used to obtain temporal patterns 
and to quantify compound classes as the sum of isomeric HIPV. How
ever, in some cases, knowledge of the qualitative and quantitative 
composition of isomeric HIPVs and the detection of specific compounds 
may be critical. To overcome these limitations while maintaining the 
real-time characteristics of PTR–MS, several approaches have been 
developed to discriminate isomers, such as the use of alternating drift 
voltages [39] or different reagent ions like NO+ or O2

+ [40]. Both ap
proaches can be useful for a limited number of isomeric compounds but 
cannot compete with chromatography-based methods for the analysis of 
complex mixtures. Therefore, different separation systems have been 
coupled to PTR–MS, starting with conventional GC [41]. However, the 
hyphenation of PTR-MS with GC compromises its real-time analysis 
capabilities. Consequently, chromatography systems have undergone 
continuous optimization and acceleration to enable VOC analysis in 
“near” real-time. The first near real-time separation system consisted of 
a multi-capillary column (MCC) for the analysis of ketones and alde
hydes within a few minutes [42]. Simultaneously, a fastGC prototype 
was developed using a resistively heated MXT-1 column for the analysis 
of wine [43], monoterpenes [44], and natural gas trace compounds 
[45]. Both systems were small enough to be installed in PTR–TOF de
vices, but only the fastGC has been further developed and optimized. 
The commercially available fastGC add-on from IONICON has been 
applied to the analysis of biogenic VOCs emitted by plants [46,47], to 
food analysis of yeast [48] and gluten-free bread [49], to the separation 
of isomeric ketones relevant for breath analysis [50], and to the analysis 

of microbial VOCs [51]. For instance, the functional isomers 3-methyl
butanal, 2-pentanone and 3-methyl-1-butanol (C5H10O) were sepa
rated in less than 40 s, 3-octanone and 1-octen-3-ol (C8H16O) in less than 
75 s [51]. Depending on the column dimension, up to six monoterpenes 
(C10H14) were separated in less than 80 s [44] and less than 160 s [47], 
respectively. Applications of fastGC–PTR–MS have so far been limited to 
the separation of low to medium molecular weight VOCs. The analysis of 
VOCs with a higher molecular weight than monoterpenes by 
fastGC− PTR− MS is rarely documented, and the separation of high 
molecular weight isomers has not been reported at all in the literature. 
However, sesquiterpenes (C15H24) have also been shown to play an 
important role as HIPVs [52] and are usually accompanied by several 
isomers. First attempts to separate sesquiterpenes with the commercially 
available fastGC add-on from IONICON were not successful due to peak 
broadening [53].

In this study, the commercially available fastGC add-on integrated 
into a mobile PTR− TOF was modified and a method was developed that 
allows for the separation and analysis of VOCs across a broad range of 
volatility, including sesquiterpenes. The method was applied to and 
optimized for the analysis of HIPVs emitted by Acer platanoides in 
response to Anoplophora glabripennis (Motschulsky), known as the Asian 
longhorned beetle (ALB). The ALB is an invasive species originating 
from East Asia that causes enormous actual and potential damage in 
Europe and North America because it is a polyphagous wood-boring 
beetle with a long list of possible host trees [54]. A comprehensive 
study of volatiles emitted by different developmental stages of ALB was 
performed by Makarow et al. using TD–GC–MS [55]. Among the more 
than 200 emitted VOCs, five volatiles were identified as highly indica
tive of ALB infestation: the three sesquiterpenes cyclosativene, α-long
ipinene, copaene/α-cubebene, the monoterpene 3-carene, and the 
hydrocarbon 2,4-dimethyl-heptene [56]. The focus of the fastGC 
development in this study was on the separation of the three sesqui
terpenes, as they could be detected in 99 % of all measured ALB ovi
positions [56].

2. Materials and methods

2.1. Samples and sampling procedure

Plant emissions were measured with fastGC–PTR–TOF and 
TD–GC–MS directly on maple trees in an in-house quarantine breeding 
station. The quarantine breeding station was a 26 m² ventilated room 
with a temperature of 25 ± 2◦C and two chambers separated by metal 
grids (Fig. S 1). The chambers were equipped with LED plant lamps 
based on Samsung LM561c FULL Spectrum 3000/3500/5000K-LED-MIX 
(GrowArt Profitechnik für die Pflanzenzucht, Germany), which provided 
the full light spectrum required for indoor plant growth.

Larvae of the Asian longhorned beetle (Anoplophora glabripennis 
Motschulsky) were provided by the Julius Kühn-Institute (Braunsch
weig, Germany), where they were reared on nutrient medium. After 
eclosion, the beetles were housed in laboratory glass bottles and pro
vided with fresh leaves of maple trees (Acer platanoides) until they 
reached sexual maturity. They were then released onto Norway maples 
(Acer platanoides), the most widespread native maple species in Europe 
[57]. The trees were provided by a local tree nursery, where they were 
grown outdoors, then dug up and transported to the facilities of the 
H–BRS for the experiments. Upon arrival, they were potted, pruned after 
four days, and moved to separate chambers in the in-house quarantine 
breeding station after eight days. 19 days after excavation, two male and 
two female ALB beetles were released on a tree and allowed to repro
duce. VOCs emitted by the maples were sampled in situ from enclosed 
trunks of both, infested and uninfested maple trees. Following the 
method of Makarow et al., 10–20 cm of the trunk was wrapped with 
Nalophan® foil, stapled, and secured with foam padded lashing straps 
[6]. The foil was applied in the morning and removed in the afternoon of 
each measurement day, with measurements taken throughout the day. 
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For PTR–TOF measurements, an adapter was developed to ensure an 
airtight connection between the PTR inlet and the enclosed trunk (Fig. S 
2). To prevent particles from entering the instrument, the adapter was 
equipped with a PTFE syringe filter (5 µm, Carl Roth GmbH + Co KG, 
Karlsruhe, Germany). The inlet of the PTR–TOF consisted of a PEEK 
capillary (1 mm I.D.) heated to 120◦C with no additional inlet flow. For 
TD–GC–MS analysis, VOCs were enriched on Tenax® TA for 90 minutes 
at a flow rate of 30 mL/min using a portable air pump (Gilian GilAir 
Plus, Sensidyne, LP, FL, USA).

2.1.1. Herbivory by the Asian longhorned beetle
The complete life cycle of the ALB is described elsewhere [58,59], so 

only the developmental stages relevant to this study are briefly sum
marized. Copulation was observed on the day of beetle release, with 
oviposition starting a few days later. Measurements for the development 
and optimization of the fastGC–PTR–TOF were conducted 7–14 weeks 
after ALB exposure. Larval stages of ALB during the measurement period 
were estimated based on the temperature in the quarantine breeding 
station (25 ± 2◦C) and literature data. At 25◦C, larvae probably started 
feeding in the cambium about 2 weeks after oviposition [60], migrated 
to the phloem by about 3 weeks, and bored deeper into the xylem by 5 
weeks after oviposition [61]. Assuming this timeline, the first larvae had 
already reached the xylem by the beginning of the measurement period, 
while younger larvae and eggs may also have been present, as female 
beetles can live for several weeks and lay dozens of eggs during their 
lifetime [60]. Larval feeding was confirmed by the presence of frass 
extruding from oviposition pits.

2.2. Chemicals

For TD–GC–MS measurements, adsorbent tubes filled with approxi
mately 80 mg Tenax TA (60/80 mesh) (Buchem BV, Apeldoorn, 
Netherlands) and silanized glass wool (Merck KGaA, Darmstadt, Ger
many) were used. Nalophan foil (Kalle GmbH, Wiesbaden, Germany) 
made of polyethylene terephthalate (PET) was used to enclose the tree 
trunks. Analytical standards for verification (Table S 1) were dissolved 
in methanol (ROTISOLV® ≥ 99.98 %, Carl Roth GmbH + Co KG, 
Karlsruhe, Germany) and diluted to a concentration of approx. 5 ng/µL. 
1 µL of each standard was injected onto an adsorbent tube and dried by 
pumping nitrogen (5.0) through the tubes at a flow rate of 300 mL/min 
for 2 min.

2.3. FastGC–PTR–TOF

All experiments were performed with a compact and mobile 
PTR–TOF 1000 (IONICON Analytik GmbH, Innsbruck, Austria) using 
H3O+ as the reagent ion and a permeation source containing diiodo
benzene for internal mass calibration (PerMaSCal, IONICON Analytik 
GmbH, Innsbruck, Austria). The instrument was equipped with a com
mercial fastGC add-on (IONICON Analytik GmbH, Innsbruck, Austria) as 
described by Bsaibes et al. [47]. It consists primarily of a resistively 
heated column, a pneumatically operated two-position 10-port dia
phragm valve, a 0.5 mL sample loop made of passivated stainless steel, 
two mass flow controllers and a fastGC inlet system made of PEEK. 
Modifications to the fastGC are summarized in Table 1 and explained 
below.

2.3.1. FastGC modifications
Column modifications aimed to improve the resolving power by 

increasing the theoretical plate number (N) or decreasing the height 
equivalent to a theoretical plate (H), defined as H = L /N, where L is the 
length of a column. The commercially available fastGC add-on is 
equipped with a 10 m metal column with an inner diameter (I.D.) of 0.53 
mm. The column I.D. was reduced to 0.25 mm to increase the theoretical 
plat number (N) while maintaining the length of 10 m by employing a 
column-in-column approach. A fused silica capillary column (HP-5MS 

UI, 10 m × 0.25 mm × 0.25 µm, Agilent Technologies, CA, USA) func
tioned as the separation column and was embedded within a larger 
metal column (MXT, 10 m × 0.53 mm, Restek, PA, USA). The inner 
column was connected airtight to the inlet system and indirectly heated 
by the outer column. The encasing metal column was resistively heated, 
enabling fast heating and cooling rates. A similar strategy was previ
ously used by Boeker and Leppert for flow field thermal gradient gas 
chromatography, allowing very fast separations of less than one minute 
[62]. The first version (hereafter referred to as 0.25a) was optimized 
once during the evaluation phase by minimizing protruding segments of 
the inner column and by renewing the electrical contacts of the outer 
column (hereafter referred to as 0.25b). Both were compared to the 
commercially available system (in the following referred to as 0.53) 
with an MXT-5 column (10 m × 0.53 mm × 0.25 µm, Restek, PA, USA).

The carrier gas was changed to helium 5.0 (Westfalen AG, Münster, 
Germany) at a flow rate of 1.4–2.0 mL/min during the GC run to reduce 
the height equivalent to a theoretical plate (H) according to the van- 
Deemter-curve [63]. The column flow was supplemented with nitro
gen 5.0 (Westfalen AG, Münster, Germany) as make-up gas before 
entering the drift tube to reach the operating pressure inside the drift 
tube. N2 was chosen to avoid high concentrations of helium in the drift 
tube, which could change the ion chemistry inside the drift tube and 
cause discharges between the electrodes [64].

Further changes were made to the gas flow through the system, 
which runs from the inlet via a T-piece, the 10-port valve, the sample 
loop, and the column to the drift tube. In the original configuration [47], 
sample loop and GC column are backflushed in the valve OFF position 
(PTR–MS direct inlet mode). When the valve is switched to the ON po
sition (FastGC mode), the sample loop is injected into the column, 
reversing the gas flow direction through both components. In this study, 
valve connections were reconfigured to maintain a constant flow di
rection through the column (Fig. S 3). In addition, the two PEEK capil
laries connecting the GC column via the valve to the drift tube were 
replaced by a single capillary whose inner diameter was varied.

2.3.2. PTR ionization conditions
The ionization conditions were optimized in the direct inlet mode by 

varying the reduced electric field (E/N) from 60 to 140 Td (1 Td = 10− 17 

V cm2) in steps of 10 Td (2 min each) by applying different drift tube 
voltages. During fastGC runs, the gas composition in the drift tube is 
slightly different due to He as carrier gas and the absence of humidity 
and oxygen. The influence of He on the ion chemistry was minimized by 
using N2 as make-up gas. The effect of the altered gas composition on the 
ion chemistry was assessed by fastGC measurements performed over the 
range of 60–100 Td in steps of 10 Td (3 measurements each). The drift 
tube and the inlet system – including 10-port valve, sample loop, T- 
pieces, tubing, and the inlet block – were maintained at 120◦C to 
minimize adsorption effects of semi-volatiles. Unless otherwise stated, 
instrument settings were: 2.3 mbar drift pressure, 120◦C drift temper
ature, 315 V drift voltage, resulting in an E/N of 80 Td.

Table 1 
Modifications of the commercially available fastGC.

Parameter Original system Modified system

(a) Column I.D. IDGC 0.53 mm (0.53) 0.25 mm (0.25, 
Version a and b)

(b) Carrier gas ​ Nitrogen (N2) Helium (He)
(c) Connection of 

transfer lines
#TL Column → Valve → 

PTR Inlet
Column → PTR Inlet

(d) Transfer line I.D. IDTL 0.25 mm 0.13–0.18 mm
(e) Injection flow rate Qinj 6–10 mL/min (=

QGC)
5–10 mL/min

(f) Injection flow 
duration

tinj = GC measurement 
time

1–5 s

(g) Valve duration tON = GC measurement 
time

5–270 s

(h) Column flow rate QGC 6–10 mL/min 1.4–2.0 mL/min
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2.3.3. Analysis protocol
PTR–TOF data and mass spectra were acquired using ioniTOF 

v4.2.33.98 (IONICON Analytik GmbH, Innsbruck, Austria) in the m/z 
range of 15–277 (based on a pulse frequency of 80 kHz), at a scan speed 
of 1 s for direct inlet mode and 0.1 s for fastGC measurements.

At the beginning of each measurement day, background air in the 
quarantine breeding station was measured in direct inlet mode for at 
least 200 s, followed by sampling from the enclosed tree trunks. To 
ensure intra-day reproducibility of emissions, tree trunks were moni
tored in direct inlet mode until the analyte concentrations within the 
enclosure system reached steady state prior to fastGC measurements. Io 
addition, fastGC modifications and parameters were evaluated within 
one day or – if not possible – on consecutive days to minimize inter-day 
variability. Findings were verified by repeated measurements on 
different days, where necessary.

For fastGC measurements, the Sequencer 2.0.22 (IONICON Analytik 
GmbH, Innsbruck, Austria), integrated in the ioniTOF software, was 
programmed as visualized in Fig. 1. As the reduction in column I.D. from 
0.53 to 0.25 mm required a decrease in carrier gas flow rate during the 
GC run (Table 1), an injection step was introduced at an increased 
carrier gas flow rate at the beginning of the GC run for rapid sample 
infection. The analysis protocol consisted of [Step 1: Direct Inlet, 30 s] 
Data acquisition was started and emissions were measured in direct inlet 
mode while the sample loop was continuously flushed. [Step 2: Pre-run, 
10 s] Make-up gas flow was set to 20 mL/min and the GC column heater 
was reset. [Step 3: Inject, 1–5 s] The GC run was started by switching the 
valve to the ON position and injecting the sample loop at an elevated 
carrier gas injection flow rate (Qinj = 5–10 mL/min). The duration of the 
increased injection flow rate was defined by the injection flow duration 
(tinj = 1–5 s) and the time the valve remained in the ON position by the 
valve duration (tON = 5–270 s). The temperature ramp was started 
simultaneously with the GC run: The column was held at 40◦C for 30 s, 
heated to 70◦C within 40 s and held for 20 s, then heated to 110◦C within 
110 s, followed by heating to 120◦C within 10 s and held for 10 s. [Step 
4: Run, 270 s] Carrier gas flow was set to the actual column flow rate 
(QGC = 1.4–2.0 mL/min), kept at constant flow rate, and the valve was 
switched into OFF position as defined in Step 3 by tON. [Step 5: Stop run, 
1 s] Acquisition was stopped, carrier gas and make-up gas were turned 
off, and GC was disabled. The total analysis time was approximately 
5:15 min.

2.3.4. Data processing
Data were processed with PTR–MS Viewer (v3.4.6, IONICON Ana

lytik GmbH, Innsbruck, Austria) and OriginPro 2021b (v9.8.5.201, 
OriginLab Corporation, MA, USA). Relevant masses were initially 
selected based on direct inlet mode measurements, including only 
nominal masses with concentrations at least threefold higher at the 
enclosed tree trunk compared to the background air in the quarantine 
room. The mass spectral peaks of the selected masses, the reagent ions 
H3O+ and H2O•H3O+ (both quantified using their 18O isotopes at m/z 
21.02 and m/z 39.03), oxygen (O2

+, m/z 31.99), and the internal mass 
calibrant fragment C6H5I+ (m/z 203.94) were fitted with the Gaussian 
function and a two-point mass calibration was performed using the 18O 
isotope of the reagent ion H3O+ (m/z 21.02) and the internal mass 
calibrant fragment (m/z 203.94). The nominal masses were checked for 
the presence of distinguishable isobars (m/Δm = 1000–2000), and 
molecular formulas were generated from the exact mass under consid
eration of their isotope patterns. Product ions were tentatively divided 
into molecular, fragment and cluster ions according to their behavior at 
varying E/N (see section 2.3.2).

Plant volatiles were then identified on the basis of fastGC–PTR–TOF 
and TD–GC–MS data. FastGC–PTR–TOF data were used to identify mo
lecular formulas and compound classes based on the protonated mo
lecular ions, with the additional consideration of product ions, if 
detectable. Mass traces that exhibited multiple peaks in fastGC were 
checked for their exact mass at the peak apex to ensure the reliability of 
the generated mass formula. Co-eluting product ions were assumed to 
originate from the same compound if their peak shapes were identical 
and if the product ions were specific to the respective compound or 
compound class. The specificity was assessed by published product ion 
distributions of individual compounds and known dissociation channels 
of functional groups. Compounds that could be adsorbed on Tenax® TA 
were identified by TD–GC–MS data (section 2.4).

For fastGC development and optimization, only protonated molec
ular ions or, if the protonated molecular ion was weak or absent, the 
corresponding major fragments of compounds consistently detected 
throughout the measurement period were evaluated. Mass traces of 
plant volatiles, reagent ions and oxygen, along with key instrument 
parameters were further analyzed using OriginPro 2021b. As shown in 
Fig. 1, fastGC measurements comprised three phases: (I) direct inlet 
mode, (II) pre-run, and (III) fastGC run. Phases (I) and (II) were distin
guished by changes in make-up gas flow, phases (II) and (III) by the 
recorded GC run time reset. Due to irregular readout intervals of in
strument parameters (every 0.3–1.0 s) by the ioniTOF software, instead 
of the recorded GC run time, a calculated GC run time was used, based 
on equidistant steps corresponding to the MS scan interval (0.1 s) from 
the start of the GC run. Peaks obtained in the GC run (III) were analyzed 
with the OriginPro Peak Analyzer. Automatic peak detection was based 
on the first derivative method and peak filtering by height, following 
subtraction of the baseline using asymmetric least squares smoothing. 
Peak metrics including retention time (tR), height (H), area (A) and full 
width at half maximum (W0.5h) were extracted from non-smoothed data 
of corrected counts per second (ccps). Peak areas and heights were 
normalized to the corresponding signal measured in direct inlet mode, 
averaged over phase (I), hereafter referred to as H/DI and A/DI, to 
correct for potential intra- and inter-day variability. Resolution of 
adjacent isomers was calculated from the retention times (tR1 < tR2) and 
peak widths at half maximum (W0.5h1, W0.5h2) according to eq. (1). 

R = 1.18⋅
(

tR2 − tR1

W0.5h1 + W0.5h2

)

(1) 

To evaluate the effect of fastGC modifications and injection param
eters, peak metrics were analyzed for percentage changes and possible 
trends. Percentage changes Δ% were calculated for binary comparisons 
based on peak metrics of the modified compared to the initial version or 
setting, measured in double to four-fold determinations. To analyze 

Fig. 1. Analysis protocol including injection step consisting of the carrier gas 
flow being increased to the injection flow rate (Qinj) for a defined duration (tinj), 
followed by a decrease to the column flow rate during GC run (QGC). The valve 
duration (tON) defined the time the sample loop remained connected to 
the column.
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trends across multiple parameter values, linear regression analysis was 
performed with fastGC parameters as x-values and peak metrics as y- 
values. The slope of the linear regression following the function y = m⋅x 
+b indicated the direction and strength of a trend. To account for 
different orders of magnitude, normalized slopes m% (%/[parameter]) 
were calculated by dividing m by the mean of the respective peak metric. 
A trend (+/− ) was assumed to exist, if the slope differed significantly 
from zero and if it exceeded its standard error. Trends were classified as 
significant if m% was above +1 or below − 1 %/[parameter].

2.4. TD–GC–MS

For reference and further identification of VOCs, TD–GC–MS mea
surements were performed using a 7890B/5977B MSD GC–MS instru
ment (Agilent Technologies, CA, USA) coupled to a TD-unit from Gerstel 
(GERSTEL GmbH & Co.KG, Mülheim an der Ruhr, Germany). The GC 
was equipped with a HP-5MS capillary column (30 m × 0.25 mm × 0.25 
µm, Agilent Technologies, CA, USA). Helium 5.0 (Westfalen AG, 
Münster, Germany) was used as carrier gas at a constant flow rate of 1.2 
mL/min. The analysis was performed according to the method devel
oped by Makarow et al. [55]. Briefly, the TD was initially set to 30◦C, 
heated to 230◦C at 40◦C/min and held for 1 minute. The desorbed 
volatiles were transferred into a cooled injection system (CIS) at 240◦C, 

where they were trapped at − 120◦C, then heated to 250◦C at 12◦C/min 
and held for 3 minutes. The GC temperature program started at 35◦C for 
2 minutes, increased to 170◦C at 8◦C/min, then to 240◦C at 60◦C/min, 
and was held at 240◦C for 2 minutes. The analysis was carried out with a 
1:10 split, applied between CIS and GC. Mass spectra were recorded in 
electron impact mode (70 eV) over the m/z range of 35–400.

Data analysis was done with Agilent MassHunter Workstation 
Qualitative Analysis Version 10.0 (Agilent Technologies, CA, USA) and 
Quantitative Analysis – Unknowns Analysis Version 10.2 (Agilent 
Technologies, CA, USA). Peaks were detected by TIC analysis and 
identified by comparison of peak spectra with the National Institute of 
Standards and Technology (NIST) database 20 with a minimum match 
factor of 70. The compounds marked with a superscript ‘d’ in Table 2
were confirmed using authentic standards (Table S 1). The other com
pounds were checked for plausibility based on their retention indices 
and literature retention indices, obtained from the Retention Index Li
brary from National Institute of Standards and Technology (NIST 20).

3. Results and discussion

FastGC development was performed directly on enclosed trunks of 
Norway maples infested by ALB. First, relevant plant volatiles emitted 
from infested trunks were elucidated that could be utilized for the 

Table 2 
Compounds detected at the maple trunk 10 weeks after infestation with ALB. Retention time (tR), m/z values and molecular formulae refer to the product ions 
measured with fastGC–PTR–TOF, while compound names were mainly based on the identification with TD–GC–MS. m/z values in bold were visible throughout the 
entire fastGC development process. Compounds that were also detected at the similarly treated but non-infested maple were present at lower concentrations. Literature 
data for retention indices (RI lit.) are from NIST 20.

# tR (s) m/z Ion Compound Class Verified by 
TD–GC–MS

RI 
lit.

Visualized in 
Fig. 2

Non-infested 
maple

1 17.9 33.03 CH5O+ Methanol Alcohol ​ 354 (b) ×

2 17.8 45.03 C2H5O+ Acetaldehyde Aldehyde ​ 401 (b) ×

3 18.2 47.05 C2H7O+ Ethanol Alcohol ​ 427 (b) ×

4 21.6 42.03 C2H4N+ Acetonitrile Nitrile × 4 44 (c) ×

5 21.8 59.05 C3H7O+ Acetone Ketone × 4 87 (d) ×

6 22.5 74.06 C3H7NO+ Acetaldehyde O-methyl oxime b Oxime × 5 61 (c) ​
7 23.8 73.07 C4H9O+ 2-Butanone Ketone × 5 98 (b) ​
8 23.8 87.04 C4H7O2

+ 2,3-Butanedione Ketone × 5 95 (d) ​
9 24.1 61.03 C2H5O2

+ Acetic acid Carboxylic 
acid

× 6 10 (d) ×

10 26.8 57.07 a C4H9
+ Isobutanol Alcohol × 6 24 (c) ​

11 31.9 102.09 C5H12NO+ Butanal, O-methyl oxime b Oxime × 6 80 (c) ​
12 36.3 89.06 C4H9O2

+ Acetoin Ketone × 7 13 (b) ×

13 37.7 84.08 C5H10N+ 2-Methylbutyronitrile Nitrile × 7 23 (c) ​
14 45.3 116.11 C6H14NO+ 2-/3-Methylbutanal O-methyl oxime 

c
Oxime × n .a. (b) ​

15 46.7 73.07 a C4H9O+ 2,3-Butanediol Alcohol × 7 88 (b) ×

16 47.6 114.09 C6H12NO+ Unknown oxime 1 Oxime × n .a. (e) ​
17 48.8 103.08 C5H11O2

+ Unknown n.a. ​ n.a. (e) ​
18 56.1 114.09 C6H12NO+ Unknown oxime 2 Oxime × n .a. (e) ​
19 61.0 105.07 C8H9

+ Styrene Aromatic HC × 8 93 (e) ​
20 61.1 114.09 C6H12NO+ Unknown oxime 3 Oxime × n .a. (e) ​
21 67.3 137.13 C10H17

+ α-Pinene d MT × 9 37 (f) ​
22 69.3 137.13 C10H17

+ Camphene d MT × 9 52 (f) ​
23 71.6 107.05 C7H7O+ Benzaldehyde Aromatic HC × 9 62 (e) ×

24 73.5 137.13 C10H17
+ β-Pinene d MT × 9 79 (f) ​

25 76.1 137.13 C10H17
+ 3-Carene d MT × 1 011 (f) ​

26 82.6 93.07 a C7H9
+ p-Cymene d MT × 1 022 (f) ​

27 83.9 137.13 C10H17
+ Limonene d MT × 1 030 (f) ​

28 85.2 91.05 a C7H7
+ Benzyl alcohol Aromatic HC × 1 036 (e) ×

29 88.1 137.13 C10H17
+ γ-Terpinene MT × 1 060 (f) ​

30 106.6 151.15 C11H19
+ (E)-4,8-Dimethyl-1,3,7-nonatriene HT × 1 116 (f) ​

31 188.2 205.20 C15H25
+ α-Longipinene d ST × 1 353 (g) ​

32 195.1 205.20 C15H25
+ Cyclosativene ST × 1 368 (g) ​

33 200.1 205.20 C15H25
+ α-Copaene d ST × 1 376 (g) ​

34 244.1 119.09 
a

C9H11
+ α-Curcumene ST × 1 483 (g) ​

a Main fragment, used because protonated molecular ion was not or barely detectable.
b Match with NIST20 was below 90.
c Compound was not included in NIST20, tentative identification was based on mass spectra (EI and PTR) and literature data
d Identification was confirmed by authentic standards.
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subsequent evaluation of fastGC modifications and parameters. The 
optimized method was then applied to multiple tree trunks on different 
days to assess its analytical performance in terms of peak width and 
repeatability of retention times.

3.1. Exploration of relevant mass traces

In direct inlet mode at 80 Td, 167 integer masses were detected with 
concentrations at least three times higher on the infested maple trunks 
than background levels. Of these, 95 masses appeared in more than 80 % 
of measurements. These included protonated molecular ions, fragments, 
clusters, and their isotopes. In fastGC mode, 24 mass traces exhibited 
detectable peaks that could tentatively be assigned to protonated mo
lecular ions or major fragment ions. The compounds responsible for 
these masses are thoroughly delineated in section 3.2. The limited 
assignment of 24 out of 167 masses to protonated molecular ions in 
fastGC is due to the lower sensitivity compared to direct inlet mode and 
the ion chemistry of H3O+ reactions in PTR–MS.

Several factors contribute to reduced sensitivity in fastGC mode: 
sample dilution (e.g. by the addition of make-up gas), the necessity of a 
faster acquisition rate to obtain a sufficient number of data points across 
a peak, and the expression of concentrations as areas under the peak 
[44]. Furthermore, isomeric masses that combine into a single signal in 
direct inlet mode appear as separate peaks in GC, resulting in lower 
individual signal intensities.

Although PTR–MS is known for its soft chemical ionization, pro
tonated molecular ions are often not the only ion species generated from 
proton transfer. Depending on VOC molecular structure, functional 
groups and ionization conditions in the drift tube, various product 
channels result from the reaction of H3O+ such as simple proton addi
tion, association or dissociation [65]. The higher the proton affinity of a 
VOC, the higher is the excess energy after proton transfer and thus the 
more pronounced the fragmentation. For example, monoterpenes and 
sesquiterpenes show up to eight and twelve product ions, respectively, 
in addition to the respective isotopes [66]. The relative abundances of 
product ions can be partially shifted by adjusting the reduced electric 
field (E/N) inside the drift tube, which influences the reagent ion 
composition, the collision energy and reaction dynamics: lower E/N 
values reduce fragmentation but favor cluster formation [67]. To in
crease detection sensitivity of protonated molecular ions, this study 
aimed to minimize fragmentation by optimizing ionization conditions 
accordingly.

3.2. Identification of HIPVs

Identification of plant volatiles was initially based on fastGC mea
surements using the first developmental stage (0.25a). 34 compounds 
were detected by fastGC–PTR–MS and tentatively identified (Table 2), 
comprising four alcohols, one aldehyde, four ketones, one carboxylic 
acid, two nitriles, six oximes, three aromatic hydrocarbons (HC), seven 
monoterpenoids (MT), one homoterpene, four sesquiterpenoids (ST) and 
one compound of an unknown class. Compound identification relied on 
product ions observed in fastGC–PTR–MS, complemented by TD–GC–MS 
and under consideration of retention indices (for details see sections 
2.3.4 and 2.4). Both methods showed good agreement, although dis
crepancies were observed in the relative signal intensities. These dif
ferences are due to the characteristics of the ionization techniques (EI vs. 
PTR), the mass spectrometer design (quadrupole vs. TOF), and the 
sample injection methods.

The compounds detected at the ALB-infested maples could roughly 
be classified into lightweight oxygenated compounds, terpenoids, ben
zenoids and nitrogen-containing compounds, which belong to the major 
classes of HIPVs [14]. In comparison to HIPVs reported in the literature, 
which often include green leaf volatiles (GLVs) [17,34], compounds of 
this class were not found at the ALB-infested maple using 
fastGC–PTR–TOF. This may be due to the fact that measurements were 

performed on the trunk, and not on the foliage, where GLVs are mainly 
emitted when leaf tissue is disrupted [68].

The mass traces of relevant product ions are visualized as total ion 
chromatograms (TICs) and extracted ion chromatograms (EICs) in Fig. 2
(a)–(g). The TICs were categorized into three mass ranges: low (TICL: m/ 
z 40–100), medium (TICM: m/z 101–200) and high molecular weight 
(TICH: m/z 201–270), shown in Fig. 2 (a)) along with the reagent ion 
signals of H3O+ and H2O•H3O+, measured at their 18O isotope (m/z 
21.02 and 39.03, respectively). The EICs of the relevant mass traces in 
Fig. 2 (b)–(g) were divided into six plots based on concentrations and 
retention times.

The highest signals were observed for TICL with three distinctive 
peaks, followed by TICM with two significant peaks, one of which is 
coeluted with the third TICL peak, and several smaller peaks. Last, TICH 
fluctuates at the beginning, shows three small peaks around 200 s, and 
has an overall elevated baseline that rises slightly toward the end of the 
GC run. The elevated baseline was due to the main fragment C6H5I+ (m/ 
z 203.94) of the internal mass calibrant diiodobenzene and column 
bleeding caused by the elevated temperature at the end of the GC run.

The early eluting compounds contributing to the first TICL signal, 
ethanol (C2H7O+, m/z 47.05), acetaldehyde (C2H5O+, m/z 45.03), and 
methanol (CH4O+, m/z 33.03), shown in Fig. 2 (b), could not be 
confirmed by TD–GC–MS as they do not adsorb on Tenax® TA. These 
compounds were also detected at lower concentrations on the non- 
infested maple in the quarantine room. The massive release of meth
anol and acetaldehyde has been described for poplars upon leaf midrib 
wounding, and ethanol is reasonable since it is transported through the 
xylem [69]. Their high concentrations caused transient depletion of the 
reagent ions H3O+ and H2O•H3O+, which led to a distortion of the peak 
shape and the formation of water clusters and alcohol dimers, such as 
H2O•CH4O+ (m/z 51.04) and C2H4O•C2H5O+ (m/z 93.09). Similar re
agent ion depletion and dimer formation has been described for ethanol 
in wine samples analyzed by fastGC–PTR–TOF [43]. Concurrently 
eluting compounds such as acetonitrile (C2H5O+, m/z 47.05), acetone 
(C3H7O+, m/z 59.05), acetaldehyde O-methyl oxime (C3H8NO+, m/z 
74.06), 2-butanone (C4H9O+, m/z 73.07), 2,3-butanedione (C4H7O2

+, 
m/z 87.04), and acetic acid (C2H5O2

+, m/z 61.03) must be interpreted 
cautiously due to altered ionization conditions. Since the reagent ions 
stabilized after 5–6 s, later eluting compounds were not affected. The 
right shoulder of the first TICL peak could be attributed to isobutanol, 
shown in Fig. 2 (c), which undergoes dehydration upon proton transfer 
to form almost exclusively C4H9

+ (m/z 57.07) [67].
Prior to the second TICL peak, TICM shows a partially overlapping 

peak that could be assigned to a methylated oxime ether, primarily 
producing the protonated molecular ion C5H12NO+ (m/z 102.09). 
Although not previously reported in relation to ALB herbivory, oximes 
may play an important role in plant defense and communication [70]. 
The second largest TICL peak was dominated by acetoin (C4H9O2

+, m/z 
89.06), Fig. 2 (b). Acetoin is known as microbial volatile, but can also be 
produced by plants and insects [71]. Upon protonation, it undergoes 
dissociation and dehydration to form two major fragments C4H7O+ (m/z 
71.05) and C2H2O+ (m/z 43.02). Two product ions observed beneath the 
acetoin peak were assumed to be product ions of 2-methylbutyronitrile 
with C5H9N+ (m/z 84.08) being the protonated molecular ion and C4H9

+

(m/z 57.07) a fragment of it, as shown in Fig. 2 (b). 2-Methylbutyroni
trile is known as HIPV and is emitted, for example, by poplars during 
feeding by gypsy moths [72].

The third prominent TICL peak corresponds to the highest TICM 
signal and likely derived from oximes with the molecular formula 
C6H13NO, exhibiting the protonated molecular ion C6H14NO+ (m/z 
116.11) and several fragments, including C4H9

+ (m/z 57.07) and C5H9N+

(m/z 84.08) (Fig. 2 (c)). The peak shape of product ions were indicative 
of coelution, suggesting the presence of at least two constitutional iso
mers, which was confirmed by TD–GC–MS data. The spectral match of 
the observed EI mass spectra with 2-hexanone oxime in NIST 20 was 
below 80, despite being the first hit. Hence, it is reasonable to 
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hypothesize that the compounds in question are other oximes, such as 2- 
and 3-methylbutanal O-methyl oxime, which are known as HIPVs [70]. 
However, since they are not included in NIST 20 and not available as 
analytical standards, their identity could not be verified with certainty. 

The right shoulder of the third TICL signal was attributed to 2,3-butane
diol (Fig. 2 (b)), which undergoes dehydration upon ionization, yielding 
the fragment C4H9O+ (m/z 73.06) as the dominant species [73]. Anal
ogous to its precursor acetoin, 2,3-butanediol is mainly known as a 

Fig. 2. FastGC–PTR–TOF chromatograms of total ions (TIC) and extracted ions (EIC) of volatile organic compounds (VOCs) emitted from an ALB-infested maple 
trunk 10 weeks after beetle release: (a) TICs summed over all signals from m/z 40–100 (TICL), m/z 101–200 (TICM) and m/z 201–270 (TICH) and EICs of reagent ions. 
EICs of (b)–(d) early-eluting VOCs sorted by concentration; (e) subsequent eluting compounds; (f) monoterpenoids; (g) sesquiterpenoids. Dashed lines represent 
coeluting high-concentrated compounds and dotted lines represent fragments. The measurement was performed with version 0.25a and an injection step of 10 mL/ 
min for 3 s, followed by a column flow rate of 1.4 mL/min. Mass traces were smoothed with a 10-point Savitzky-Golay filter for visualization.

J. Braun et al.                                                                                                                                                                                                                                   Journal of Chromatography A 1759 (2025) 466236 

7 



microbial volatile [71].
The major peaks were followed by smaller ones in TICM and TICH. As 

shown in Fig. 2 (e), three peaks were detected at m/z 114.09 
(C6H12NO+), with a fragment at m/z 83.07 (C5H9N+, not shown). They 
are expected to belong to the compound class of oximes as they show the 
highest match with cyclobutane O-methyl oxime in TD–GC–MS analysis. 
However, reliable identification was not possible due to the limited 
number of oximes in NIST 20. Further compounds detected and shown 

in Fig. 2 (e) were assigned to styrene at m/z 105.07 (C8H9
+), benzalde

hyde at m/z 107.05 (C7H7O+), and benzyl alcohol, appearing as the 
dehydrated fragment at m/z 91.05 (C7H7

+) [74].
Fig. 2 (f) shows several monoterpenes with protonated molecular 

ions at m/z 137.13 (C10H17
+ ) and major fragments at m/z 81.07 (C8H9

+). 
The emission of monoterpenes upon herbivory has been described for 
several species including ALB [56]. The peak at m/z 91.09 (C7H9

+) may 
be a fragment of p-cymene, although the molecular ion at m/z 135.12 

Fig. 3. Effect of fastGC modifications and parameters on peak metrics of HIPVs emitted by ALB-infested maple trunks. Effects were quantified as percentage changes 
(Δ%) in retention time (tR), normalized peak height (H/DI), normalized peak area (A/DI) and peak width at half maximum (W0.5h) upon: (a) reducing the column I.D. 
from 0.53 to 0.25 mm (version 0.25b), (b) changing the carrier gas from nitrogen (N2) to helium (He), (c) connecting the transfer line directly to the inlet block 
instead of passing the valve, (d) reducing the transfer line I.D. from 0.25 to 0.18 mm, (e) increasing the injection flow rate from 5 to 10 mL/min, (f) extending the 
injection flow duration from 3 to 5 s, and (g) reducing the valve duration from 10 to 5 s for a reduction of the injection volume. For (h), varying the column flow rate 
during GC run between 1.4 and 2.0 mL/min, the relative slope (m%) per additional 0.2 mL/min is shown. Results are presented for individual compounds (n = 24), 
their average (Mean all), and the average for sesquiterpenes only (Mean 205.20). Positive effects (shown in blue) are defined by a decrease in tR or W0.5h, and an 
increase in A/DI or H/DI, and negative effects (red) vice versa. The total effects (+/− ) reflect the mean value of all peak metrics, with tR and W0.5h contributing with 
opposing signs. In addition, N% gives an overview of the relative proportion of compounds that were positively or negatively affected. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article).
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(C10H15
+ ) was barely detectable. In addition, (E)-4,8-dimethyl-1,3, 

7-nonatriene (DMNT) was detected with its protonated molecular ion at 
m/z 151.15 (C11H19

+ ). DMNT has not been reported to be emitted by 
ALB-infested maples, but has been described as a plant volatile released 
upon abiotic and biotic stress [32,34,69].

Finally, three sesquiterpenes were detected with protonated molec
ular ions at m/z 205.20 (C15H25

+ ) and several fragment ions such as m/z 
149.13 (C11H17

+ ) and m/z 121.10 (C9H13
+ ), shown in Fig. 2 (g). These 

three sesquiterpenes are of great importance as they give a very strong 
indication of ALB infestation [56]. Efforts to improve the resolution by 
fastGC optimization are discussed in section 3.3. The final peak at m/z 
119.09 (C9H11

+ ) corresponded to the major fragment of α-curcumene, 
whose protonated molecular ion at m/z 203.18 (C15H23

+ ) was barely 
detectable; α-curcumene has also been observed at ALB-infested maples 
[56].

Most protonated molecular ions exhibited the highest signal in
tensity when using a reduced electric field of 60–80 Td in both direct 
inlet and fastGC mode, as illustrated for some VOCs in Fig. S 4. However, 
lowering E/N significantly decreased the intensity of the C6H5I+ frag
ment of the internal mass calibrant. To maintain a reliable mass cali
bration, a reduced electric field of 80 Td was chosen for fastGC 
development.

3.3. fastGC development

The chromatographic separation prior to PTR–TOF detection was 
optimized through a combination of hardware modifications to the 
commercial fastGC system and systematic adjustments to injection and 
chromatography parameters (Table 1). The primary objective of fastGC 
development was to improve the resolution of isomers without extend
ing GC run time. Therefore, the widths at half height (W0.5h) were sought 
to be minimized while maintaining or even reducing retention times 
(tR). Simultaneously, detection sensitivity in fastGC mode – relative to 
direct inlet mode – was attempted to be enhanced by maximizing peak 
heights (H/DI) and areas (A/DI), normalized to the average signal 
measured in direct inlet mode immediately prior to each GC run. The 
normalization enables comparability across different PTR-TOF in
struments, regardless of their intrinsic sensitivity. In the following, the 
quality of a peak is defined by its height and width.

Fig. 3 illustrates the effect of evaluated fastGC modifications and 
parameters on the peak metrics of HIPVs consistently detected on maple 
trunks 2–3 months after ALB infestation (highlighted in bold in Table 2). 
The dataset underlying this figure is available in the supplementary 
material (Tables S 3–10).

The effect of all modifications and parameters on peak metrics is 
discussed in detail in the following sections. FastGC optimization efforts 
focused on sesquiterpenes, whereby similar or even better results should 
also be achieved for compounds with higher volatility. For this purpose, 
the overall effect on all compounds was evaluated, with two represen
tative plant volatiles of different volatilities – methanol (CH5O+, m/z 
33.03) and benzaldehyde (C7H7O+, m/z 107.05) – examined in more 
detail where appropriate. Furthermore, oxygen was incorporated in the 
fastGC development process. Since oxygen traverses the column without 
interactions, it can be used as a reference point for peak alignment [47], 
allows the determination of column dead time, and provides an estimate 
of injection speed and duration based on peak height and width at the 
integration boundary (W0h).

3.3.1. Inner diameter of the column
The reduction in column I.D. (IDGC) underwent two stages of 

development (0.25a and 0.25b) and was evaluated using already opti
mized injection parameters. Sesquiterpene peak widths were reduced by 
an average of 17 % in the first stage of development (0.25a) and by 
additional 32 % in the second stage (0.25b) (Table S 2). The improved 
peak sharpness was accompanied by an increase in normalized peak 
height by 28 % (0.25a) and additional 47 % (0.25b), respectively. In 

addition, sesquiterpenes eluted 20–23 seconds earlier using both ver
sions 0.25a and 0.25b, leading to a 10% faster GC run time. Comparing 
the final version (0.25b) to the original system (0.53), the reduction in 
IDGC resulted in the greatest improvement of all modifications and pa
rameters in terms of sesquiterpene peak metrics (Mean 205.20, +34 %, 
Fig. 3 (a)).

The reduced peak widths led to a significantly higher resolution, as 
shown by the ion chromatograms of the protonated molecular ion (m/z 
205.20) in Fig. 4 (a). Using the commercially available fastGC system 
(0.53), α-longipinene (LP) was partially resolved, while cyclosativene 
(CS) and α-copaene (CP) co-eluted with complete peak overlap. 
Reducing IDGC to 0.25 mm, while maintaining an equivalent stationary 
phase, improved the resolution from 1.48 (±0.07) to 2.07 (±0.15) for 
LP/CS and from 0.28 (±0.22) to 1.04 (±0.04) for CS/CP in the first 
development stage (0.25a, Fig. 4 (d)). Further improvements in column 
design (0.25b) led to an additional increase in resolution by 10 % for LS/ 
CS and 23 % for CS/CP – yielding final resolution values of 2.28 (±0.02) 
and 1.28 (±0.09), respectively (Table S 2). As a result, baseline sepa
ration was achieved for LP/CS and partial separation for CS/CP.

The mean effect of the reduced IDGC on other HIPVs detected at ALB- 
infested maple trunks was also found to be positive (Mean all, +15 %, 
Fig. 3 (a)). The majority of compounds exhibited narrower and higher 
peaks, such as benzaldehyde with a 74 % increase in normalized height 
and a 39 % reduction in peak width (Table S 3). However, the quality of 
peaks deteriorated for 25 % of the detected compounds. This effect 
became more pronounced for highly volatile compounds, e.g. methanol 
showed a 21 % lower and 24 % broader peak. In addition, all compounds 
eluted on average 18 % earlier with a higher effect the earlier the elution 
(Fig. 3 (a)).

In summary, the effect of the IDGC on the peak quality was shown to 
depend on compound volatility. Most compounds were positively 
affected by a smaller column I.D., showing higher and narrower peaks. 
However, highly volatile compounds with low affinity to the stationary 
phase were adversely affected. For these compounds, the smaller col
umn dimensions, which required a reduction in carrier gas flow rate 
during the GC run, compromised peak quality. Nevertheless, the total 
effect on the analysis of most compounds was positive, with substantial 
improvements in resolution, sensitivity relative to the direct inlet mode, 
and GC run time of sesquiterpenes.

3.3.2. Carrier gas
The influence of the carrier gas type (He vs. N2) on peak quality was 

investigated using version 0.25a, prior to the optimization of the in
jection step. Changing the carrier gas type from nitrogen (N2) to helium 
(He) had the second highest impact on the peak metrics of sesquiter
penes (Mean 205.20, +20 %, Fig. 3 (b)). The peak quality improved 
considerably due to an increase in peak height by 44 % and a decrease in 
the peak width by 26 %. The narrower peak shape of the sesquiterpenes 
resulted in an average improvement in resolution of 34 % (Fig. 5 (b)).

However, most of the other detected compounds were adversely 
affected by using helium as carrier gas without having optimized the 
injection step (Mean all, − 25 %, Fig. 3 (b)). The negative effect was 
mainly driven by an increase in retention time and peak width, with a 
greater impact the earlier a compound eluted. While the retention time 
of sesquiterpenes remained almost unchanged, benzaldehyde and 
methanol eluted 19 % and 122 % later, respectively (Table S 4). This 
trend, along with the diminished peak quality observed for 42 % of the 
compounds, which manifested as smaller and broader peaks, can be 
attributed to an inadequate injection step. This hypothesis is supported 
by the observation that the effect was intensified at higher injection flow 
rates (Table S 4). On the one hand, the recorded carrier flow rate during 
injection was significantly higher with N2. The difference may be partly 
due to the higher viscosity of He [75]. On the other hand, the elevated 
injection flow rate was held for only 1 s, which was insufficient to adjust 
to the set value. Consequently, the duration of the elevated injection 
flow was extended during the optimization of the injection step (see 
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section 3.3.6).
Similar to IDGC, the use of helium as carrier gas improved the peak 

quality of sesquiterpenes, but adversely affected highly volatile com
pounds. In contrast to IDGC, the negative effect was more pronounced 
because an unsuitable injection step was used, thereby emphasizing the 
importance of its optimization. Since the analysis of sesquiterpene was 
the primary objective of this study, helium was selected for further 
optimization of the fastGC.

3.3.3. Transfer line
The transfer line connecting the GC column to the PTR drift tube was 

modified by replacing the two PEEK capillaries with a single capillary 
(#TL) of variable I.D. that connects the column directly to the inlet block 
instead of passing the 10-port valve (Fig. S 3). This configuration 
shortened the transfer path and allowed the disconnection of the sample 
loop from the column while the GC measurement continues (see section 
3.3.7).

Replacing the two capillaries with a single one of the same I.D. led to 
moderate improvements of the peak metrics averaged over of all com
pounds (Mean all, +4 %, Fig. 3 (c)). Most compounds showed peaks that 
were on average 5 % higher and eluted 4 % earlier, with minor re
ductions in peak widths (− 2 %). Unlike IDGC and carrier gas type, the 
effects were rather consistent across compounds of varying volatility, 
except for the reduction in retention time, which slightly increased the 
later a compound eluted. As a result, relative sensitivity for fastGC 
detection was slightly enhanced, while resolution remained unaffected.

The I.D. of the transfer line (IDTL) affected both GC run time and peak 
quality. Most compounds showed higher retention times as IDTL 

decreased. Despite similar reductions in cross-sectional area (− 48 %), 
the reduction from 0.18 to 0.13 mm showed a greater effect on the 
retention time (+14 %) than the reduction from 0.25 to 0.18 mm (+9 %, 
Table S 6). The normalized heights and areas of most compounds were 
highest at an IDTL of 0.25 mm and decreased with decreasing diameter. 
For example, the normalized peak height of methanol was reduced by 4 
% or 20 % when IDTL was changed from 0.25 mm to 0.18 or 0.13 mm, 
respectively. In contrast, the normalized heights of benzaldehyde and 
the sesquiterpenes were increased by up to 23 % when IDTL was reduced 
from 0.25 to 0.18 mm, while being decreased by up to 13 % when 
further reducing IDTL from 0.18 to 0.13 mm. The effect on peak widths 
varied across all compounds, but most compounds showed the nar
rowest peaks at an IDTL of 0.18 mm. Notably, the peak width of the three 
sesquiterpenes was reduced by up to 14 % when using 0.18 mm instead 
of 0.25 mm, improving their resolution by 9 % (LP/CS) and 22 % (CS/ 
CP), as shown in Fig. 4 (c). This likely resulted from a higher pressure at 
the column outlet, enhancing analyte interaction with the stationary 
phase.

In summary, the dimensions of the transfer line affected the peak 
metrics of the detected volatiles, with the highest impact on retention 
time, which increased with length and reduced diameter. The length 
also affected the peak heights of all compounds and should therefore be 
minimized. This becomes particularly important when the fastGC is 
operated at temperatures exceeding the PTR component temperature 
limit of 120◦C to avoid the transfer line additionally acting as a cold 
spot. In contrast, the effect of the inner diameter varied depending on 
the compound, with IDTL of 0.18 mm yielding the best resolution and 
sensitivity for the detection of sesquiterpenes with fastGC.

Fig. 4. FastGC–PTR–TOF ion chromatograms of the protonated molecular ion C15H25
+ (m/z 205.20) of sesquiterpenes, shown for the fastGC modifications with the 

highest effect on sesquiterpene resolution. The modifications included: (a) column inner diameter (0.53 mm and 0.25 mm; versions 0.25a and 0.25b), (b) carrier gas 
type (N2 and He) using version 0.25a, (c) inner diameter of the transfer line connecting the column to the inlet block using version 0.25a. Signals were normalized to 
the mean signal measured in direct inlet mode. Percentage changes (Δ%) in peak resolution (d) were averaged across both sesquiterpene pairs (LP/CS and CS/CP) 
with changes marked by * indicating significant uncertainty due to complete peak overlap using the initial fastGC version (0.53).
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3.3.4. Injection step
The fastGC modifications described above required the imple

mentation of an injection step at an elevated injection flow rate. In 
particular, the reduction of the inner diameter from 0.53 to 0.25 mm 
necessitated a corresponding decrease in the volumetric column flow 
rate during the GC run from 6–10 to 1–2 mL/min to maintain an 
appropriate linear flow for chromatography. Injecting the sample at the 
reduced flow rate prolongs its transfer from the sample loop onto the 
column, resulting in peak broadening. This effect was assessed using the 
oxygen peak. Since oxygen is not retained by the stationary phase of the 
separation column, its height and width were used as a measure of the 
injection speed and duration. At a constant column flow rate of 1.6 mL/ 
min, the total peak width (W0h) of oxygen was 10.3 ± 0.4 s. Increasing 
the flow rate to 1.8 mL/min or 2.0 mL/min reduced the peak width by 5 
% or 19 % (Fig. 5 (a) ‘Constant flow’), and increased the peak height by 
10 % or 13 %, respectively (Fig. 5 (b) ‘Constant flow’). However, high 
carrier gas flow rates during the GC run compromise the column effi
ciency (section 3.3.8).

To decouple injection speed from GC separation, an injection step 
was introduced that consisted of an increased injection flow rate at the 
beginning of a GC run for a defined duration (Fig. 1). In addition, the 
modifications described in section 3.3.3 allow the injected sample vol
ume to be reduced by disconnecting the sample loop while continuing 
the GC measurement. The injected volume Vinj(mL) is defined by: 

Vinj = 1
/
60⋅

(
tinj⋅Qinj +

(
tON − tinj

)
⋅QGC

)
(2) 

where tinj (s) is the injection flow duration at elevated injection flow rate 
Qinj(mL /min), tON(s) is the valve duration, which corresponds to the time 
the sample loop remains connected to the column, and QGC(mL /min) is 
the column flow rate during the GC run. To inject the entire sample 
volume, Vinj must be equal to or greater than the loop volume.

The influence of each injection parameter (as defined in eq. (2)) on 
peak quality and GC run time is discussed in sections 3.3.5–3.3.8. In 
addition to percentage changes as shown in Fig. 3 (e–g), relative slopes 
of peak metrics, linearly fitted over the respective injection parameter 
range, were calculated (see section 2.3.4) and evaluated.

3.3.5. Injection flow rate
Increasing the injection flow rate resulted in taller and narrower 

oxygen peaks, thus accelerated injection. For instance, increasing the 
carrier gas flow rate for injection from 1.6 mL/min to 5 or 10 mL/min 
reduced the oxygen peak width by 16 % or 31 % when held for 3 s, and 
by 31 % or 59 % when held for 5 s, respectively (Fig. 5 (a) ‘Injection 
step’). The reduced peak width was inversely proportional to the peak 
height of oxygen that was approximately doubled when injecting at 10 
mL/min for 5 s (Fig. 5 (b)).

The influence of the injection flow rate (Qinj) on peak quality of 
HIPVs emitted by ALB-infested maple trunks was evaluated in the range 
of 5–10 mL/min, held for 5 s at the beginning of the GC run. Both fastGC 
versions, 0.25a and 0.25b, showed congruent trends for relative slopes 
(m%) of the peak metrics, linearly fitted over Qinj. To facilitate compa
rability with other modifications, the following results refer to the mean 
values of the percentage changes (Δ%) resulting from increasing Qinj 

from 5 to 10 mL/min.
Injecting at 10 mL/min compared to 5 mL/min, had the second 

highest positive effect on the peak metrics of all detected compounds 
(Mean all, +14 %, Fig. 3 (e)), mainly resulting from increased normal
ized peak heights and reduced retention times. In contrast to the 
reduction in IDGC, which had a similar total effect (Mean all, +15 %, 
Fig. 3 (a)), the injection flow rate predominantly improved the peak 
metrics of highly volatile compounds. For example, methanol eluted 28 
% earlier, with a peak increased in normalized height by 52 % and 
decreased in width by 31 % (Table S 7). In contrast, minor or incon
clusive effects were observed for less volatile compounds. While the 
retention times of benzaldehyde and sesquiterpenes increased equally 
by 2 %, the effect of Qinj on their peak quality differed. Benzaldehyde 
increased in normalized height and decreased in width, whereas the 
sesquiterpene increased in both normalized height and width, which 
slightly decreased their resolution by 3% on average.

3.3.6. Injection flow duration
Similar to Qinj, increasing the injection flow duration (tinj) acceler

ated the injection. Extending tinj from 3 to 5 s at an injection flow rate of 
5 mL/min changed the oxygen peak width and height by − 27 % or +11 
%, respectively (Fig. 5 (a) ‘Injection step’). At 10 mL/min, the effect was 
even more pronounced and changed width and height by − 40 % and 
+41 %, respectively.

The effect of tinj on detected HIPVs was evaluated across a range of 
1–5 s, using an injection flow rate of 10 mL/min and fastGC version 
0.25a. Increasing tinj from 1 s up to 5 s reduced the retention time for 83 
% of the detected compounds by an average of 6.3 % per additional 
second (Table S 8). Limiting the range to 3− 5 s revealed an even 
stronger effect (− 11.1 %/s), attributable to the response time of the 

Fig. 5. Peak width and height of oxygen, when working at a constant carrier 
gas flow rate of 1.6–2.0 mL/min, with an injection step using an elevated flow 
rate for 3 or 5 s, followed by a flow rate of 1.6 mL/min during GC run, and with 
the column version 0.25b. Percentage changes refer to the peak height and 
width when working at a constant flow of 1.6 mL/min.
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MFC. As noted in section 3.3.2, tinj of 1 s was not sufficient for the carrier 
gas flow rate to stabilize at the set value. The MFC required approxi
mately 1.5 s to stabilize at the set flow rate; therefore, tinj was set to a 
minimum of 3 s.

Increasing tinj from 3 to 5 s had a positive mean effect on peak metrics 
(Mean all, +12 %, Fig. 3 (f)), comparable to Qinj. The reduction in 
retention time was accompanied by an enhancement in peak quality for 
most compounds with peak heights increasing on average by 18 % and 
peak widths decreasing by 4 %. Similar to Qinj, the effect was more 
pronounced for more volatile compounds. For example, methanol 
showed a change in tR of − 18 %, in H/DI of +41 %, and in W0.5h of − 21 
% (Table S 8). In contrast, the sesquiterpenes eluted on average 8 % 
earlier and increased marginally in height and width by 4 % and 2 %, 
respectively, resulting in a slightly decreased resolution.

The results from Qinj and tinj demonstrated the effectiveness of the 
injection step in accelerating sample transfer from the loop onto the 
column. The majority of compounds exhibited substantial improvement 
in peak quality, with the most pronounced effects on highly volatile 
compounds. However, the injection step slightly diminished the reso
lution of sesquiterpenes, which was considered negligible in this study 
given the overall gain in performance for more volatile compounds.

3.3.7. Valve duration
The valve duration (tON), defined as the time the sample loop remains 

connected to the column, serves two purposes. The sample loop can 
either be disconnected during injection to reduce the injected sample 
volume or after injection to minimize peak broadening of compounds 
that may adsorb on the inner walls of the sample loop. Both approaches 
were evaluated by varying tON in the range of 5–30 s, combined with an 
injection flow of 5 mL/min for 3 s using version 0.25a.

Disconnecting the sample loop after 5 s reduced the injected sample 
volume from 0.5 mL to ~0.3 mL according to eq. (2). This resulted in 
normalized peak areas being reduced by an average of 41 % across all 
compounds (Table S 9). The reduced peak areas manifested predomi
nantly as a reduction in peak widths, which decreased on average by 39 
%, and to a lesser extent as a reduction in peak heights, which decreased 
by 9 % (Fig. 3 (g)). The effect on peak metrics was observed to depend on 
volatility, with the effect on peak width decreasing with lower volatility, 
while the effect on peak height increased. Highly volatile compounds 
showed narrower peaks while their normalized peak heights remained 
the same or increased. For example, the methanol peak was up to 44 % 
narrower and 8 % higher. In contrast, benzaldehyde was reduced in 
width and height by 39 % and 16 %, whereas the sesquiterpene peaks 
were reduced on average by 9 % and 44 %, respectively.

Using tON that was sufficiently long to inject the sample loop volume 
completely, only small or insignificant effects on the peak metrics were 
observed (Table S 9). Therefore, adsorption within the sample loop 
could be neglected for the volatiles analyzed in this study.

In conclusion, reducing the injected sample volume bears the po
tential to increase resolution by reducing the peak width. In particular, 
highly volatile compounds benefit from a smaller sample volume as they 
show narrower peaks with negligible changes in height. Less volatile 
compounds, however, were mainly reduced in their peak heights, so that 
improvements in resolution could not compensate for sensitivity losses.

3.3.8. Column flow rate during GC run
The effect of the column flow rate during GC run (QGC) was evaluated 

in the range of 1.4–2.0 mL/min using an injection step of 10 mL/min for 
5 s and fastGC version 0.25b. Instead of percentage changes, the effect 
was quantified based on the relative slopes (m%) of the peak metrics per 
additional 0.2 mL/min.

Most compounds eluted on average − 1.3 % per additional 0.2 mL/ 
min earlier, with a tendency towards 2.0 % higher and 0.1 % narrower 
peaks (Table S 10). Retention and peak quality of compounds with 
different volatility were affected to varying degrees. For instance, 

methanol eluted 1.4 %/(0.2 mL/min) earlier, whereas benzaldehyde 
and the sesquiterpenes eluted 2.5 %/(0.2 mL/min) earlier, resulting in a 
run time being decreased by 4 s per additional 0.2 mL/min carrier gas 
flow. The peak quality of highly volatile compounds improved with 
increasing QGC, with methanol showing 2.2 % higher and 0.8 % nar
rower peaks per additional 0.2 mL/min. In contrast, peak widths of 
sesquiterpenes increased on average by 2.3 %/(0.2 mL/min) with 
negligible changes in peak height. Overall, the highest peaks for the 
majority of compounds were obtained at a flow rate of 2.0 mL/min, 
while the peak width was lowest for most compounds at 1.6–1.8 mL/min 
and for sesquiterpenes at 1.4–1.6 mL/min.

The best compromise in terms of fastGC hardware and parameters for 
the analysis of HIPVs with a focus on sesquiterpenes, while maintaining 
good results for more volatile compounds, included an injection step of 
10 mL/min for 5 s, a valve duration of 10 s for complete sample injec
tion, and a GC column flow rate of 1.6 mL/min. FastGC version 0.25b 
was used for subsequent studies, with the column outlet directly con
nected to the inlet block via a 0.18 mm PEEK capillary, and He as carrier 
gas, supplemented by N2 as make-up gas.

3.4. Chromatographic performance

The developed fastGC–PTR–TOF method was applied to four trunks 
of an ALB-infested maple on three different days to assess its chro
matographic performance and repeatability of retention times. For this 
purpose, peak widths at half maximum (W0.5h) and the relative standard 
deviations (RSD) of retention times were evaluated per trunk (1 day, 1 
trunk), per day (intra-day: 1 day, 2 trunks) and across multiple days 
(inter-day: 3 days, 4 trunks).

The peak widths did not vary significantly between different trunks 
and days, therefore, only the inter-day W0.5h is shown in Table 3. On 
average, the inter-day W0.5h was 1.5 ± 0.4 s across all compounds and 
exhibited a retention time-dependent trend: early-eluting compounds, 
which were weakly retained by the column, had peak widths around 2 s, 
while later-eluting compounds exhibited smaller widths (0.5–1.5 s). This 
variation may be attributable to concentration differences, the injection 
step and the interaction with the stationary phase. Low-concentrated 
compounds tend to exhibit smaller and sharper peaks, such as the first 
peak of C6H12NO+ (m/z 114.09) with a peak width of 0.3 ± 0.1. As 
noted in sections 3.3.5–3.3.6, the peak quality of highly volatile com
pounds with low affinity toward the stationary phase was largely 
determined by the injection step: the faster and shorter the injection, the 
narrower the peaks. In contrast, compounds with higher affinity toward 
the stationary phase were mainly influenced by column efficiency. In 
this study, injection step and column efficiency were almost balanced, 
with peak widths ranging from 0.3–3.1 s for all compounds. The peak 
width of 1.0 ± 0.2 s for α-longipinene (LP) and 1.3 ± 0.1 s for both 
cyclosativene (CS) and α-copaene (CP) resulted in a resolution of 2.6 ±
0.3 (LP/CS) and 1.3 ± 0.2 (CS/CP), respectively.

The intra-day RSD of retention time across all compounds was 
1.2–1.9 % per trunk and 1.4–1.9 % per day, generally being higher for 
early-eluting compounds. Given that the standard deviations (SD) for all 
compounds ranged from 0.2 to 0.9 s, the observed variation in RSD can 
be attributed to the different retention times, with the same SD resulting 
in higher RSD for compounds with shorter retention times. The precision 
of retention time was primarily influenced by the injection system and 
the accuracy of temperature and carrier gas flow rate. Since an auto
matic temperature calibration preceded each GC run and the column 
temperature kept constant during the initial 30 s, the precision in 
retention time of early-eluting compounds was predominantly con
strained by the injection step. The accuracy of this step was substantially 
influenced by instrumental uncertainties associated with the 
fastGC–PTR–TOF and its components. As mentioned in section 2.3.4, 
instrument parameters were recorded at irregular intervals by the ion
iTOF software. This resulted in a potential uncertainty of up to ±0.3–1.0 
s when starting the GC run and setting the flow rates. The observed SD of 
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0.2–0.5 s for early-eluting compounds was below the potential uncer
tainty, thereby supporting the data evaluation strategy applied in this 
study [47].

The RSD of later-eluting compounds (> 48 s) was below 1 % for 
intra-day measurements, but increased approximately fourfold for 
measurements conducted on different days (Table 3). Given that the 
ambient conditions in the quarantine room did not change significantly 
between different days and only compounds eluting after 40 s exhibited 
a higher inter-day than intra-day RSD, it is hypothesized that un
certainties in the temperature control of the resistively heated column 
are the most probable cause for the increased inter-day RSD. This hy
pothesis is further substantiated by the observation that the inter-day SD 
increased with increasing retention time, i.e. the higher the column 
temperature, the greater the uncertainty. Consequently, the automatic 
temperature calibration applied prior to each GC appeared to be insuf
ficient to mitigate inter-day variability.

The consequences of uncertainty in retention time reproducibility 
between different days became particularly evident for the sesquiter
penes. The retention times differed by 5.1 ± 0.2 s for LP/CS and by 2.8 ±
0.2 s for CS/CP. The inter-day RSD of retention time (3.3–3.4 s) excee
ded the relative difference between these isomers, making reliable 
identification based on retention time alone difficult. The assessment of 
fragmentation could serve as a means to support identification, as the 
relative abundances of their product ions vary. For instance, the ses
quiterpenes exhibited distinct relative abundancies of the fragments 
C11H17

+ (m/z 149.13), C9H15
+ (m/z 123.12) and C9H13

+ (m/z 121.10) 
(Fig. 2 (g)). However, the quantification of less abundant fragments may 
not be feasible at low concentrations. These findings suggest that 
measuring a standard mixture on each measurement day could be a 
viable strategy for correcting retention time shifts.

The existing literature contains only sparse data on the performance 

of fast chromatographic separation systems coupled with PTR–TOF, to 
which the fastGC presented here is comparable. Information on peak 
widths are usually not reported and precision data on retention times of 
similar fastGC–PTR–MS systems often lack information on sample size 
and reference period (intra- vs. inter-day). Furthermore, reported ranges 
of RSDs vary considerably and range from less than 1 % for mono
terpenes (n = 5) [44], 2–3 % for volatiles in the headspace of wine (n =
6) [43], 1.4–4.9 % for butanols [76], and up to 10 % for volatiles with 
higher retention times [49,51]. The significant variations in the RSD 
values are likely attributable to differences in the target analytes as well 
as to variations in fastGC system design and column properties. In the 
following, a more detailed comparison of the modified fastGC with two 
studies reporting RSDs for compounds with retention times similar to 
the sesquiterpenes is provided.

An MCC–PTR–TOF, based on a multi capillary column and consid
ered a precursor to fastGC [42], exhibited peak widths of 3–9 s for 
hexanal and 3-methylbutanal, both of which eluted early in the GC run 
(< 14 s). Although peak widths for later-eluting compounds were not 
provided, chromatograms indicated broadening peaks with increasing 
retention time. For instance, decanal (C10H21O+, m/z 157.16, tR =

161.12 s) exhibited an estimated total peak width of ~10 s. The preci
sion of retention times achieved by MCC–PTR–TOF was stated to be less 
than 3.2 %, with an RSD < 1 % for later-eluting compounds like decanal 
(0.4 %) [42]. Although the lower RSD indicates twice the precision 
compared to the intra-day RSD achieved here, the corresponding SD of 

±0.64 s value is questionable. Firstly, there is no information about the 
sample size used to calculate SD. Secondly, the chromatograms were 
acquired at 240 scans per 4 minutes, which corresponds to an acquisi
tion rate of 1 Hz. Consequently, the standard deviation is given more 
accurately than data were recorded.

A more relevant comparison can be made with studies using the 

Table 3 
fastGC precision data (intra-day and inter-day) of retention time (tR) and peak width of VOCs measured at four stems of an ALB-infested maple on three different days.

m/z Ion Compound Retention time Peak width

Intra-day a Inter-day b Inter-day b

tR (s) 
M ± SD

RSD 
(%)

tR (s) 
M ± SD

RSD 
(%)

W0.5h (s) 
M ± SD

31.99 O2
+ Oxygen 11.1 ± 0.2 2.2 11.2 ± 0.2 2.1 2.2 ± 0.1

33.03 CH5O+ Methanol 12.7 ± 0.4 3.3 12.7 ± 0.3 2.5 2.2 ± 0.1
45.03 C2H5O+ Acetaldehyde 12.8 ± 0.3 2.6 12.9 ± 0.3 2.2 2.2 ± 0.1
47.05 C2H7O+ Ethanol 12.9 ± 0.3 2.4 12.9 ± 0.3 2.2 2.1 ± 0.1
42.03 C2H4N+ Acetonitrile 14.0 ± 0.4 2.8 13.9 ± 0.5 3.3 1.9 ± 0.4
59.05 C3H7O+ Acetone 13.7 ± 0.4 3.1 13.8 ± 0.4 2.9 2.0 ± 0.5
74.06 C3H8NO+ Acetaldehyde O-methyl oxime 14.6 ± 0.5 3.4 14.7 ± 0.4 3.0 0.9 ± 0.9
73.07 C4H9O+ 2-Butanone 16.0 ± 0.8 5.2 16.1 ± 0.7 4.4 1.6 ± 0.9
87.04 C4H7O2

+ 2,3-Butanedione 16.4 ± 0.4 2.4 16.5 ± 0.4 2.6 1.5 ± 0.8
61.03 C2H5O2

+ Acetic acid 16.7 ± 0.5 2.7 16.8 ± 0.5 2.7 2.1 ± 0.5
57.07 C4H9

+ Isobutanol 18.7 ± 0.5 2.7 18.9 ± 0.6 3.1 1.6 ± 1.1
102.09 C5H12NO+ Butanal, O-methyl oxime 24.0 ± 0.4 1.7 24.2 ± 0.5 2.1 1.5 ± 0.9
89.06 C4H9O2

+ Acetoin 27.8 ± 0.5 1.7 28.1 ± 0.6 2.0 2.7 ± 0.7
84.08 C5H10N+ 2-Methylbutyronitrile 30.0 ± 0.7 2.5 30.2 ± 0.7 2.2 1.6 ± 1.3
116.11 C6H14NO+ 2-/3-Methylbutanal O-methyl oxime 42.6 ± 0.5 1.2 43.2 ± 1.0 2.2 2.0 ± 1.1
73.07 C4H9O+ 2,3-Butanediol 46.2 ± 0.5 1.1 46.8 ± 1.0 2.1 3.1 ± 0.6
114.09 C6H12NO+ Unknown oxime 1 45.4 ± 0.5 1.2 47.0 ± 2.1 4.4 0.3 ± 0.1
103.08 C5H11O2

+ Unknown 53.3 ± 0.2 0.4 55.3 ± 2.8 5.0 0.4 ± 0.2
114.09 C6H12NO+ Unknown oxime 2 54.6 ± 0.2 0.4 56.7 ± 2.7 4.7 0.8 ± 0.3
105.07 C8H9

+ Styrene 58.9 ± 0.4 0.6 60.2 ± 2.3 3.7 0.7 ± 0.3
114.09 C6H12NO+ Unknown oxime 3 59.5 ± 0.4 0.7 60.7 ± 2.3 3.7 0.6 ± 0.3
87.04 C4H7O2

+ Butyrolactone 63.8 ± 0.5 0.8 64.9 ± 2.2 3.4 0.8 ± 0.3
107.05 C7H7O+ Benzaldehyde 69.0 ± 0.4 0.6 70.2 ± 2.3 3.3 0.7 ± 0.0
91.05 C7H7

+ Benzyl alcohol 80.1 ± 0.5 0.6 81.5 ± 2.9 3.6 0.9 ± 0.1
205.20 C15H25

+ α-Longipinene 157.9 ± 0.9 0.5 159.5 ± 3.4 2.1 1.0 ± 0.2
205.20 C15H25

+ Cyclosativene 163.0 ± 0.9 0.5 164.6 ± 3.3 2.0 1.3 ± 0.1
205.20 C15H25

+ α-Copaene 165.8 ± 0.7 0.4 167.4 ± 3.4 2.0 1.3 ± 0.1
119.09 C9H11

+ α-Curcumene 198.1 ± 0.8 0.4 200.1 ± 3.6 1.8 0.9 ± 0.2
Mean ​ 1.7 ​ 2.9 1.5 ± 0.4

a n = 7 (at two trunks)
b n = 13 (four ALB-infested trunks on three days)
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commercially available fastGC, which is identical in construction to 
fastGC version 0.53 of this study. The most recent application used an 
MXT-1 column (10 m × 0.53 mm × 1 µm) for the analysis of microbial 
VOCs and provided information on standard deviations of retention 
times of VOCs that are comparable to those detected here [51]. The 
retention times of ethanol, acetone, and isobutanol were slightly longer 
with the commercially available fastGC (16.7–23.6 s) than with our 
modified fastGC (12.9–18.9 s). This is probably due to differences in the 
linear velocity of the carrier gas and the separation capabilities of the 
stationary phases for high-volatile compounds. The reported standard 
deviations for the detected microbial VOCs were higher, reaching up to 
about 10 s for the last eluting compound 6-amyl-α-pyrone, 6-PP 
(C10H15O2

+, m/z 167.107, tR = 124.8 ± 9.7 s). In comparison to this 
compound, the inter-day SDs of the sesquiterpenes investigated in this 
study were threefold lower, and the intra-day SD were tenfold lower. 
The authors attributed RSDs of up to ~10 % to temperature stability 
issues [51]. This finding aligns with our observations and provides a 
rationale for their greater uncertainty, as they used column tempera
tures of up to 200◦C, compared to 120◦C used in our study. Although the 
study did not provide specific data on the peak widths, a total peak 
width of at least 1.6–2 s can be assumed, as the peaks consisted of a 
minimum of 8–10 data points at a data acquisition frequency of 5 Hz 
[51]. This peak width is supported by their chromatograms for 
early-eluting compounds, but the less volatile 6-PP showed a rather 
broad peak with a width of several seconds. Similar broad peaks for high 
molecular weight compounds have been reported in other studies for an 
ester (m/z 145.128) [43] and for sesquiterpenes using similar fastGC 
systems [53]. Therefore, it is likely that other high-molecular weight 
VOCs emitted by microorganisms, food and other emission sources 
could also benefit from the improved peak quality achieved with the 
modified fastGC presented in this study.

The comparison of the optimized fastGC–PTR–TOF with systems 
described in literature revealed its superior performance across a wide 
range of volatility. Commercial systems exhibited deficiencies in the 
analysis of less volatile compounds, manifesting in broad peaks with 
poorly reproducible retention times. These limitations were overcome 
by improving column efficiency, resulting in enhanced resolution ca
pabilities, sensitivity and reproducibility. Furthermore, an injection step 
has been implemented to accelerate the sample introduction and ensure 
that the peak quality of highly volatile compounds matches the perfor
mance of established systems.

4. Conclusions

A fastGC coupled with a mobile PTR–TOF was comprehensively 
optimized for the selective analysis of herbivore-induced plant volatiles 
(HIPVs). Optimization efforts targeted the separation of key sesquiter
penes emitted from Acer platanoides trunks infested by the Asian long
horned beetle (ALB). Reducing the column inner diameter, using helium 
as carrier gas and optimizing the transfer line from fastGC to the PTR 
drift tube resulted in a threefold increase in sesquiterpene resolution, a 
two-fold gain in sensitivity relative to direct inlet mode, and a 10 % 
reduction in analysis time. To address the challenge of analyzing highly 
volatile compounds with the optimized fastGC, an injection step was 
introduced that accelerated sample injection by more than 60 %, while 
preserving separation of less volatile compounds. The optimized method 
achieved the separation of the sesquiterpenes α-longipinene, cyclo
sativene and α-copaene with resolutions of 2.6 ± 0.3 and 1.3 ± 0.2, 
respectively, in under three minutes and with an intra-day RSD of 
retention time < 0.6 %.

The integration of fastGC into a PTR–TOF overcomes the conven
tional limitations of real-time VOC analysis by simplifying compound 
identification and enhancing specificity for isomer analysis. The devel
oped and optimized fastGC− PTR− TOF proved effective for the analysis 
of HIPVs across a broad range of volatility at an early stage of infesta
tion. The system allows for near real-time analysis of volatiles emitted e. 

g. in response to abiotic stress, herbivores or pathogens, making it a 
powerful tool for environmental monitoring, integrated pest manage
ment, and forest protection. Future research could address the inter-day 
reproducibility of retention times by optimizing the temperature and 
pressure control of the fastGC system. In addition, coupling the opti
mized fastGC with superior PTR− TOF devices could raise resolution and 
sensitivity for the analysis of HIPVs to a new level.
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[66] E. Kari, P. Miettinen, P. Yli-Pirilä, A. Virtanen, C.L. Faiola, PTR-ToF-MS product ion 
distributions and humidity-dependence of biogenic volatile organic compounds, 
Int. J. Mass Spectrom. 430 (2018) 87–97, https://doi.org/10.1016/j. 
ijms.2018.05.003.

[67] P. Brown, P. Watts, T.D. Märk, C.A. Mayhew, Proton transfer reaction mass 
spectrometry investigations on the effects of reduced electric field and reagent ion 
internal energy on product ion branching ratios for a series of saturated alcohols, 
Int. J. Mass Spectrom. 294 (2010) 103–111, https://doi.org/10.1016/j. 
ijms.2010.05.028.

[68] G. Arimura, C. Kost, W. Boland, Herbivore-induced, indirect plant defences, 
Biochimica et Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1734 (2005) 91–111, 
https://doi.org/10.1016/j.bbalip.2005.03.001.

[69] M. Portillo-Estrada, Ü. Niinemets, Massive release of volatile organic compounds 
due to leaf midrib wounding in Populus tremula, Plant Ecol. 219 (2018) 
1021–1028, https://doi.org/10.1007/s11258-018-0854-y.

[70] M. Sørensen, E.H.J. Neilson, B.L. Møller, Oximes: unrecognized chameleons in 
general and specialized plant metabolism, Mol. Plant 11 (2018) 95–117, https:// 
doi.org/10.1016/j.molp.2017.12.014.

[71] T.M. Cofer, I. Seidl-Adams, J.H. Tumlinson, From acetoin to (Z)-3-hexen-1-ol: the 
diversity of volatile organic compounds that induce plant responses, J. Agric. Food 
Chem. 66 (2018) 11197–11208, https://doi.org/10.1021/acs.jafc.8b03010.

[72] S. Irmisch, A. Clavijo McCormick, G.A. Boeckler, A. Schmidt, M. Reichelt, 
B. Schneider, K. Block, J.-P. Schnitzler, J. Gershenzon, S.B. Unsicker, T.G. Köllner, 
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