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ABSTRACT: Assessing the safety of agrochemical products requires a thorough structural identification of synthetic batch impurities. The 
traditional method, relying on liquid chromatography paired with high-resolution tandem mass spectrometry, is often insufficient for 
complete structural determinations. Infrared ion spectroscopy has emerged as a novel analytical approach for structural characterisation in 
mass spectrometry. This technique integrates infrared spectroscopy with mass spectrometry and obtains infrared spectra of mass-isolated 
ions within the spectrometer and can be combined with liquid-chromatography separation methods. The infrared spectral patterns provide 
unique fingerprints for molecules with identical masses but different structures, and can be predicted through quantum chemistry, eliminating 
the need for reference standards. We demonstrate this methodology's application in analysing agrochemical batch impurities by successfully 
identifying five impurity structures, including two previously undocumented compounds that are identified based on the match to their 
computed spectra. Additionally, we showcase the detection and structural determination of a trace impurity that undergoes reconversion to 
the parent active compound. Here, Born-Oppenheimer molecular dynamics calculations are used to predict and assign the infrared spectrum, 
describing the experimental broadened absorption line shapes resulting from hydrogen bonding. 

INTRODUCTION

During the synthesis of a chemical, by-products may arise, 
contaminating the final batch. In the agrochemical industry, these 
impurities may have the potential to lead to toxicological effects or 
contamination of the environment.1 Therefore, regulatory bodies 
have set strict regulations regarding the impurity profiling of new 
active substances in different sectors within the chemical industry. 
Completely removing organic impurities arising in a multistep 
synthesis is typically difficult or costly. For agrochemicals2 and 
pharmaceuticals,3 all components with apparent levels higher 
than 0.1% of the main product should be characterised and 
assessed for safety. Essential to this process is the structural 
identification of the impurities.

Impurities are commonly detected and quantified (relatively) 
using liquid chromatography (LC), usually combined with mass 
spectrometry (MS).4 Advances in analytical chemistry, and 
specifically LC-MS (e.g. column technology5) and mass 
spectrometry developments,6 have enabled the identification of 
very minor components directly from complex sample matrices.7 
In recent years, the increased access to high-resolution accurate 
mass (HRAM) spectrometers8-10 has improved the ability to 
determine molecular formulas; however, difficulties in 
determining chemical structures remain. The structural 
information obtained from fragmentation mass spectrometry 
(MS/MS) is often insufficient for a complete structural 
determination. On the other hand, when a significant amount of 
the impurity (> 100 µg) can be isolated in pure form, nuclear 
magnetic resonance (NMR) commonly gives direct insight into the 
analyte's structure.11, 12 However, as the impurities are generally 
present in low amounts, the isolation of enough material for NMR 
can be a costly and laborious task. In this work, we demonstrate 

how infrared ion spectroscopy (IRIS) is used to determine the 
structure of agrochemical batch impurities.

IRIS combines structural information from infrared (IR) 
spectroscopy with the sensitivity and selectivity gained from MS 
by measuring the IR spectrum of the mass-isolated ion population 
directly in an ion-trapping mass spectrometer. The technique has 
previously been shown to be effective for identifying 
metabolites,13-15 agrochemical derivatives,16, 17 micro-pollutants,18 
and impurities in organic electronic materials.19 The technique can 
be combined with the common workflows used for impurity 
characterisation based on LC-MS.20 Quantum-chemical methods, 
notably density functional theory (DFT), are able to accurately 
predict the IR spectrum21 and provide confidence for synthesising 
the correct compound, preventing the unnecessary synthesis of 
candidates that do not match; in some cases, a synthetic standard 
may not be necessary at all.

Scheme 1 Synthetic scheme for the synthesis of the main batch 
component. The R group is the same for the shown structures.

R

CN

R

NH2OH, HCl

CF3COCl
R

N O

N
CF3NH2

N OH

A

Batch main productB

CN

p-tolunitrile

Page 1 of 11 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 5
:0

6:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5AN01339A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5an01339a


In this work, we describe the impurity profiling of a novel 
fungicide having a substituted oxadiazole. The active ingredient 
(main product in Scheme 1) is synthesised from p-tolunitrile in 
five steps, of which the last two steps, forming the oxadiazole, are 
shown.22, 23 To protect proprietary structural information related 
to compounds currently under patent and in development, the R-
group is not further specified but is the same for all intermediates 
and impurities shown. The chemical transformations generating 
the impurities occur exclusively on the side of the molecule that is 
shown, thereby enabling explanation of the formation chemistry 
while safeguarding confidential intellectual property. During each 
of the steps, side products can be formed, or residual reactants can 
be carried over to the final batch. The oxadiazole is an important 
structural motif in medicinal and agrochemistry and the identified 
impurities could potentially arise in active ingredients produced 
via a similar synthetic route.24

We have obtained two stable reaction intermediates as reference 
materials and used LC-MS to confirm their presence and detected 
new impurities present in the synthetic batch. We used IRIS to 
structurally characterise all impurities. The final structural 
assignments are made by comparing the IRIS fingerprint of the 
unknowns with quantum-chemically predicted spectra and 
reference standards when available.

METHODS

Materials

LC-MS grade water, methanol, acetonitrile and formic acid were 
obtained from Merck (Darmstadt, Germany). Samples and 
reference compounds were obtained from Syngenta (Münchwilen, 
Switzerland). 

Sample preparation

Samples were prepared from the batch at a concentration of 1 
mg/mL in acetonitrile and subsequently diluted to 100 µg/mL in 
water. 

Liquid Chromatography

A chromatographic method was adapted from ref. 25. Aliquots of 2 
µL were injected into a Waters Acquity UPLC HSS T3 100 Å (2.1 × 
100 mm, 1.8 µm) reversed-phase column. For the injection and 
gradient, a Bruker Elute UPLC system, equipped with a column 
oven and autosampler, was used. The system is coupled to a 
Bruker AmaZon quadrupole ion trap mass spectrometer operating 
in positive ESI mode. Eluent A consists of water with 0.1 % formic 
acid and eluent B consists of methanol with 0.1 % formic acid. We 
used the following elution program: 0-1 min, 0% B; 1-16 min, 0-
100% B; 16-20 min, 100% B; 20-21 min 100%-0% B; 21-25 min, 
0% B (flow: 0.4 mL/min).

The asymmetry factor is determined by dividing the half-width 
after the maximum by the half-width before the maximum. The 
half-widths are determined at 10% of the peak height.

Infrared Ion spectroscopy

Spectroscopic experiments are carried out on the Bruker AmaZon 
ion trap mass spectrometer, which has been modified as described 
in detail previously26 and is coupled to the FELIX infrared free-
electron laser. Fractions were manually collected from the LC 
system in vials at the retention times determined in a previous 
injection and stored overnight at 5 ˚C before spectroscopic 
analysis or collected in a 60 µL sample loop using online 
heartcutting.20 The fractions are introduced to the electrospray 
ionisation source using a syringe pump at a flow rate of 2 µL/min. 
IRIS experiments are conducted by recording mass spectra while 
scanning the laser frequency over the 750 – 1850 cm-1 spectral 

range in steps of 3-5 cm-1, as described previously.26 The 
frequency-dependent IR photodissociation yield is then used to 
reconstruct an IR spectrum, which is corrected for wavelength-
dependent power variations of the FELIX laser and normalised to 
the highest intensity peak.

High-resolution mass spectrometry

High-resolution mass spectrometry experiments are conducted on 
a Fourier transform ion cyclotron resonance mass spectrometer27 
(FTICR, SolariX XR 7T, Bruker Daltonik, Bremen, Germany) 
coupled to the chromatography setup described above and 
operated in positive ESI mode.

Quantum-chemical calculations

IR spectra are predicted using quantum chemistry methods 
starting from the 2D representation of the candidate structure in 
SMILES notation, using a method adapted from the workflow 
previously described.21 Tautomers and protonation isomers were 
created using RDKIT,28 after which conformers were generated for 
each isomer using CREST v.2.1229 employing the GFN2-xTB30 
method. CREST is used to cluster the conformers found for each 
protonation tautomer using the default settings. Conformers were 
selected up to 60 kJ/mol based on their GFN2-xTB energy and 
further optimised at the BP86/def2-SV(P)31-34 level using ORCA 
v.6.0.1,35 followed by a harmonic frequency calculation to obtain 
the free energy. After filtering on the relative free energy (up to 25 
kJ/mol), the conformers were further optimised at the B3LYP/ma-
def2-SVP36, 37 level, followed by a harmonic frequency calculation 
and a single point DLPNO-MP2/def2-TZVP38 calculation. The MP2 
energy is combined with the B3LYP thermal energy to give the free 
energy, used as a final ranking. The B3LYP frequencies are scaled 
by 0.975 and 0.955 for frequencies below and above 2500 cm-1, 
respectively,39, 40 and the vibrational stick spectra are convoluted 
by a Gaussian broadening function with a full-width-half-
maximum of 20 cm-1 to facilitate comparison with the 
experimental spectrum.

Similarity scores (S), ranging from 0 to 1000, are calculated as 
cosine similarity between the measured and predicted spectra in 
the frequency range from 700 to 1900 cm-1.21 Both spectra are 
normalised to the highest intensity peak and their intensities are 
transformed by taking the square root to reduce the influence of 
band intensities on the score and hence increase that of the 
spectral positions. The similarity score is defined as 𝑆 =  1000 𝐴
∙ 𝐵/(| 𝐴| ∙ | 𝐵|), in which A and B are vectors containing the 

normalised spectral intensities. A score closer to 1000 indicates 
greater similarity. 

Born-Oppenheimer Molecular Dynamics calculations are 
performed using Turbomole41 7.8 and the r2scan-D4/def2-SVP 
density functional method using a method adapted from Ref.42. 
Four independent Molecular Dynamics (MD) runs are conducted 
with the same starting geometry but different random initial 
velocities matching a kinetic temperature of 250 K. A timestep of 
20 a.u. (~0.48 fs) and a Nosé-Hoover thermostat of 350 K,43 with a 
time coupling constant of  400 a.u., are used to perform 45 000 MD 
steps. Drift of and rotation around the centre of mass are removed 
after each subsequent 56 steps. The molecular electric dipole 
moment, as calculated with DFT, is written to a file at each step. 
The first 5000 steps are used to equilibrate the system and the 
remaining 40 000 steps are used to calculate the IR spectrum using 
the Fourier transform of the autocorrelation function of the 
electric dipoles by the TRAVIS44 software package. The four 
computed IR spectra are averaged to yield the final spectrum. To 
correct for systematic errors in the method, the frequencies are 
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scaled43 by 0.980 and 0.955 in the region below and above 2500 
cm-1, respectively. Developed for liquids, most BOMD calculations 
for spectral prediction make use of periodic calculations, with 
plane wave basis DFT.45 The definition of a dipole in these periodic 
systems is not trivial and different solutions have been developed 
to obtain the dipole.46, 47 The current BOMD calculation, however, 
is done using atom-centred basis sets, which are particularly 
suitable for gas-phase calculations. In this case, the dipole is easily 
obtained from the charge density, calculated in density functional 
theory.

RESULTS AND DISCUSSION

Detection of impurities

Figure 1 presents the LC chromatogram of the batch sample, 
showing the separation of the impurities and their detection with 
LC-MS. Besides the main product peak, eluting at 13.42 minutes, 
five impurity peaks are observed, labelled 1-5. The impurities are 
well separated during chromatography. Impurity 1 is identified as 
the unreacted amidoxime intermediate (B in Scheme 1) and 
matches the m/z and retention time of the reference material. 
Impurity 3 matches in m/z and retention time to reference 
material of the nitrile intermediate (A in Scheme 1). The nominal 
mass of impurity 2 matches with that of a known side product in 
the formation of the N-hydroxyl amidine,48 in which the nitrile is 
hydrolysed to an amide. Impurities 4 and 5 were previously 
unknown. 
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Relative quantification was done by integration of Gaussians fitted 
to the extracted ion chromatogram of the protonated ions (SI 
Figure S1). Retention times and relative abundances are shown in 
Table 1. All impurities found have an abundance of more than 
0.1%, so they require identification according to standard 
regulations. The ion intensity of the lowest-intensity feature is 
three times higher than the background signal, indicating that this 
is close to the limit of detection (LOD) of this method (based on a 
LOD of 3:1 S/N). For a higher sensitivity, a larger injection volume 
or concentration can be used at the risk of overloading the column. 
Furthermore, the peak of the main product is tailing (see also fitted 
Gaussian in Figure S1, asymmetry factor 1.29). An impurity that 
coelutes or elutes later than the main product could be 
overshadowed by the main ingredient. 

Table 1. Overview of detected compounds 

Compound m/z 
[M+H]+

Retention 
Time (min)

Apparent 
relative 
abundance
 (%)

Impurity 1 282 5.46 1.91
Impurity 2 267 7.24 0.24
Impurity 3 249 9.26 0.26
Impurity 4 378 10.09 1.16
Impurity 5 350 11.70 0.75
Main product 360 13.42 95.7
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Impurity identification

Figure 1 Base Peak Chromatogram for the separation of the 
batch sample. The main product elutes at 13.42 min., 5 
different impurities are observed, indicated (1-5), eluting 
earlier than the main ingredient.
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The IRIS spectra of the impurities are measured by direct infusion 
of the collected fractions and mass isolation of the corresponding 
m/z value in the ion trap; they are shown as the black traces in 
Figure 2. For impurities 1 and 3, reference standards are available 
and their IRIS spectra are shown as grey shades in Figures 2A and 
2C. 

The IR spectrum of the protonated impurity 1 has its most intense 
band at 1653 cm-1, resulting from the  CN stretch of the N-hydroxyl 
amidine.49 Furthermore, a carbonyl stretch at 1698 cm-1 can be 
observed. In the spectrum measured from the impurity, these 
bands overlap, while a shoulder can be observed in the spectrum 
of the reference molecule. The differences can be attributed to the 
small day-to-day fluctuations in spectral broadness and power 
profile of the FEL radiation.  A similar comparison can be made for 
impurity 3, shown in Figure 2C. The peak positions and relative 
intensities match closely between the spectrum from the impurity 
and the reference standard. Similarity scores are able to uniquely 
identify impurities 1 and 3 based on their match to the reference 
material spectra (Table S1).

In the absence of standards, tentative assignments are supported 
by quantum chemically computed IR spectra (shown as blue-
shaded spectra in Figure 2). For impurities 1 and 3, they show a 
good match to the experimental spectra over the full spectral 
range. Hence, we conclude that the level of theory is sufficient to 
reliably predict the IR spectra for these molecules. Although 
impurity 2 was previously assigned using LC, we did not have 
access to a reference standard. To confirm the identification, the 
experimental IR spectrum was compared to the computationally 
predicted spectrum, which again shows good alignment, whereas 
an alternative aldoxime candidate (Figure S2) displays a poorer fit, 
further supporting the assignment.

Figure 2 Black trace: experimental IR spectra from impurities 1, 2, 3, 4 after water loss, 4, and 5 in panel A to F, respectively. Gray shaded traces: 
IRIS spectrum of reference standard, when available. Blue shaded traces: predicted IR spectrum for the shown structure using density functional 
theory.  The R-group is the same for all calculated structures. Spectral similarity scores (S) are calculated to evaluate the match to the impurity 
spectra.

Figure 3 Comparison of the spectrum of impurity 4 (black trace) 
to predicted spectra (colored). Harmonic DFT predicted spectra 
(colored filled curves) are shown for three candidates with their 
similarity scores (S) for the match to the experimental spectrum. 
Isomer 4a (blue) shows the best match to the experimental 
spectrum. The BOMD calculation (blue trace in upper panel) 
improves the match as compared to the harmonic frequency and 
correctly  predicts the broadening of the peaks. The R group is the 
same for all candidates. 
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Impurity 5 does not match any of the reactants or known 
impurities from the reaction. We determined the molecular 
formula based on the accurate mass from high-resolution mass 
spectrometry (Figure S3) and propose the chemical structure 
shown in Figure 2F. It has a 2-methoxypropanoyl group and is 
expected to be formed by a reaction of 2-methoxypropanoyl 
chloride with the amidoxime51 (B in scheme 1), when traces of it 
are present in the reaction mixture. The IR spectrum of this 
structure is predicted using quantum chemistry and matches 
closely with that measured for impurity 5 (Figure 2F). 
Furthermore, a comparison with an alternative isopropoxy 
derivative (Figure S4) yielded inferior agreement and a lower 
similarity score, giving strength to the assignment.

Impurity 4 has an m/z that is 18 units higher than the main 
product and likely results from the addition of water. After 
fractionation, it reconverted to a compound with the m/z of the 
main product when stored overnight.  As can be observed in Figure 
2D, the IRIS spectrum of this dehydrated product of impurity 4 
matches that of the main product, confirming that it is reformed 
overnight. The calculated spectrum does not fully explain the band 
at 1185-1230 cm-1. The calculated band at 1185 cm-1 corresponds 
to a C-F stretch vibrational mode, which is known to be predicted 
at a too low frequency by our DFT method.16

The storage time of the fraction can be reduced using an on-line 
heartcutting LC-MS approach,20 which allows us to record the IRIS 
spectrum of impurity 4. Harmonic IR spectra of three candidate 
structures in which the oxadiazole ring is hydrolysed are predicted 
using DFT. In candidate 4a, the ring is hydrolysed to a 
dihydrooxadiazol-5-ol, in candidate 4b to an N-acyl,N’-hydroxy-
carbamimidoyl, while for candidate 4c the ring is hydrolysed to an 
O-acylamidoxime. All three structural motifs and their reaction to 
the main product are described in the literature.52-54 The 
structural motif of isomer 4a has been isolated before, and a slow 
dehydration at room temperature has been described.54 The 
calculated spectrum for candidate 4a shows the best match to the 
experimental spectrum (Figure 3), based on visual inspection and 
the similarity score. The absence of a vibrational band between 
1700 and 1850 cm-1 is particularly diagnostic and indicates that 
there is no free carbonyl group in an amide or ester, suggesting 
that the oxadiazole ring is intact.  The higher frequency range, 
where the OH and NH stretches are present, provides extra 
confidence in the assignment. The absence of the primary amine 
NH2 stretch and the presence of a free OH stretch (in addition to 
the single carbonyl stretch) confirm the assignment. We observe a 
broad feature roughly between 2800 and 3400 cm-1, which is due 
to an intermolecular hydrogen bond from the protonated site. The 
harmonic approximation is not able to accurately describe the 
dynamic behaviour of hydrogen bonds. BOMD calculations have 
been shown to be able to accurately describe these dynamics and 
provide better spectral predictions for such systems.42, 43 Figure 3 
shows agreement with the experimental IR spectrum, including 
the broadened profile of the proton stretching mode.55, 56 Not only 
does the high-frequency range match better, but also in the lower 
frequency range, the BOMD calculations closely predict the 
broadness of the spectral features, while the harmonic frequency 
calculations are simply convolved with a uniform Gaussian line-
broadening function. The BOMD spectra show a similar quality 
match as the reference standards, and therefore provide 
additional confidence in the assignment over the harmonic 
spectral predictions when reference materials are not available.

As impurity 4 converts to the main ingredient, it is expected to be 
in equilibrium with the main product, which can shift based on 
environmental conditions (pH, temperature, solvent) and can be 

formed during the analysis. We expect this type of hydration 
reaction to be common for other 1,2,4-oxadiazole-containing 
molecules and would likely alert impurity profiling analysts of this 
possibility, which may be incorrectly assigned as a contaminant. 
By applying heartcutting LC-MS, the fraction storage time was 
effectively reduced to measure the IRIS spectrum of impurity 4 in 
its original state before observing significant reconversion to the 
dehydrated form.

CONCLUSIONS

We successfully identified and characterised five impurities, 
including two previously unknown compounds through a multi-
modal analytical approach effectively combining chromatography 
and IR ion spectroscopy. The structural assignment can be made 
by a direct comparison of IRIS spectra to those of reference 
standards or to quantum-chemical computational predictions, 
when reference standards are unavailable. Here, BOMD IR spectral 
predictions give more confidence to the match as they predict the 
broadness explicitly. While traditional methods like NMR require 
substantial sample quantities and time-consuming isolation 
procedures, IRIS demonstrated superior capability in analysing 
ultra-low abundance synthetic impurities directly from 
chromatographic separations.

The characterisation of five impurities, ranging from reaction 
intermediates and literature described impurities to a fully novel 
1,2,4-oxadiazole water addition product,  proves the applicability 
in an industrial environment. A critical step in the reference-free 
structure assignment remains the initial formation of candidate 
structures, where chemical intuition and complementary 
analytical data (HRAM, MS/MS) remain very valuable.

Looking forward, this analytical method offers an efficient 
pathway for impurity profiling in agrochemical and 
pharmaceutical chemistry, potentially accelerating development 
and giving more confidence to the structural assignments. 
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All data can be obtained from the corresponding author upon reasonable request.
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