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• IR ion spectroscopy provides a struc
tural fingerprint for m/z-features of 
pollutants. 

• A workflow for pollutant identification 
with IRIS is presented. 

• Screening of candidate pollutants is 
based on computed IR fingerprints. 

• Candidate structures are derived from 
IR and MS/MS data and domain 
knowledge.  
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A B S T R A C T   

Comprehensive monitoring of organic micro-pollutants (OMPs) in drinking water sources relies on non-target 
screening (NTS) using liquid-chromatography and high-resolution mass spectrometry (LC-HRMS). Identifica
tion of OMPs is typically based on accurate mass and tandem mass spectrometry (MS/MS) data by matching 
against entries in compound databases and MS/MS spectral libraries. MS/MS spectra are, however, not always 
diagnostic for the full molecular structure and, moreover, emerging OMPs or OMP transformation products may 
not be present in libraries. Here we demonstrate how infrared ion spectroscopy (IRIS), an emerging MS-based 
method for structural elucidation, can aid in the identification of OMPs. IRIS measures the IR spectrum of an 
m/z-isolated ion in a mass spectrometer, providing an orthogonal diagnostic for molecular identification. Here, 
we demonstrate the workflow for identification of OMPs in river water and show how quantum-chemically 
predicted IR spectra can be used to screen potential candidates and suggest structural assignments. A crucial 
step herein is to define a set of candidate structures, presumably including the actual OMP, for which we present 
several strategies based on domain knowledge, the IR spectrum and MS/MS spectrum.  
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1. Introduction 

The safety of drinking water sources is of paramount importance for 
public health and ecosystems (Bernhardt et al., 2017; Brack et al., 2022; 
Houthuijs et al., 2022; Villanueva et al., 2014). An important aspect 
concerns contamination caused by the ever-increasing production and 
use of chemicals, which find their way into the environment and even
tually into water sources (Thompson et al., 2007). Organic 
micro-pollutants (OMPs) are anthropogenic chemicals such as agro
chemicals, pharmaceuticals or chemicals related to industrial activity 
that occur at or below the microgram per litre level (Verliefde et al., 
2007). Targeted approaches are employed to monitor the concentration 
of known OMPs, but due to their vast number and diversity, targeted 
detection of all OMPs is unfeasible. Moreover, OMPs can (bio)degrade to 
potentially more toxic transformation products (Schwarzenbach et al., 
2006), which often remain undetected with a targeted approach. More 
comprehensive monitoring of OMPs can be achieved using non-target 
screening (NTS), which relies on a “detect-all” approach (Brunner 
et al., 2020; Campos-Mañas et al., 2019; Hollender et al., 2017; Hug 
et al., 2014; Ruff et al., 2015; Zheng et al., 2023). NTS is typically per
formed with liquid chromatography coupled to high-resolution mass 
spectrometry (LC-HRMS), which can cover both a wide range of chem
ical classes and a high dynamic range of concentrations, often reaching 
down to levels of ng/L (Brunner et al., 2020). 

Obtaining the full molecular structure of an OMP with high confi
dence (Schymanski et al., 2014) is essential for risk assessment of its 
health and environmental impact. To this end LC-HRMS is routinely 
extended with tandem MS approaches, such as collision induced disso
ciation (CID) or ultraviolet photodissociation (UVPD) (Köppe et al., 
2023; Panse et al., 2020; Zheng et al., 2023). MS/MS fragmentation 
spectra are then typically compared to (in-house) libraries for their 
identification. These MS/MS libraries, however, are incomplete, and 
frequently miss emerging OMPs and previously unknown trans
formation products. To alleviate this deficiency, in silico fragmentation 
tools are used to predict MS/MS spectra (Ruttkies et al., 2016; Wang 
et al., 2021), but these tools are often not sufficiently accurate to un
equivocally identify unknowns (CASMI, 2022; Kiefer et al., 2021). 
Moreover, MS/MS spectra may be insensitive to small structural dif
ferences, such as positional isomerism (Crotti et al., 2021; Vink et al., 
2022). Alternatively, nuclear magnetic resonance (NMR) spectroscopy 
can be used to identify OMPs, but limitations in selectivity and sensi
tivity compared to MS restrict its applicability to samples where mi
crograms of a relatively pure compound are available. Identification via 
NMR spectroscopy therefore requires extensive pre-concentration and 
purification steps, making its use for complex and low-abundance 
samples laborious. 

Infrared (IR) spectroscopy presents an alternative tool towards mo
lecular structure identification, providing information on the functional 
groups present in the unknown. To this end, gas chromatography (GC) 
coupled with FTIR absorption spectroscopy has been used together with 
GC-MS to identify environmental contaminants (Richardson et al., 1996; 
Thruston et al., 1991). However, direct absorption spectroscopy tech
niques cannot be directly coupled to MS such that they take advantage of 
the mass-spectral separation, thereby limiting their applicability. 

Recently, infrared ion spectroscopy (IRIS) has seen application as an 
analytical technique to structurally identify (LC separated) m/z-features 
by recording their gas-phase IR spectra (Martens et al., 2020). Using a 
tuneable IR laser source, it is possible to perform wavelength-selective 
photodissociation of mass-selected ions. A series of IR-induced dissoci
ation MS/MS spectra are recorded at different wavelengths in order to 
reconstruct the IR spectrum of the isolated ion. Since IRIS is directly 
integrated with MS, it inherits typical MS sensitivity (down to nM 
range), m/z-selectivity and the ability to couple to LC, making it an ideal 
method to identify low-abundant compounds in complex mixtures 
(Martens et al. 2017, 2020). IRIS has been applied for the identification 
of unknowns in domains such as biomarker discovery (Engelke et al., 

2021), drug metabolism (van Outersterp et al., 2022), designer drugs 
(Kranenburg et al., 2020), agrochemicals and their transformation 
products (Vink et al., 2022) and organic molecules in secondary organic 
aerosols (Walhout et al., 2019). In fact, molecules from many of these 
domains are also found as OMPs in surface water, but their identification 
from surface water samples is more challenging since it is unknown a 
priori from which domain they originate. 

An important feature of IR-based identification is that vibrational 
spectra can be reliably predicted using routine quantum-chemical 
methods, in sharp contrast to CID MS/MS fragmentation spectra. This 
often circumvents the strict requirement for chemical reference stan
dards, as unknowns can be (tentatively) assigned based on their 
computed IR spectra. Multiple candidate compounds can thus be 
screened efficiently based on matching their predicted spectra with the 
spectrum of the unknown. The recent development of an in silico IR 
spectral library of molecular ions based on the human metabolome 
database (HMDB) further exploits the use of predicted vibrational 
spectra to aid in the identification of unknowns (Houthuijs et al., 2023). 
Not only can searching the library with an unknown’s IR spectrum lead 
to direct identification, it can also yield molecular structures highly 
similar to the unknown, opening a path towards de novo structural 
elucidation. 

Here, in a series of proof-of-principle experiments, we demonstrate 
the workflow for orthogonal identification of OMPs from surface water 
using IRIS. We will present data to show analytical reproducibility, 
identification strategies that rely on several libraries and how IRIS can 
be used in combination with MS/MS data to assign chemical structures. 

2. Materials and methods 

2.1. Sampling and sample preparation 

The surface water sample was taken from the river Meuse, Roosteren, 
The Netherlands (June 11, 2018), in a stainless-steel container that was 
thoroughly washed and rinsed before sampling. The water sample was 
stored at 4 ◦C in the dark for a maximum of 1 week. A full description of 
the sample preparation is available in the supporting information (SI). In 
short, the surface water was guided across Oasis-HLB solid phase 
extraction (SPE) columns. The SPE cartridges were subsequently eluted 
using acetonitrile and reconstituted in ultrapure water (final concen
tration factor ~800x; final volume 1 mL) for LC-HRMS analysis and 
fraction collection. 

2.2. UHPLC-HRMS/MS and fraction collection 

Surface water samples were analysed in positive electrospray ioni
zation mode using reverse phase LC-HRMS/MS and a Vanquish UHPLC 
system (Thermo Fisher Scientific, Bremen, Germany) and Tribrid Orbi
trap Fusion mass spectrometer (Thermo Fisher Scientific, Bremen). An 
XBridge C18 XP column (2.1 mm × 150 mm I.D., 2.5 μm particle size, 
Waters, Etten-Leur, The Netherlands) was used combined with a 
SecurityGuard Ultra column (2.0 mm × 2.1 mm I.D., Phenomenex, 
Torrance, USA) and kept at 25 ◦C. The LC gradient was varied from 5% 
acetonitrile and 95% water with 0.05% formic acid (v/v/v) to 100% 
acetonitrile with 0.05% formic acid in 25 min and then retained for 4 
min, all with a 250 μL/min flow rate. Mass spectra were acquired in the 
m/z 80–1300 range with a resolving power at m/z 200 of 120 000 full 
width at half maximum (FWHM). Data dependent acquisition of MS/MS 
spectra was performed with high-energy collisional dissociation (HCD) 
energy at 35% and a resolving power of 15 000 FWHM. 

Data analysis for nontarget screening was performed using Com
pound Discoverer 3.0 (Thermo Fisher Scientific) for peak picking, 
componentization, and automatic MS/MS fragment searches in mzCloud 
and our in-house library. Based on their relatively high abundance, three 
known (OMPs 1–3) and two unknown compounds (OMPs 4–5) were 
selected for IRIS analysis (see Table 1). 
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LC-IRIS analysis can be performed online (van Outersterp et al., 
2023), but since a different LC-MS platform was used for non-target 
screening, a fractionation approach was employed for the IRIS anal
ysis, which ensures that the same compounds were sampled. For frac
tionation, 100 μL of the ultrapure water diluted extract was injected, 
after which fractions of approximately 0.3 min around the target 
retention time were collected in an autosampler vial. Four fractions per 
time window were collected in a single vial to which another 150 μL of 
acetonitrile was added, resulting in an extract of about 400 μL for 
identification using IRIS. 

2.3. Infrared ion spectroscopy 

IR spectra of the OMPs (listed in Table 1) and reference standards 
were measured on an AmaZon Speed ETD quadrupole ion trap mass 
spectrometer (Bruker, Bremen, Germany) (Martens et al., 2016), which 
has been coupled to the beamline of the infrared free-electron laser 
FELIX (Oepts et al., 1995). The collected LC-fractions of OMPs and 
prepared reference standard solutions (1–10 μM) were measured using 
direct injection at a flowrate of 120–180 μL/h and ionized using elec
trospray ionization (sample consumption for recording a single IR 
spectrum is 14–30 μL). After m/z-isolation of the feature of interest, or 
their fragment ions produced by CID, the ions were irradiated with 1 
macropulse of FELIX, which was operated at a 10 Hz repetition rate. 
Each 10 μs macropulse had an energy of 10–200 mJ and a bandwidth of 
approximately 0.5% of the centre frequency. The wavelength dependent 
absorption of IR photons increases the internal energy of the isolated 
ions until their dissociation threshold is reached and the precursor ions 
fragment. The wavelength-dependent fragmentation observed in the 
recorded mass spectra is converted into an IR spectrum by plotting the 
fragmentation yield, defined as − ln[Iprecursor /

∑
(Iall)], as a function of IR 

frequency. The yield is linearly corrected for the wavelength dependent 
IR laser pulse energy (Berden et al., 2019). The IR wavelength is cali
brated using a grating spectrometer. 

2.4. Computational workflow 

A computational workflow based on RDKit and Gaussian16 was 
employed for the computation of IR spectra (Frisch et al., 2016; Land
rum, 2006; van Outersterp et al., 2019). The input for the workflow 
consists of the 2D-representation of each candidate structure in SMILES 
notation (Weininger, 1988). Iterating through all possible tautomers of 
the neutral molecule, ionized structures were devised by either pro
tonating or deprotonating the available hetero-atoms. For each resulting 
ion, 500 random conformations were generated and subsequently 
minimized using the MMFF94 classical force field implemented in RDKit 
(Halgren, 1996; Tosco et al., 2014). After clustering of the final geom
etries, a maximum of 20 distinct geometries were selected (or fewer) as 
determined by a root-mean-square deviation threshold of 1.4 Å (Ebejer 
et al., 2012). The selected 3D-geometries were submitted to a geometry 
optimization and frequency calculation at the semi-empirical PM6 level 
using Gaussian16. Higher-energy structures were removed based on a 
40 kJ mol− 1 cut-off and identical geometries were filtered based on their 
computed IR frequencies and intensities. The remaining geometries 

were reoptimized at the B3LYP/6–31++G(d,p) level, followed by a 
harmonic frequency calculation (Stephens et al., 1994). After scaling 
(0.975) of the frequencies, the vibrational stick spectra are convoluted 
with a 45 cm− 1 Gaussian broadening function. Finally, a single-point 
energy calculation is performed for each final geometry using 
second-order Møller-Plesset perturbation theory (MP2). This electronic 
energy was combined with entropic and enthalpic contributions from 
the B3LYP vibrational analysis to yield Gibbs free energies (T = 298 K). 
The computed spectrum of the lowest-energy geometry for each struc
ture was used for the spectral comparison against experimental spectra, 
unless stated otherwise. 

2.5. Scoring of spectral similarity 

To quantify the match between two spectra, the cosine similarity 
score is employed. Experimental and computed spectra are represented 
as vectors of spectral intensities (a and b). The similarity S is defined as 
the Euclidean dot product of spectra a and b multiplied by 1000: 

S= 1000 •
a • b
|a||b|

= 1000 •

∑n
i=1aibi

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(ai)
2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(bi)
2

√

where a score closer to 1000 indicates greater similarity. To ensure a 
common x-axis, the intensities of the computed spectra are evaluated at 
the frequency points of the experimental spectrum. Before computing 
the similarity, the intensities of both spectra are transformed by taking 
their square root: 

Itransformed
i =

̅̅̅
Ii

√

This reduces the weight of the more intense peaks and increases that 
of peaks with lower intensity; it also makes S less sensitive to intensity 
deviations between experimental and computed spectra, and therefore 
more sensitive to frequency overlap (Houthuijs et al., 2023). The scoring 
algorithm is also used to quantify the similarity between two experi
mental spectra; in this case, a common x-axis is ensured by linearly 
interpolating the intensities of both spectra onto a common frequency 
scale with 1 cm− 1 steps. 

3. Results and discussion 

3.1. IRIS of OMPs in river water: analytical reproducibility 

First, we demonstrate the capability of IRIS to confirm the identity of 
OMPs. OMP1 and OMP2 (see Table 1) were assigned based on matching 
of their MS/MS spectra to an in-house library and external mzCloud li
brary. Both OMPs were collected from surface water and fractionated 
using multiple LC runs as described above. Direct infusion of the 
collected fractions into the ion trap mass spectrometer enabled us to 
record their IRIS spectra. The IR spectrum of protonated OMP1, 
[C9H16ClN5+H]+, assigned to terbuthylazine (99.7% match using 
mzCloud), a herbicide and known water contaminant (Bottoni et al., 
2013), is presented in Fig. 1a in grey. Overlaid on the spectrum is the IR 
spectrum of a terbuthylazine reference standard in black, as well as the 

Table 1 
Overview of compounds analysed with infrared ion spectroscopy. The labels OMP1-OMP5 refer to compounds from the Meuse river sample. The labels REF1 and REF2 
refer to reference compounds, which were not analysed with LC-HRMS/MS.  

label exp. m/z adduct Δm (ppm) RT (min.) name 

OMP1 230.1163 [C9H16ClN5+H]+ − 1.7 16.9 terbuthylazine 
OMP2 120.0554 [C6H5N3+H]+ − 1.9 7.9 benzotriazole 
OMP3 276.0816 [C12H18ClNO2S+H]+ − 1.3 17.3 dimethenamid 
OMP4 188.0817 [C10H9N3O+H]+ − 0.7 8.7 metamitron-desamino 
OMP5 274.2008 [C14H27NO4+H]+ − 1.6 10.8 N-(2-carboxyethyl)-N-octyl-β-alanine 
REF1 – [C15H23O3–H]- – – gemfibrozil 
REF2 – [C9H9O3Cl–H]- – – 2-methyl-4-chlorophenoxyacetic acid  
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computed spectrum of protonated terbuthylazine in blue. The identifi
cation is confirmed by the almost exact match between the spectra of 
OMP1 and the reference standard, as indicated by a similarity score of 

998. In addition, the similarity score of 947 between the computed 
spectrum of protonated terbuthylazine and the IR spectrum of OMP1 
suggests that computed spectra can serve as an effective reference to 
achieve tentative assignments when physical standards are not 
available. 

Similarly, the IR spectrum of protonated OMP2 ([C6H5N3+H]+), 
assigned to benzotriazole (99.4% using mzCloud), is presented in Fig. 1b 
in grey. Benzotriazole is commonly used as a corrosion inhibitor and was 
recently detected in water around the world (Alotaibi et al., 2015). 
Fig. 1b also presents the spectrum of the reference standard (black) and 
the computed spectrum (blue) of protonated benzotriazole. Again, an 
excellent match between the spectrum from the water sample and the 
reference spectrum is observed (similarity score of 989), thereby con
firming the assignment of OMP2 to benzotriazole. In this case, however, 
the computed spectrum provides a poorer match, having a similarity 
score of only 728. Several peaks between 900 and 1400 cm− 1 in the 
computed spectrum remain unobserved in the experimental spectrum, 
probably due to the high dissociation threshold of protonated benzo
triazole. IR excitation at these weaker bands is inefficient and fails to 
increase the internal energy to above the fragmentation threshold, 
leaving these bands undetected in the IRIS spectrum. This demonstrates 
that care must be taken when using computational spectra as a reference 
and specifically that weak vibrational bands may be underrepresented in 
the experimental spectrum. The absolute similarity score is therefore not 
to be interpreted as a direct measure of structural identification, as true 
positives can have a wide range in scores (Houthuijs et al., 2023). 
Instead, the similarity score should be employed as a ranking of candi
dates, as is shown below. 

3.2. Identification using in silico IR spectra 

To identify OMPs, libraries of commonly used chemicals are often 
consulted. Such an approach can also be taken for their identification 
with IRIS, by considering common chemicals as candidate structures. 
This approach is demonstrated in Fig. 2, where the measured IR spec
trum of deprotonated gemfibrozil, [C15H22O3–H]-, is presented in black. 
Gemfibrozil is a pharmaceutical for regulating lipid levels in blood and 
enters the environment via excretion in urine and feces (Fang et al., 
2012). Here, we take this experimental IR spectrum as the spectrum of a 

Fig. 1. Experimental IRIS spectra of protonated OMP1 (a) and OMP2 (b) in 
grey, compared with experimental IRIS spectra (black) as well as computed 
spectra (blue) of protonated terbuthylazine (a) and benzotriazole (b). Molecular 
structures as well as similarity scores are shown. 

Fig. 2. Comparison of the experimental IR spectrum of deprotonated gemfibrozil (black) to the nine best matching computed spectra (blue) out of a set of ten 
compounds. The ten candidate structures derive from a CompTox chemicals dashboard search with the accurate mass (250.1569 Da ± 10 ppm) and selecting the 10 
compounds with the highest number of associated data sources. Inscribed are the spectral matching scores and structures. 
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hypothetically unidentified OMP and investigate if we can retrieve its 
identity from the spectral and accurate mass information alone. The 
accurate mass of gemfibrozil (250.1569 Da ± 10 ppm) was used to 
search the CompTox Chemicals Dashboard (https://comptox.epa.gov/ 
dashboard, accessed 2023/03/09) (McEachran et al., 2017), which 
yielded 244 compounds. From this list, the 10 chemicals with the 
highest number of associated data sources were selected (with gemfi
brozil at #2, see Scheme S1 in the SI) and their vibrational spectra as 
deprotonated ions were computed. The rationale behind selecting on 
associated data sources is that commonly known or used molecules are 
more likely to be present in the environment, although this approach is 
counterproductive when looking for novel substances (Little et al., 
2011). The 9 best matching spectra and associated structures are shown 
in Fig. 2, while all 10 can be seen in Figure S1 in the SI. Of the ten 
computed vibrational spectra, the spectrum of deprotonated gemfibrozil 
provides the best match (S = 895) with the experimental IR spectrum 
(Fig. 2a), thus successfully identifying gemfibrozil and demonstrating 
the structural specificity of IR spectroscopy for this set of isomeric 
structures. The computed spectrum of hydroxyvalerenic acid has a high 
similarity with the experimental spectrum (S = 857) as well, but shows 
clear spectral mismatch around 1510 cm− 1, 1250 cm− 1 and 850-950 
cm− 1 (Fig. 2b). More generally, the broad peak around 1600 cm− 1 

matches well with the three best-scoring spectra; it corresponds to 
stretches of the carboxylate and alkene/aromatic functionalities. The 
position of the carboxylate within the molecule is further recognized to 
not be on the phenyl ring, as this gives rise to unique C–C vibrations 
within the ring at 1200 cm− 1 (Fig. 2c and h), which are absent in the 
experimental spectrum. 

For the proof-of-concept identification of gemfibrozil described 
above, we essentially generated a small reference library of in silico IR 
spectra of isomeric candidates. Alternatively, a more general molecular 
structure search can be conducted by employing a much larger in silico 
library, which was constructed in earlier work involving the Human 
Metabolome Database (HMDB) (Houthuijs et al., 2023). This library 
currently contains 75 941 computed IR spectra of ions derived from 
4640 compounds and can be searched with or without m/z constraints. 
An unconstrained search enables the retrieval of general substructure 
motifs and thereby the (partial) structural elucidation of compounds 
absent in databases. This approach is demonstrated with the IR spectrum 
of deprotonated 2-methyl-4-chlorophenoxyacetic acid (MCPA, 
[C9H9ClO3–H]-), a widely used herbicide (Morton et al., 2020). Fig. 3a–c 
presents the IR spectrum of deprotonated MCPA in black and the three 
best matching computed spectra from the library. In this case, the search 
does not return MCPA itself, as it is not one of the 2707 deprotonated 
entries in the library. Instead, phenoxyacetic acid provides the best 
match with the experimental IR spectrum (S = 907, Fig. 3a). Experi
mental and computed spectra indeed show an excellent match, which 
reflects the significant structural similarity between phenoxyacetic acid 
(Fig. 3a) and MCPA (Fig. 3d). The Cl and CH3 ring substitutions that 
differentiate both structures, have only limited influence on the IR 
spectrum in the probed wavenumber range. 

What these results moreover demonstrate, is that even though the IR 
spectral library is based on the human metabolome database (HMBD), it 
can still be applied in fields outside of (human) metabolomics. That is, 
the HMDB is – just as any chemical database – a representation of 
chemical space. In addition, the HMDB also includes molecules associ
ated with the human exposome, i.e. the molecules an individual is 
exposed to during their lifetime (Neveu et al., 2016; Wishart et al., 
2018), and therefore also includes molecules found in surface water. 
Therefore the current version of the IR spectral library based on the 
HMDB could play a role in the identification of biotransformation 
products, until common anthropogenic chemicals are added from 
sources such as CompTox or the NORMAN suspect list (McEachran et al., 
2017; Network et al., 2020). 

3.3. IR spectra of MS/MS fragment ions aid in identification 

Although OMP3 could be identified based on LC-HRMS data alone, 
we use this case as an example where an extended workflow using 
detailed spectral information of the OMP and its MS/MS fragment ion 
lead to a successful identification. The IR spectrum of protonated OMP3, 
assigned to [C12H18ClNO2S + H]+ based on accurate mass, is presented 
in grey in Fig. 4a–c. Additionally, the high-resolution CID MS/MS 
spectrum of protonated OMP3 was recorded (Figure S2 in the SI), as well 
as the IR spectrum of the mass-isolated CID fragment ion, which is 
formed by loss of methanol giving an ion with elemental composition 
[C11H14ClNOS + H]+ (grey spectrum in Fig. 4d and e). The precursor 
molecular formula was used to query the CompTox Chemicals Dash
board (accessed 2023/03/09), yielding 11 unique candidates after 
removing duplicates and enantiomers. Two of these structures contained 
a methoxy group that could explain the observed methanol loss after CID 
(see Scheme S2 in the SI). The computed spectra of these candidates, 2- 

Fig. 3. (a–c) Top-3 matching results from a query of the in silico IR spectral 
library from (Houthuijs et al., 2023) using the experimental IRIS spectrum of 
deprotonated MCPA (black in all panels). Computed spectra (blue) are for the 
deprotonated ions of phenoxyacetic acid [C8H8O3–H]- (a), cyanuric acid 
[C3H3N3O3–H]- (b) and asparagusic acid [C4H6O2S2–H]- (c). Panel (d) presents 
the computed spectrum of deprotonated MCPA ([C9H9O3Cl–H]-). Inlayed are 
the molecular structures as well as the similarity scores. 
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chloro-N-(2,4-dimethylthiophen-3-yl)-N-(1-methoxypropyl)acetamide 
(CompTox label DTXSID20555466) and dimethenamid, are shown in 
blue in Fig. 4a and b. 

The IR spectrum of the precursor ion features an unusually broad 
absorption band that extends from 1700 to almost 2000 cm− 1. This peak 
is not reproduced by the computed IR spectra of either of the candidates, 
although otherwise the experimental spectrum shows good overlap with 
the computed spectrum of dimethenamid (Fig. 4b). Closer inspection of 
its computed spectrum reveals a vibrational band with high integrated 
intensity (2330 km/mol) at 2400 cm− 1, corresponding to the stretching 
mode of the proton shared between the two O-atoms in the molecule 
(Fig. 4f). It is well known that the harmonic approximation applied here 
usually fails to describe the motion of shared protons in strongly 
hydrogen-bonded systems (Buckingham et al., 2008, Del Bene and 
Jordan, 1999). The vibrational band associated with this motion typi
cally occurs at lower frequencies and is severely broadened (Gámez 
et al., 2021), and therefore possibly matches the observed broad feature 
centred at 1800 cm− 1 (Fig. 4b). 

To corroborate this assignment, the IR spectra of the most probable 
structures after methanol loss for DTXSID20555466 and dimethenamid 
were calculated and compared to the IR spectrum of the − 32 Da neutral 
loss fragment of protonated OMP3 (Fig. 4d and e). All considered frag
ment structures and their computed IR spectra are presented in 
Figure S3 in the SI, along with proposed mechanisms for their formation 
in Schemes S3 and S4. An activation-induced rearrangement leads to 
methanol loss and yields the depicted cyclic structures, which is a 
common fragmentation mechanism in CID (Kempkes et al., 2016). This 
comparison provides further support for the assignment of OMP3 as 
dimethenamid, a herbicide found in surface water (Zimmerman et al., 
2002), since the IR spectrum of the CID fragment ion matches best with 
the computed spectrum of its proposed methanol-loss structure. 

Finally, we measured the IRIS spectrum for a dimethenamid refer
ence standard, as presented in Fig. 4c in black. Comparison to the 

spectrum of protonated OMP3 shows great similarity between both 
spectra (S = 987), thereby definitively identifying OMP3 to be dime
thenamid (level 1 structure identification (Schrimpe-Rutledge et al., 
2016; Schymanski et al., 2014)). 

3.4. Identification of unknown OMPs 

In the previous examples an initial assignment was made based on in- 
house LC-MS reference standards. What follows is the identification of 
an OMP that could not be identified unambiguously based on LC-HRMS/ 
MS. The IRIS spectrum of the protonated ion of OMP4, [C10H9N3O +
H]+, was measured, as presented in grey in Fig. 5. To further exploit the 
information contained in the high-resolution MS/MS spectrum, we used 
the software Sirius (version 5.7.2) (Dührkop et al., 2019). Sirius uses 
machine learning to predict the molecular structure from an MS/MS 
spectrum. This prediction is in the form of a molecular fingerprint vec
tor, but with probabilities instead of typical bits (Dührkop et al., 2015). 
By calculating the similarity of this prediction versus bit vectors of 
molecules in databases such as PubChem, a list of candidate molecules is 
returned that likely yield an MS/MS spectrum similar to the provided 
spectrum. This approach was applied to the MS/MS spectrum of OMP4 
(Figure S4 in the SI) and the top-10 candidates are presented in Scheme 
S5 in the SI. The IR spectrum of each candidate was computed and the 
similarity to the IR spectrum of protonated OMP4 was determined. The 
top-5 matching computed spectra are presented in Fig. 5a–e in blue, 
where higher-energy structures were included up to 10 kJ mol− 1 

(Figure S5 in the SI). We demonstrated previously that considering 
computed spectra of higher-energy geometries can be essential for the 
correct assignment of the molecular structure (Houthuijs et al., 2023). 

Although the ten structures returned by Sirius are all highly similar, 
their computed IR spectra are distinct (Fig. 5 and S5 in the SI). This 
demonstrates the orthogonality of tandem-MS and IR spectroscopy, 
underpinning the value of combining information from both sources. 

Fig. 4. Identification of OMP3 using the IR spectra (grey) of its protonated ion (a, b, c) and the methanol-loss fragment thereof (d, e). These spectra are compared 
against computed spectra (blue) of DTXSID20555466 (a) and dimethenamid (b), their respective methanol-loss fragments (d, e) and the IR spectrum of a reference 
standard (black) of dimethenamid (c). The OH stretch vibration calculated at 2400 cm− 1 in (b) is visualized in (f), where the blue arrow indicates the main 
vibrational coordinate. Inlayed are the structures, as well as the similarity scores of the overlaid spectra. 
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Looking at the top-5 matching candidates, only candidate #1 reproduces 
the carbonyl stretch in the experimental spectrum (at 1775 cm− 1) and 
has an overall good match with the remainder of the experimental 
spectrum (Fig. 5a). We recorded an IRIS spectrum for the reference 
standard of this candidate, metamitron-desamino, which showed a close 
match with protonated OMP4 (Fig. 5f), giving a similarity score of 933. 
Metamitron-desamino is a biotransformation product of metamitron, 
which is used as a herbicide for weed control in sugar beet crops (Wang 
et al., 2017). 

For the identification of OMP4 it was crucial to also consider higher- 
energy structures, as protonated OMP4 adopts a tautomeric form that is 
computed to be 6.5 kJ mol− 1 higher in energy than the lowest-energy 
tautomer (Figure S5 in the SI). The observation of higher-energy struc
tures with IRIS is not uncommon, due to the limited accuracy of 
computed energies or to kinetic trapping of solution-phase tautomers 
(Steill and Oomens, 2009; Warnke et al., 2015). Relying solely on 
computed spectra of the lowest-energy geometries would have resulted 
in a tie between MS/MS candidates #1 and #3 (both S = 819), with both 
computational spectra showing clear mismatches with the experimental 
spectrum (panels a and b in Figure S5 in the SI). The spectrum of the 
higher-energy tautomer of pronated metamitron-desamino, however, 
has a higher similarity score (S = 845) and reproduces all experimental 
peaks. 

Finally, to identify OMP5, we measured the IRIS spectrum of its 
protonated ion [C14H27NO4+H]+ and its fragment ion resulting from 
loss of neutral C2H4O2 (Fig. 6a and b). The HRMS/MS spectrum 
(Figure S6) was again used to formulate candidates with Sirius. All top- 
10 candidates possess ester functional groups, as seen in Scheme S6 in 
the SI. However, querying the in silico spectral library with the IR 
spectrum indicates the presence of a carboxylic acid group substructure, 
based on the features at 1750 and 1150 cm− 1, which are characteristic 
–COOH vibrations (Figure S7 in the SI). This is further corroborated by 
the dominant neutral loss of C2H4O2, which can be attributed to acetic 
acid. Querying the CompTox database (accessed 2023/06/09) using the 
neutral chemical formula (C14H27NO4) yielded 25 structures, three of 
which possess a carboxylic acid functional group. N-(2-carboxyethyl)-N- 
octyl-β-alanine is used in washing and cleaning products and computed 
IR spectra for its protonated ion and its acetic acid loss fragment are 
shown in Fig. 6a and b. Both computed spectra show excellent agree
ment with the experimental IR spectra (S = 936 and S = 849) and we 
therefore identify OMP5 as N-(2-carboxyethyl)-N-octyl-β-alanine. Closer 
inspection of the Sirius results reveals N-(2-carboxyehtyl)-N-octyl- 
β-alanine to be ranked #198 (out of 2240). This demonstrates the power 
of the combined use of in silico MS/MS approaches and spectroscopic 
IRIS analysis in the annotation of unknown mass spectral features. 

4. Conclusions 

We demonstrated that infrared ion spectroscopy (IRIS) can aid in the 
identification of organic micropollutants (OMPs) in surface water. As an 
extension of mass spectrometry, IRIS can be appended to analytical LC- 
MS workflows and can thus be employed for the identification of 
detected LC-MS features. The reproducibility of IRIS allows for the 
definitive structural assignment of detected OMPs by measuring refer
ence standards (level 1 including an orthogonal method 

Fig. 6. Identification of OMP5 using the IR spectra (grey) of the protonated ion 
(a) and its CID fragment corresponding to loss of neutral acetic acid (b). The 
spectra are compared with computed spectra (blue) of protonated N-(2-car
boxyehtyl)-N-octyl-β-alanine (a) and the proposed acetic acid loss structure (b). 
Inlayed are the computed structures and the spectral similarity scores of 
computed and experimental spectra. 

Fig. 5. Identification of OMP4 using the IR spectrum (grey) of its protonated ion. This spectrum is compared with the 5 best matching computed spectra (blue) of 10 
MS/MS candidates (a–e) and the IR spectrum of a reference standard (black) of metamitron-desamino (f). Inlayed are the computed structures and the similarity 
scores of the overlaid spectra. 
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(Schrimpe-Rutledge et al., 2016; Schymanski et al., 2014)), as was 
verified using a similarity scoring algorithm. In addition to analytical 
standards, quantum-chemically computed spectra can also serve as 
references to provide tentative but accurate suggested assignments in 
absence of analytical standards. Moreover, using a library of 
DFT-computed spectra, in the presented example based on the human 
metabolome database, OMP structures can be quickly identified; even 
for structures not included in the library, molecules closely related in 
structure can be identified. 

We further demonstrated that a key step in the identification process 
is formulating a set of likely candidates. Computed IR spectra for these 
candidates then allow one to quickly exclude many candidates. Here, 
this resulted in two tentative assignments that were subsequently 
confirmed with chemical reference standards. In formulating such a 
candidate set, tandem mass spectrometry plays a crucial role. Addi
tionally, IRIS can be applied to MS/MS fragments of LC-MS features, to 
further increase confidence in (tentative) assignments by comparing the 
IR spectrum against computed spectra of hypothesized CID fragment ion 
structures of candidates. We envision that the described set of ap
proaches form a toolbox for IRIS-based structural elucidation. This 
toolbox can be employed in environmental sciences for the identifica
tion of detected OMPs at high confidence levels, as well as in other non- 
targeted, small-molecule LC-MS applications. 
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