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Introduction

Direct inlet probe mass spectrometry with
wavelength selective resonance enhanced photo
ionisation

Fabian Etscheidt,?* Philip JirR,2¢ Christopher P. Riiger (2 *a¢
and Ralf Zimmermann@<?®

We demonstrate a wavelength-selective atmospheric-pressure laser ionisation (APLI) workflow for direct
inlet probe (DIP) evolved-gas analysis with ultra-high-resolution mass spectrometric detection. A
tuneable optical parametric oscillator (213, 225, 248 and 266 nm) was integrated into a modified
atmospheric-pressure ion source and coupled to Fourier-transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) to profile complex mixtures released directly from liquids and solids.
Screening of over 70 aromatic standards revealed pronounced, compound-specific wavelength
dependencies, with odd-electron molecular ions dominating and intensity maxima following known
resonance-enhanced multiphoton ionisation (REMPI) band structures, enabling selectivity predictions
based on the REMPI and APLI literature. Applied to fossil oils, oil blends, and asphaltenes, wavelength
tuning systematically shifted molecular fingerprints while retaining aromatic selectivity in highly complex
spectra (hundreds of assigned sum formulae per experiment). Shorter wavelengths (213/225 nm)
emphasised naphthalene-type cores (double bond equivalent, DBE 7), whereas longer wavelengths (248/
266 nm) enhanced phenanthrene/anthracene-type and more condensed aromatics (DBE 10-15). For
polymers (polystyrene and crumb rubber), overall spectral patterns were less wavelength-dependent, but
ion yields varied with wavelength, and additive signals (e.g., p-phenylenediamine antiozonants) were
readily detected alongside characteristic pyrolysis series. This DIP-APLI-FT-ICR MS approach enables
rapid analysis of insoluble materials with minimal sample preparation while providing the ionisation
wavelength as a practical “dial” to tailor selectivity and reduce spectral congestion at the ionisation stage.
Thus, this technique broadens the capabilities of common DIP-MS approaches, which are dominated by
chemical ionisation and lamp-based methods (APCI/APPI).

research question and targeted analytes. Even within ESI,
switching the polarity can markedly shift the observable

Mass spectrometry has become an indispensable method in
modern analytical chemistry. With the introduction of electro-
spray ionisation (ESI) in the 1990s,' the development of ion-
isation techniques has expanded rapidly over the last few
decades, particularly taking advantage of the atmospheric
pressure benefits allowing for robust operation, high flexibility
and easy adaptations.” The choice of the ionisation technique
strongly alters the detected molecular response; thus, selectivity
and sensitivity of a workflow can efficiently be tailored to the
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chemical space, e.g., by preferentially detecting acidic versus
basic/neutral compounds.®* However, deeper structural infor-
mation by direct broadband mass spectrometry is often limited.
To increase structural confidence, mass spectrometric strate-
gies have therefore focused on tandem MS (precursor isolation
and fragmentation) and chromatographic hyphenation.** More
recently, the integration of ion mobility spectrometry, which
adds an orthogonal descriptor related to ion size and shape via
collision cross sections, has led to significant advances.”®
However, these attempts either focus on often complex sepa-
ration or deal with the already generated ions. Thus, further
exploration of the full capabilities of the actual ionisation
process is favoured. In photoionisation, it has become evident
that the choice of wavelength strongly alters the observed
molecular response.>® In particular, resonance phenomena,
such as resonance-enhanced multi photon ionisation (REMPI)
using UV photons to address aromatic compounds, show strong
potential for wavelength-dependent analytical workflows."*?
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Recently, we introduced wavelength-resolved atmospheric
pressure laser ionisation (APLI) deploying an OPO laser setup
for scanning through 213-300 nm.”* We could show that in
direct infusion analysis, aromatic compounds exhibit charac-
teristic spectroscopic fingerprints, which can be used for diag-
nostic procedures and structural elucidation. However, the
standard approach in high-resolution mass spectrometry of
“dilute and shoot”, as used with electrospray, requires the
samples to be soluble. Materials with limited solubility, such as
polymers, heavy residues, or deposits, can be problematic or not
accessible at all. Moreover, chemical interferences through
charge transfer in the solvent evaporation process may occur.
These limitations motivate the development of APLI workflows
that retain wavelength-selective information while minimizing
sample preparation and avoiding solubility constraints.

For insoluble materials and rapid screening tasks, evolved-gas
analysis mass spectrometry has therefore become a common
alternative." In such approaches, controlled heating releases
volatile and semi-volatile constituents from the bulk material,
which are then transferred to ionisation and detection in mass
spectrometric coupling. Numerous implementations exist,
including direct inlet probe (DIP), atmospheric solids analysis
probe (ASAP), and thermogravimetry-MS coupling (TGA-MS),
with particularly widespread use in petroleomics and material
science.”?* Among these, DIP is attractive because of its instru-
mental simplicity and speed, while still offering a degree of
control through temperature settings or programmed ramps that
can fractionate a sample by volatility and thermal stability.
Depending on the temperature regime and heating profile, DIP
can therefore provide rapid access to different chemical
“windows” of a material (e.g., additives and residual monomers
at lower temperatures versus oligomeric fragments and thermal
degradation products at higher temperatures), while requiring
little to no sample preparation. Nonetheless, selectivity in many
DIP-style workflows remains largely constrained by the available
atmospheric-pressure ionisation (API) options and by the fact
that ionisation is typically optimized for broad coverage rather
than chemical-class specificity. This is particularly limiting for
complex samples, where the number of detectable signals can
quickly grow into the hundreds or thousands, and where targeted
chemical questions benefit from reducing spectral congestion
already at the ionisation stage. Encouraging work deploying soft
atmospheric pressure photo and chemical ionisation (APPI/APCI)
on natural*® and anthropogenic polymers, polymer additives and
heavy petroleum streams'® have been presented. Hereby, mostly
high-resolution mass spectrometry (HRMS) was used for detec-
tion. Given the often high complexity of the evaporated mixtures
HRMS can be seen as pre-requirement for deciphering the
different species and add chemical knowledge by accurate mass
measurement and sum formula annotation. However, even
though APPI and APCI gives access to different chemical space'®
and the addition of supporting agents adapts the ionisation
process,*** tailored analysis remains limited. Consequently, this
research article is motivated by further expanding API capabil-
ities in rapid thermal analysis, such as DIP-MS.

In this work, we report the first implementation of
atmospheric-pressure laser ionisation (APLI) on a direct inlet
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probe (DIP) source combined with high-resolution mass spec-
trometric detection. By coupling DIP-based thermal desorption
to a wavelength-selectable APLI scheme, we specifically target
the wavelength-dependent selectivity. We hypothesize that
changing the excitation wavelength will substantially modulate
the molecular response of complex evolved-gas mixtures and
thereby enable tuneable workflows. Guided by commonly used
UV wavelengths for APLI/REMPI and practical laser availability,
we investigated 213, 225, 248, and 266 nm, spanning a broad
portion of the UV range relevant for REMPI-driven ionisation of
aromatic constituents. To capture the chemical complexity
released during DIP heating, often comprising isobaric and
near-isobaric species across a wide m/z range, we employ
Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR MS). Although FT-ICR MS provides lower spectral
acquisition rates than scanning mass analysers, its ultra-high
resolving power and mass accuracy enable confident sum-
formula assignment and comprehensive molecular profiling
of evolved-gas mixtures, including higher-m/z constituents that
are particularly informative in petroleomics and polymer
degradation studies. Wavelength effects are evaluated using (i)
representative analytical standards, (ii) complex petroleum-
derived mixtures, and (iii) anthropogenic polymer samples.
The resulting datasets, typically containing hundreds of
assigned sum formulas per experiment, are compared across
wavelengths using compound-class grouping and molecular
“fingerprint” visualizations such as DBE-based diagrams and
related compositional maps. For petroleum samples and many
common polymer thermal degradation products, pronounced
homologous alkylation series are expected; therefore, we
specifically assess how wavelength tuning shifts class distribu-
tions, homolog patterns, and DBE landscapes to reveal selec-
tivity trends that can be exploited for improved interpretation of
complex DIP-evolved mixtures.

Experimental
Material

For this study, four mixtures comprising in total more than 70
different aromatic compounds and PAHs were prepared in di-
chloromethane (DCM) at concentrations of 20-50 mg L~ " (Tables
S1-54). The complex samples were measured neat and consisted of
four fossil oils, two asphaltenes and two polymeric materials:
polystyrene (PS), and crumb rubber from used tyres (CR). The
petroleum samples included a marine gas oil (MGO), a Colombian
parent crude oil (PCO), a shale oil and an oil blend from the
Caspian Pipeline Consortium (CPC). The asphaltenes were ob-
tained from Athabasca bitumen by solvent deasphalting according
to published procedures.>**” PS was purchased from Sigma-Aldrich
(M, ~ 290 000, M;, ~ 130 000; Merck KGaA, Darmstadt, Germany).
The CR sample was taken from the Polymer Kit 1.0 of the Center
for Marine Debris Research at Hawai'i Pacific University.>®

Method

Ionisation setup. The ionisation source was a modified
Bruker API source equipped with a direct inlet probe (DIP,

This journal is © The Royal Society of Chemistry 2026
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a) Scheme of the direct inlet probe atmospheric pressure laser
|on|sat|on setup featuring an optical parametric oscillator (OPO) and
ultra-high resolution mass spectrometric detection (FT-ICR MS). (b)
Photograph of the modified ion source. A photographic depiction is
given in the Sl (Fig. SO1).

Bruker Direct Insertion Probe, Bruker Daltonics, Bremen, Ger-
many). To enable laser ionisation, two fused-silica windows
(UQG Optics Ltd, Milton, England) were installed on opposite
sides of the source. The laser beam passed through the source
perpendicular to both the vaporisation plume from the DIP/
direct-infusion heater and the mass spectrometer inlet
(Fig. 1). Prior to DIP laser-ionisation measurements, the laser
beam path and source conditions were optimised using direct
infusion of a diluted MGO solution.

As laser light source, an optical parametric oscillator (OPO;
Opolette, Opotek, Carlsbad, CA, USA) with tuneable wavelength
was used. Wavelengths of 213, 225, 248 and 266 nm were
selected. The wavelengths 213 and 266 nm correspond to the
fourth and fifth harmonics of a Nd:YAG laser, and 248 nm
corresponds to the fundamental of a KrF excimer laser, all of
which are commonly available commercially. The additional
wavelength of 225 nm was chosen because previous studies
reported particularly high sensitivity for higher-alkylated
naphthalene-type species near this wavelength.”** The laser
operated at 20 Hz with a pulse width of 5 ns and a beam
diameter of 4 mm. The laser pulse energy was monitored by
a pyroelectric sensor and automatically adjusted to 120 pJ using
a neutral-density filter wheel (Thorlabs GmbH, Bergkirchen,
Germany). A more detailed description of the laser setup is
given elsewhere.™

Sample introduction and vaporisation. Samples were intro-
duced into the ion source in borosilicate melting-point deter-
mination capillaries (sealed at one end, DWK Kimble®, Merck
KGaA, Darmstadt, Germany), which were plugged at the bottom
with three fibreglass filter stamps (ADVANTEC, Grade QR-100,
0.38 mm thick), following a procedure established in the liter-
ature to prevent excessively rapid and non-reproducible DIP
analysis.*® Prior to use, capillaries and filters were baked for
several hours out at 350 °C and 600 °C, respectively. Depending
on sample volatility, the loaded samples were vaporised at 350
(for PCO) or 400 °C.

Mass spectrometric evolved gas analysis. High-resolution
mass spectrometric measurements were performed in positive
ion mode on a 7 T Bruker solariX Fourier transform ion

This journal is © The Royal Society of Chemistry 2026
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cyclotron resonance (FT-ICR) mass spectrometer (Bruker Dal-
tonics, Bremen, Germany). Spectra were acquired from m/z 100-
1000 with a transient length of approximately 2 s (4 megawords,
4 M), providing a resolving power of ~320 000 at m/z 400 and
a spectral acquisition frequency of approximately 0.5 Hz. The
ion accumulation time was set to 300 ms, corresponding to an
average of six laser shots. The source parameters were as
follows: dry gas temperature, 180 °C; dry gas flow, 2.0 L min™';
and nebuliser gas pressure, 2.5 bar. To focus on the lower and
mid mass range (up to approximately m/z 1000), the time of
flight was set to 0.7 ms.

Data processing and calibration. Pre-calibration of the
acquired mass spectra was carried out in DataAnalysis 5.1
(Bruker Daltonics, Bremen, Germany) using a linear correction
factor and sets of alkylated homologous series as internal cali-
brants. Peaks were picked with a signal-to-noise (S/N) threshold
of 6, and the resulting time-resolved peak lists were exported
using an in-house Visual Basic script. To account for mass shifts
arising from space-charge effects associated with varying ion
loads, the exported time-resolved data were automatically
recalibrated on a spectrum-by-spectrum basis in CERES,
a MATLAB-based (MathWorks, MATLAB R2024a) graphical user
interface for calibration and annotation."*® Molecular formula
attribution was also carried out in CERES using an error window
of +1 ppm, yielding an average root-mean-square-error (RMSE)
of 0.1545 ppm. The specific elemental constraints used for each
sample type are summarised in Table S5 (SI).

Results and discussion

Direct inlet probe mass spectrometry has been established as
a robust and versatile approach for the analysis of viscous and
solid samples, often poorly soluble or insoluble materials. In
this work, the evaporated and laser-ionised compounds are
monitored by ultra-high-resolution FT-ICR MS operated at
a relatively low acquisition frequency of ~0.5 Hz, thereby
placing emphasis on resolving power and mass accuracy rather
than temporal resolution. The analytical standards evaporate
rapidly, allowing the acquisition and averaging of approxi-
mately 15-30 scans (approx. 0.5-1 min total acquisition time),
whereas the complex mixtures, particularly the polymer
samples, exhibit significantly longer evaporation times of up to
10 min. As the main objective of this study is to compare the
ionisation characteristics of different APLI wavelengths,
a constant vaporisation temperature is employed for each
sample type. Consequently, thermal release profiles and related
phenomena, which have been discussed extensively else-
where,*****" will not be treated in detail in the following.

Analytical standard compounds

Out of the 73 standard compounds investigated, 45 were
detected at least at one wavelength (Tables S1-S4). Most of these
(~75%) were ionised at all four wavelengths, albeit with mark-
edly different signal intensities. In contrast, several low-mass
(<m/z 150) aromatics, quinone-type species, nitro-PAHs and
specific nitrogen-containing PAHs were not observed under the
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present conditions. Overall, DIP-APLI predominantly yields
aromatic radical cations with only limited protonation, in line
with previous observations for REMPI/APLI and APPI
sources.*»*

Low-mass compounds below m/z 150, such as indole or
benzofuran, were not detected, although they have previously
been observed by REMPI MS.** This is most likely due to the
discrimination of low m/z ions that is typical for FT-ICR MS,
placing these species at the lower edge of the practically
accessible mass range.* This interpretation is supported by the
clear detection of the methylated indole derivative, which is
both heavier and expected to exhibit a higher ionisation cross
section due to alkylation.” A similar limitation applies to
substituted benzene derivatives which, depending on their
substitution degree, also populate the lower m/z range and are
further disfavoured by the generally lower ionisation cross
sections of single-ring aromatics compared with fused PAHs.***®
The remaining homo-atomic PAHs were all observed as odd-
electron molecular radical cations ([M]""), except for acenaph-
thylene. The latter is known to be difficult to ionise by (multi-
photon) photoionisation due to the short lifetimes of its
excited states, which hamper the absorption of a second photon
to reach the ionisation continuum.'**’

For the heteroatom-containing PAHs, most sulphur- and
oxygen-containing compounds with ring-bound heteroatoms
and at least three conjugated rings were readily detected,
consistent with the higher ionisation cross sections of larger,
more extensively conjugated systems.” A notable exception is
dibenzothiophene-S,S-dioxide, which was not observed. This is
most plausibly attributed to the absence of free electron pairs at
the sulphur bridge and, thus, a reduction of electron delocali-
sation over the aromatic framework, reducing the ionisation
efficiency. Quinone-type PAHs were likewise not detected, even
though their UV spectra show absorption bands in the relevant
wavelength range.*® Electron-withdrawing (-I, -M) carbonyl
groups destabilise the intermediate excited state and increase
the ionisation potential, which likely results in low ionisation
cross sections.* In line with this reasoning, fluorenone is not
visible in the mass spectra, whereas anthrone, in which the
carbonyl functionality is less conjugated, is only weakly ionised.

Nitrogen-containing PAHs show a pronounced dependence
on the type of ring-bound nitrogen. PAHs with pyrrolic (five-
membered) nitrogen, such as carbazole, as well as alkylated
indole, are efficiently ionised as long as they comprise at least
three rings or carry an alkyl substituent. In contrast, acridine,
where the nitrogen is part of a six-membered (pyridinic) ring,
does not yield a detectable radical cation. This behaviour has
previously been reported for acridine and other six-membered
nitrogen heterocycles such as pyridine and is commonly
attributed to the short excited-state lifetimes of pyridinic
species, which interferes efficient multiphoton ionisa-
tion.'>*>1%*1 However, while the radical cation is not observed
for acridine, the protonated molecule [M + H]" is detected at all
wavelengths. The protonation behaviour of the nitrogen PAHs
reflects their basicity and electronic structure. Pyrrolic species
show no protonation, as the nitrogen lone pair is part of the
aromatic msystem, which lowers their basicity considerably.
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This is consistent with previous observations in APPL* In
contrast, acridine and related imine-like compounds possess
a more available lone pair and therefore higher basicity,
favouring [M + H]" formation. The compound 1,1,2-tri-
methylbenz[e]indole illustrates this behaviour particularly well:
its imine-like nitrogen leads to a basicity comparable to acri-
dine, and both the radical cation and protonated even-electron
species are observed.

Among PAHs bearing nitrogen-containing functional
groups, only naphthylamine was detected. None of the three
nitro-PAHs were observed, although the corresponding parent
PAHs are readily ionised at all wavelengths used, which would
in principle support ionisability of the substituted derivatives.
The difference between amine and nitro functionalities can
again be rationalised in terms of their electronic effects: the
amine group is electron-donating and stabilises both the
intermediate excited state and the ionised state, whereas nitro
groups are strongly electron-withdrawing and significantly
increase the ionisation potential, as known for nitrobenzenes.*
This is analogous to the effect of carbonyl groups in the
quinone-type PAHs discussed above. Moreover, several nitro-
aromatic explosives, such as 2,4,6-trinitrotoluene, have been
reported to undergo photodissociation of the nitro group upon
UV irradiation, yielding nitrogen oxide fragments.**** It appears
likely that similar photodissociation processes occur for the
nitro-PAHs studied here, further suppressing the formation of
intact molecular radical cations. Such fragmentation can be
suppressed by using a short-pulse femtosecond laser for ion-
isation, whereby the compounds are ionised via a second
photon before dissociation occurs. Compounds with short
excited-state lifetimes, such as acenaphthylene, may likewise be
ionised in this way when the pulse duration matches the
excited-state lifetime.****

When comparing different wavelengths, pronounced differ-
ences emerge in the mass spectra of the standard mixtures. For
solution M4, the most prominent peak shifts from coronene (m/
2 300) at 213 nm to 2-methylanthracene (m/z 192) at 225/248 nm
and retene (m/z 234) at 266 nm, indicating a wavelength-
dependent selectivity for specific compounds in DIP-REMPI
(Fig. 2). This is especially evident for naphthalene and its
alkylated derivatives. Naphthalene itself is only detectable at
213 and 266 nm, while 2-methylnaphthalene is observed at 213,
225 and 266 nm. 2-Ethylnaphthalene is detectable at all wave-
lengths, but its signal intensity varies strongly; the weakest
signal is only ~2% of the strongest one at 248 and 213 nm,
respectively (Fig. 2). These trends agree well with literature
REMPI spectra, which exhibit the dominant band between 213
and 300 nm centred around 216 nm and a considerably weaker
band near 270 nm.">** For all alkylated naphthalenes, including
acenaphthene, the intensity at 266 nm is consistently higher
than at 248 nm but lower than at 213 and/or 225 nm, in line
with the most intense REMPI features occurring at the shorter
wavelengths.'>*?

The reported redshift of REMPI bands with increasing
degree of alkylation is also reflected in the wavelength-
dependent intensities. The ratio of signal intensities at 213
and 225 nm decreases from a factor of 4.5 for 2-

This journal is © The Royal Society of Chemistry 2026
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Fig. 2
from top to bottom, 213 nm, 225 nm, 248 nm, and 266 nm.

methylnaphthalene to 1.5 for 1,4-dimethylnaphthalene, and for
2,4,5-trimethylnaphthalene the maximum intensity is observed
at 225 nm. Three-ring aromatics based on anthracene and
phenanthrene, by contrast, show their highest intensities in
spectra recorded at 225 and 248 nm, respectively, consistent
with the redshift of the main REMPI band caused by the larger
conjugated system.*** Although the intensity differences for
phenanthrene are less pronounced than for the naphthalene-
type species (a factor of ~3 between 248 and 266 nm), the
intensity spread increases considerably for more strongly alky-
lated derivatives, reaching a factor of almost one order of
magnitude between 248 and 213 nm for retene. Differences in
band position and shape between anthracene and phenan-
threne are also reflected in their intensity patterns: anthracene
shows the highest signal at 225 nm, in accordance with its
narrower, more blue-shifted REMPI band compared with
phenanthrene. Other isomeric structures, such as 1H-benzo[g]
indole and carbazole, also display different optimal wave-
lengths (maxima at 248 and 225 nm, respectively), again
matching expectations based on their literature spectra.*® Tri-
phenylene exhibits a particularly strong wavelength selectivity,
with the intensity at 248 nm being 5.8 times higher than at
266 nm, which is consistent with its sharp REMPI band centred
at 249 nm."”

In contrast to conventional APPI or APCI, which can be
susceptible to the formation of oxidation artefacts,* no appre-
ciable levels of oxidised products were detected at any wave-
length in the present DIP-APLI experiments, despite fresh
ambient air being introduced into the ion source with each
sample injection. Overall, DIP-APLI behaves in line with other
REMPI-type ion sources: spectra are dominated by aromatic
radical cations, protonation is largely confined to more basic
nitrogen-containing species, and tuning the excitation wave-
length imposes pronounced molecular selectivity that closely
follows the REMPI band structures of the investigated PAHs. By
comparison, APPI, commonly employing a krypton discharge

This journal is © The Royal Society of Chemistry 2026

(a) Summed intensities for selected standard species at the four investigated wavelengths. (b) Mass spectra of the standard solution M4 at,

lamp (10.0/10.6 eV), is operationally closer to single-photon
ionisation (SPI). With alternative VUV sources (e.g., excimer
lasers at 157 nm (7.9 eV)® or xenon lamp fillings at 9.6/8.4 eV
(ref. 10)), even SPI could, in principle, introduce an additional
selectivity dimension without full wavelength scanning at
a synchrotron, but was not explored here. A useful perspective
emerges when comparing atmospheric-pressure DIP-HRMS
with established vacuum DIP-HRMS implementations (e.g.,
vacuum DIP-HRT using HR-ToF). In vacuum, DIP-based evap-
oration is often more straightforward to realise and control, but
the standard ionisation option on HR-ToF platforms remains
electron ionisation (EI),**** and implementing photoionisation
in vacuum DIP is technically demanding. In contrast, although
DIP at atmospheric pressure is inherently more challenging
from an EGA standpoint, it offers more accessible coupling to
soft photoionisation concepts within standard atmospheric-
pressure ion sources and high-resolution analysers, such as
FT-ICR MS. Beneficially for these atmospheric-pressure photo-
ionisation regimes, matrix effects are reported to be markedly
lower than for APCI, while different chemical subspaces can be
preferentially addressed, effectively changing the “chemical
glasses” through which complex mixtures are viewed.

Complex samples

While the standard mixtures demonstrate that the DIP-APLI
source behaves as expected and that the excitation wavelength
can be used to tune the response of defined PAH structures, the
main strength of DIP lies in the analysis of complex mixtures
with minimal sample preparation. In contrast to the standards,
which contain fewer than 20 compounds, spectra of complex
samples easily comprise more than a thousand peaks per
measurement.'>'® These peaks include both target analytes and
matrix components that may not be relevant to a given analyt-
ical question. It is therefore advantageous if the ionisation
technique itself can provide a degree of selectivity towards
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specific analyte classes, thereby reducing the effective spectral
complexity. REMPI has long been used in this way to selectively
ionise PAHs in complex matrices, particularly in environmental
analysis where PAHs are of interest due to their carcinogenic
and toxic properties. As shown above for the standards, tuning
the excitation wavelength in DIP-APLI further allows a selective
enhancement of particular PAH subclasses and core structures.
At the same time, the high molecular diversity in fossil-based
oils and bitumen increases the likelihood of ion-molecule
reactions and ion suppression effects that may compromise this
selectivity. Owing to their richness in aromatic species, fossil
oils, oil blends and asphaltenes are, nevertheless, ideally suited
to be probed by APLI-based methods.'***"*

Petroleomics

Consistent with the standard compounds, DIP-APLI of the
complex petroleum samples predominantly yielded odd-
electron radical species, especially among CH-class species.
An exception was an alkylated series with a double bond
equivalent of 11.5 observed in some of the higher-boiling
samples (Fig. S07). This series has previously been described
in the literature and assigned to the photofragmentation of
highly alkylated phenanthrenes.”® However, its contribution
remained substantially lower than that of the corresponding
unfragmented phenanthrene radical-ion series. The REMPI-DIP
measurements of a marine gas oil (MGO) at 266 nm exhibit the
typical evaporation profile of fully or predominantly vaporisable
oils.*® The total ion current rises sharply within a few seconds,
reaches a maximum, and then decays rapidly so that most of the
signal intensity is lost within approximately two minutes, fol-
lowed by a slowly decreasing tail (Fig. 3a). A similar trend was
observed for the oil blend, whereas the asphaltenes exhibited
a slower signal decay, likely due to the presence of higher-
boiling or pyrolysing constituents. The compound-class distri-
bution is not uniform across this desorption peak. At the apex,
the relative contributions of CHN and CHO species increase to
28% and 21%, respectively, at the expense of the CH class, while
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their averages over the entire desorption profile are only 5.3%
and 5.1%. Together with low odd/even ratios for the CHN class
(3.4) this suggests enhanced ion-molecule chemistry and/or ion
suppression during the phase of highest analyte concentration,
consistent with the general concentration dependence of such
effects.®® Despite this additional complexity, replicate
measurements are highly reproducible. Triplicate spectra
acquired at each wavelength yield congruence coefficients >
0.99 (Fig. 3), demonstrating that the DIP-APLI response is stable
even for complex matrices. In contrast, congruence coefficients
between spectra recorded at different wavelengths can be as low
as 0.3, indicating that the wavelength-dependent selectivity
observed for the standard compounds is preserved in the
complex mixture. The most similar pairs are again the adjacent
wavelengths: spectra at 213 and 225 nm, and at 248 and 266 nm,
show higher mutual congruence (typically >0.96 and >0.92,
respectively) than with the more distant wavelengths (Fig. 3c).
Part of these differences arises from variations in the number of
shared and unique elemental compositions. For MGO, ionisa-
tion at 266 nm yields 552 assigned sum formulas, of which 509
are shared with at least one of the other wavelengths (Fig. 3b). In
contrast, measurements at 213 and 225 nm produce 92 and 270
additional unique attributions, respectively, and a further 232
sum formulas are shared exclusively between these two wave-
lengths. A similar trend is observed for the other fossil samples
(Fig. S02), where the highest numbers of unique assignments
are typically found at 213 or 225 nm. In addition to these
presence/absence effects, substantial differences in relative
intensity are observed for compositions that are common to all
wavelengths.

These intensity patterns are accessibly visualised in double
bond equivalent (DBE) versus carbon number plots (Fig. 4),
where the DBE provides an upper estimate of the size of the
fused aromatic core, which strongly influences ionizability in
REMPI MS. For the CH class, the most pronounced differences
occur between the lower (213, 225 nm) and higher (248, 266 nm)
wavelengths. At 213 and 225 nm, species with DBE 7 and 8 are

(c)

213 nm

248 nm

248 nm

congruence coeff.

266 nm

o o o «

AD o

7 o®® o

(a) Totalion chromatogram of MGO measured at 266 nm, with relative abundance of each compound class. The relative abundance over

the whole measurement are given in the pie chart. (b) Venn diagram of assigned compounds for MGO at different wavelengths. (c) Heatmap of
congruence coefficients between spectra measured at different wavelengths. For each wavelength, three DIP experiments were acquired, and

a separate congruence coefficient was calculated.
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particularly prominent, whereas they contribute only weakly at
248 and 266 nm. Conversely, compositions with DBE 10 show
elevated relative intensities at 248 and 266 nm. This pattern is
observed consistently for all six investigated fossil samples and
mirrors both the behaviour of the standard compounds and the
general PAH composition of fossil oils, where DBE 7 and 10
species are commonly associated with naphthalene and
phenanthrene/anthracene cores, respectively.’” As shown above

View Article Online
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for the standards, naphthalene-type cores exhibit strong REMPI
bands at shorter wavelengths with only weak absorption
towards the red, whereas phenanthrene-type species have
intense bands around 248 nm."** The wavelength-dependent
enrichment of DBE 7 at 213/225 nm and DBE 10 at 248/
266 nm in the complex samples is therefore an indicator of the
same spectral features. For samples with higher contents of
larger aromatics, such as the crude oil and asphaltenes, even

213 nm 225 nm 248 nm 266 nm
2
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Fig.4 DBE versus carbon number plots for the CH-class of the fossil oil samples measured at, going from left to right, 213 nm, 225 nm, 248 nm,
and 266 nm, with the relative intensities of each species in a measurement and selected tentatively assigned structures.
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Fig.5 DBE vs. carbon number plots for the CHN-class of MGO and the CHS- and CHS,-class of the shale oil as examples for heteroatom classes
of the fossil oil samples measured at, going from left to right, 213 nm, 225 nm, 248 nm, and 266 nm, with the relative intensities of each species in

a measurement and selected tentatively assigned structures.

higher DBE species become relatively more abundant at 266 nm
than at the lower wavelengths. In particular, DBE 13 composi-
tions show markedly increased intensities at 266 nm. These are
most likely associated with four-ring cata-condensed aromatic
cores, whose excited states are further red-shifted compared to
their two- and three-ring analogues owing to the larger delo-
calised m-electron system.*>*®* Similarly, DBE 15 species,
which likely correspond to peri-condensed PAHs such as benzo
[a]pyrene that have strong REMPI responses around 266 nm, are
enhanced in the asphaltene spectra recorded at this wave-
length. Overall, for the fossil oils, increasing the excitation
wavelength shifts the CH-class distribution towards higher DBE
values as the REMPI bands of larger aromatic structures are
progressively accessed, whereas the lower wavelengths reveal
smaller naphthalene-type aromatics that remain largely unde-
tectable at 248 and 266 nm.

For heteroatom-containing PAHs, the wavelength effects are
generally less pronounced than for the CH class but still show
characteristic trends. The CHN class exhibits a higher degree of
protonation via ion-molecule reactions than the other classes,
reflecting the basicity of some nitrogen functionalities,
although odd-electron radical cations remain the dominant ion
type overall (Fig. 5 and 6). Protonated species typically form
smooth, continuous DBE distributions, reflecting the Bod-
uszynski continuum,®® and on average occur at lower DBE than
the directly photoionised radical ions, which tend to appear
only above a certain DBE threshold and often show pronounced
maxima at specific DBE values. Interestingly, DBE 10 CHN

Anal. Methods

compositions, which would correspond to alkylated acridine-
type structures if they were pyridinic, do not exhibit elevated
protonation levels in the fossil oils, even when they constitute
the second most abundant DBE class, as in MGO. This contrasts
sharply with the behaviour of acridine in the standard mixture,
where only [M + H]" ions were observed at all wavelengths with
no detectable radical cations. The complex-sample data there-
fore suggest that the DBE 10 CHN species predominantly
comprise neutral (non-pyridinic) nitrogen compounds, which
are known to be more abundant than pyridinic species in fossil
0ils.®** Structures such as carbazole derivatives fused with an
additional saturated six-membered ring are plausible candi-
dates.®”® The extent of protonation within the CHN class is also
sample dependent; the oil blend and asphaltene, for example,
show a substantially lower fraction of odd-electron ions than
the other oils (Fig. S03 and S08).

Across all oil samples and wavelengths, there is
a pronounced increase in CHN intensity at DBE 9, consistent
with readily ionisable N-PAHs such as carbazoles and ben-
zoindoles (Fig. 6 and S08). For most samples, DBE 12 species
(benzocarbazoles) stand out from the distribution and repre-
sent the most abundant CHN subclass. Exceptions are MGO,
which - given their lower distillation cut - contains fewer highly
condensed N-PAHs, and the shale oil, where DBE 11 species
dominate over DBE 12 at all wavelengths except 266 nm. The
CHS and CHS, classes are again clearly wavelength dependent,
particularly in the sulphur-rich shale oil, and show only minor
protonation, with intensity-weighted odd/even ratios above 200

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 DBE distribution of the CHN class of MGO measured at, going from left to right, 213 nm, 225 nm, 248 nm, and 266 nm. The red bars
represent even electron species, while the blue ones represent odd electron species as visual guidance.

and 90, respectively. At 213 nm, the lowest observed DBE in the
CHS class is 3, and the most prominent species have DBE 6,
consistent with thiophenes and benzothiophenes.®* As the
excitation wavelength increases, the dominant CHS species
shift to DBE 9, while thiophenes become undetectable. The
CHS, class follows the same trend: at short wavelengths, DBE 6
compositions (bithiophenes)® dominate, at intermediate
wavelengths DBE 8 species (benzodithiophenes)® are most
intense, and at 266 nm DBE 11 species prevail, in agreement
with the strong REMPI bands reported for naphthodithioph-
enes at this wavelength.” This progression closely mirrors the
behaviour observed for the CH class and can likewise be
rationalised by the decreasing energy of the lowest excited states
with increasing DBE. Larger 7t-systems with higher DBE can be
efficiently ionised at longer wavelengths, whereas smaller
systems, such as thiophenes, require shorter wavelengths for
effective REMPI ionisation.

Taken together, these results show that, even in highly
complex fossil-derived matrices where ion-molecule reactions
and suppression effects are possible, DIP-APLI retains a robust,
wavelength-dependent molecular selectivity that is fully
consistent with the REMPI behaviour established for the PAH
standards.

Polymers

In addition to liquid and semi-liquid fossil-derived samples,
DIP-APLI also enables the direct analysis of solid materials. To
explore this capability, two representative polymeric samples,
polystyrene and crumb rubber, were investigated. In contrast to
the fossil oils discussed above, which exhibit a typical
desorption-dominated profile (often accompanied by partial
thermal decomposition depending on volatility), the DIP
signals of both polymers are largely governed by pyrolysis
processes due to the macromolecular nature of the polymer
chains. As a result, the total ion current shows a slower rise in
intensity and broader DIP peaks, which can extend over more
than 10 min (Fig. 6). An exception is formed by low-molecular-
weight additives, whose ion traces display a sharp rise in
intensity followed by a rapid decay, characteristic of desorption-
controlled behaviour.

In comparison to the fossil oils, the polymers exhibit
comparatively small mass spectrometric differences between

This journal is © The Royal Society of Chemistry 2026

the four excitation wavelengths. Congruence coefficients
remain above 0.83 for crumb rubber and 0.93 for polystyrene
(Fig. S12), indicating that the overall spectral patterns are much
less wavelength dependent than for the petroleum samples.
This can largely be ascribed to the more homogeneous chemical
composition of the polymers with respect to REMPI-active
chromophores. In the case of polystyrene, the relevant chro-
mophore is essentially limited to the phenyl moiety of the
styrene repeat unit. Nevertheless, clear differences in overall
signal intensity are observed between the four wavelengths.
Polystyrene shows the highest total signal at 248 and 266 nm, in
agreement with the S; < S, transition of alkylbenzenes, which
lies in this spectral region,*® whereas crumb rubber is most
efficiently ionised at 225 nm (Fig. S13). The mass spectra of
polystyrene exhibit peak clusters separated by 104 u, corre-
sponding to di-, tri- and tetramers of styrene (CgHg monomer)
formed by thermal degradation. This behaviour is even more
clearly visible in DBE versus carbon number plots (Fig. 6), where
distinct signal groupings are separated by eight carbon atoms
and four DBE, matching the styrene monomer unit. These
observations are consistent with previous reports on poly-
styrene pyrolysis behaviour.*”

Crumb rubber differs from polystyrene in that it does not
only show a broad pyrolysis profile but also a pronounced initial
evaporation phase dominated by CHN,-class species. This
phase gives rise to a comparatively sharp TIC peak at the
beginning of the experiment. The main constituent of this
evaporation peak has the sum formula C;gH,4,N, and most
likely corresponds to N-(1,3-dimethylbutyl)-N'-phenyl-p-phenyl-
enediamine (6PPD), a widely used antiozonant in rubber
products.®®* The remaining CHN, species are plausibly related
phenylene diamine antiozonants and/or their degradation
products. After this initial desorption of additives, a slower,
long-lasting pyrolysis phase of the rubber polymer chains
follows, analogous to the behaviour observed for polystyrene
(Fig. 6). This pyrolysis phase is dominated by CH and CHS
classes. Although the CH class displays a broad, nearly contin-
uous distribution with DBE values ranging from 4 to 19 and
carbon numbers from 10 to 50, the DBE versus carbon number
plot still reveals a repeating pattern of five carbon atoms and
one DBE. This pattern matches the repeat unit of polyisoprene
(CsHg), the main constituent of natural rubber, which has

Anal. Methods
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DIP measurement of: (d) the CH-class of PS, (e) the CH-class of crumbed rubber, and (f) the CHS-class of crumbed rubber.

a degradation temperature below 400 °C, in contrast to some
synthetic rubbers.” The CHS class essentially mirrors the CH
class, reflecting the same polymeric backbone with the addition
of sulphur introduced during vulcanisation.

Taken together, the polymer results complement the find-
ings from the standards and fossil oils: (I) DIP-APLI can effec-
tively probe both additive desorption and backbone pyrolysis in
solid polymer samples; (II) the wavelength dependence is
muted when the underlying chromophore variety is low (poly-
styrene), but still manifests in overall ionisation efficiency; and
(I1I) DBE versus carbon number maps remain a powerful tool to
recognise repeating units and structural motifs, even in ther-
mally fragmented polymer-derived mixtures (Fig. 7).

Conclusion

In this study, we extend the established APLI concept for direct
inlet probe (DIP) measurements by implementing a wavelength-
tuneable laser source. In contrast to ionisation schemes
commonly used in DIP, such as APPI, which offers broad ion-
isability, and APCI, which favours slightly polar components,
APLI provides a distinct selectivity towards aromatic
compounds and thus complements existing DIP ionisation
approaches. Screening more than 70 aromatic standards at four
excitation wavelengths (three of which correspond to widely
available laser lines) revealed pronounced, analyte-specific
wavelength effects and selectivity differences. Crucially, the
observed response patterns followed known REMPI band
structures reported for other introduction techniques,

Anal. Methods

demonstrating that wavelength-selective REMPI behaviour
transfers well to the DIP workflow and enabling the use of
existing REMPI literature to anticipate compound-specific
responses.

In addition to the standard solutions, several fossil oils and
polymer samples were measured as representative complex
mixtures. The fossil oils showed the typical highly aromatic CH-
class distribution commonly observed for APLI direct infusion
spectra of these sample types. In contrast to direct infusion,
however, these spectra were obtained directly from neat
samples without any sample preparation such as filtration,
extraction, or dilution. Moreover, the measurements were
comparatively fast, as the DIP process was dominated by rapid
evaporation. Although there are indications of slightly elevated
levels of ion chemistry (e.g., charge transfer reactions), partic-
ularly affecting CHN-class species, the overall selectivity
towards aromatic compounds, especially within the CH class,
was preserved, as no species with DBE values below that of
a single benzene ring were detected. Wavelength-dependent
differences remained clearly observable: the shorter wave-
lengths (213 and 225 nm) favoured naphthalene-type species
(DBE 7), whereas the longer wavelengths (248 and 266 nm)
enhanced phenanthrene-/anthracene-type species (DBE 10) and
even larger condensed aromatic structures. In the heavier oils,
compositions with DBE 13 and 15, corresponding to up to five
fused rings, were particularly enhanced at the higher
wavelengths.

This journal is © The Royal Society of Chemistry 2026
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The polymer samples exhibited smaller spectral differences
between wavelengths than the fossil oils, which can be attrib-
uted to the more homogeneous composition of polymers with
respect to REMPI-active chromophores, such that ionisation is
largely governed by the same functional motif within a given
polymer. Here, the dominant wavelength effect was therefore
mainly reflected in differences in overall ionisation yield.
Beyond the expected pyrolysis fragments, which matched liter-
ature descriptions, typical additives were also detected, such as
6PPD in rubber. While these additives appeared among the
dominant signals in an untargeted workflow, the demonstrated
wavelength selectivity suggests that the excitation wavelength
could be tuned towards the ionisation maximum of specific
target compounds to enable targeted trace analysis. This aspect
is beyond the scope of the present work, but will be investigated
in future studies. In addition, the implementation of tempera-
ture ramping is expected to reduce the simultaneous ion load
and further improve selectivity and sensitivity by mitigating ion
suppression, while also prolonging signal duration and thereby
enhancing spectral quality.
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