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ABSTRACT: The capability of an ion trap mass spectrometer to store ions for an
arbitrary amount of time allows the use of a single infrared (IR) laser to perform
two-color double resonance IR−IR spectroscopic experiments on mass-to-charge
(m/z) selected ions. In this single-laser IR2MS3 scheme, one IR laser frequency is
used to remove a selected set of isomers from the total trapped ion population and
the second IR laser frequency, from the same laser, is used to record the IR
spectrum of the remaining precursor ions. This yields isomer-speciﬁc vibrational
spectra of the m/z-selected ions, which can reveal the structure and identity of the
initially co-isolated isomeric species. The use of a single laser greatly reduces the
experimental complexity of two-color IR2MS3 and enhances its application in ﬁelds
employing analytical MS. In this work, we demonstrate the methodology by acquiring single-laser IR2MS3 spectra in a forensic
context, identifying two previously unidentiﬁed isomeric novel psychoactive substances (NPS) from a sample that was conﬁscated by
the Amsterdam Police.

I

spectral characteristics of ecstasy and its metabolites,18 and to
structurally elucidate the MSn product ions of synthetic
cathinones.19 Here, we apply IRIS for the identiﬁcation of
individual NPSs in forensic samples containing isomeric
mixtures, without using chromatographic separation.
As an MS-based method, IRIS analysis of samples containing
isomeric species is often challenging. Note that we will use the
term isomers to indicate not only constitutional isomers but
also tautomers, diastereomers, conformers, etc. An IRIS
spectrum recorded for a population of mass-selected ions
that corresponds to multiple isomeric species results in a
composite of the individual IR spectra, unless the isomers have
distinct dissociation MS/MS spectra that can be used to
generate unique IR spectra. An eﬀective IRIS-based method to
determine whether multiple isomers are present in the ion
population is to perform an isomer population analysis
experiment.20−25 For spectroscopically distinguishable ion
populations, the IR-resonant and nonresonant ion populations
dissociate at diﬀerent rates, which can be monitored by
changing the IR irradiation time. From measurements of the

nfrared ion spectroscopy (IRIS) is a mass-spectrometry
hyphenated method that provides detailed molecular
structure information on mass-to-charge selected ions.1−3
IRIS combines mass spectrometry (MS) with infrared (IR)
laser spectroscopy to obtain a vibrational spectrum of ions
inside a mass spectrometer. In this technique, ions are
irradiated using a wavelength-tunable IR laser and the
wavelength-dependent photodissociation yield is monitored.
The vibrational spectrum can then be reconstructed from the
relative intensities of precursor and IR-induced fragment ions
in a series of mass spectra recorded after irradiation at diﬀerent
wavelengths.
Over the past decade, IRIS has been recognized as a valuable
method in structural elucidation in ion chemistry (for recent
reviews, see, for example, refs 1−3). More recently, analytical
applications of IRIS have been reported, demonstrating
especially its potential in molecular structure identiﬁcation in
(un)targeted MS applications, in a range of ﬁelds such as
glycomics,4−6 synthetic chemistry,7−10 environmental science,11 pharmaceutical science,12,13 and clinical chemistry.14,15
Identiﬁcation of individual metabolites embedded in biological
matrices such as urine, plasma, and cerebrospinal ﬂuid,1,14,15
with or without chromatographic separation,1,12,16 is a
particularly appealing and innovative aspect of this methodology.
In the domain of forensic sciences, IRIS was employed to
identify the precise isomeric form of novel psychoactive
substances (NPSs) in conﬁscated samples,17 to study the
© 2021 The Authors. Published by
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interaction region, i.e., the center of the three-dimensional
(3D) quadrupole ion trap, the optical alignment of two
(counter-propagating) laser beams is challenging, although a
few examples have been reported.34,36,39 In this contribution,
we show that it is also possible to perform IR 2 MS 3
measurements with a single tunable IR laser. We illustrate
the potential of these methods by identifying two unknown
isomeric NPSs in a sample that was conﬁscated by the
Amsterdam Police.

on-resonance kinetics (i.e., precursor ion depletion as a
function of the number of IR laser pulses) at a frequency
diagnostic for a single isomer and at a frequency common to all
isomers, the relative abundances of isomeric species in the ion
population can be derived.
In cases where two isomeric species produce fragment ions
of distinct m/z upon IR dissociation, the IR spectra of the
individual isomeric species can be reconstructed from the
dissociation yields into the diﬀerent fragment ion channels as a
function of IR frequency.26 Alternatively, liquid chromatography1,4,12 or ion mobility27−29 have been employed to
separate isomeric species prior to IRIS analysis. If the isomers
are spectroscopically distinguishable, which can be assessed
from an isomer population analysis, two-color IR doubleresonance spectroscopic schemes can be applied to record
their individual IR spectra.30−34
Most isomer-selective IR−IR double-resonance schemes for
ion spectroscopy reported to date include three stages of massto-charge ion selection with two IR laser interaction regions,
and are therefore often denoted as IR2MS3. In the ﬁrst MS
stage, the m/z of the precursor ion of interest is isolated,
followed by irradiation with the ﬁrst IR laser at frequency ν1. In
a conventional IRIS experiment, one would then record a mass
spectrum to detect the IR-induced fragment ions and repeat at
diﬀerent wavelengths to reconstruct an IR photodissociation
spectrum; this method can therefore be referred to as IRMS2.
In IR2MS3, the ν1-induced fragment ions are removed in the
second MS stage, leaving behind the nondissociated precursor
ions, i.e., the isomer that does not absorb at ν1. These ions are
then irradiated with the second IR laser at a frequency ν2 and
the third MS stage records the ν2-induced fragment mass
spectrum.
These IR2MS3 schemes were ﬁrst demonstrated on custombuilt MS setups with cryogenic ion traps. A weakly bound “tag”
(rare gas atoms, H2, D2, or N2) is attached to the precursor
ions to deploy IR predissociation spectroscopy to record the
IR spectrum of the tagged precursor ion.30−33 Two IR lasers
are used together with one31,32 or two30,33 laser interaction
regions, and the MS stages are physically separated (often
time-of-ﬂight mass spectrometers). Furthermore, this method
exploits a ﬁxed ν2 frequency (probe) monitoring one speciﬁc
isomer population, while ν1 is scanned.30−33 This provides the
IR spectrum of isomers having an absorption band at ν2.
Alternatively, the ν1 laser frequency can be ﬁxed to remove
(“burn away”) all isomers having absorption at ν1 while
scanning ν2 to provide the IR spectrum of the other
isomer.33,34
Cryogenically cooled ion trap mass spectrometers are not
commercially available, in contrast to “regular” quadrupole ion
trap mass spectrometers. These instruments feature extensive
MSn capabilities, and optical access to the trapped ion
population can be implemented (and is even commercially
available on some platforms) to perform IRMS2 experiments,
for which various wavelength-tunable IR lasers have been
employed.4,35−39 Since IR predissociation spectroscopy on
tagged ions is not possible at room temperature, IR multiplephoton dissociation (IRMPD) spectroscopy is used instead.
The ﬂexibility with which MSn parameters can be adjusted on
these instruments makes IRMS2 and population analysis
experiments relatively facile to perform. From a mass
spectrometric standpoint, an IR2MS3 experiment is also
straightforward to implement, as it is strictly an MS 3
experiment. However, since there is only a single laser

■

EXPERIMENTAL SECTION
Materials. Methanol (LC−MS grade), water (LC−MS
grade), and formic acid (LC−MS grade) were purchased from
VWR (Leuven, Belgium). 2-Fluoromethamphetamine (2FMA) and 4-ﬂuoromethamphetamine (4-FMA) reference
standards were obtained from Cayman Chemical Company
(Ann Arbor, MI). The case sample was a seized street sample
containing unidentiﬁed NPSs provided by the Amsterdam
Police Laboratory.
Infrared Ion Spectroscopy (IRMS2). IRIS measurements
were performed using a commercial 3D quadrupole ion trap
mass spectrometer with optical access to the ion trapping
region (Bruker amaZon speed ETD).35 The ion trap was
operated in the positive electrospray ionization-mass spectrometry (ESI-MS) mode and the sample solution was infused
at a 3 μL/min ﬂow rate. In the ion trapping region, mass-tocharge (m/z) selected ions were irradiated by a single infrared
laser pulse from the Free Electron Laser for Infrared
eXperiments (FELIX) to induce wavelength-dependent infrared multiple-photon dissociation (IRMPD).1,40 FELIX was
operated at 10 Hz with a pulse energy of ∼100 mJ in the
frequency range of 600−1800 cm−1. In the MS sequence of the
ion trap, IR photodissociation is achieved by deﬁning an MS/
MS window with an excitation amplitude of zero that serves as
the IRMPD window. A window of 80 ms was chosen to ensure
that the ion population is irradiated by a single IR laser pulse.
Full details on triggering and synchronization are reported
elsewhere.35 The IR spectra of m/z-selected ions are obtained
by plotting the IRMPD yield as a function of IR frequency.
The IRMPD yield is deﬁned as the ratio of the sum of all
fragment ions over the sum of all ions (fragments + precursor)
and is obtained from six averaged mass spectra for each IR
wavelength. The IR frequency was calibrated online using a
grating spectrometer, and the yield was linearly corrected for
variations in the IR pulse energy.40 Recording an IR spectrum
over the 600−1800 cm−1 spectral range takes about 25 min, of
which about 50% is needed for stepping the FEL undulator gap
to change the IR frequency (in 3 cm−1 intervals).41
Isomer Population Analysis. To determine whether
multiple isomeric species are present in the m/z-selected ion
population, a population analysis experiment can be
performed. The laser is parked at a ﬁxed IR frequency and
the duration of the IRMPD window is increased in steps of 100
ms so that the ion population is irradiated with an increasing
number of laser pulses. Plotting the normalized precursor ion
intensity (which is equal to 1 − yield) as a function of the
number of laser pulses generates a precursor ion depletion
curve. If the precursor ion intensity does not converge to zero
for a large number of pulses, multiple (isobaric) species are
likely present in the ion population. Recording a precursor ion
depletion curve takes ∑Ki=0(i × Δt + tms) seconds, where K is
the maximum number of laser pulses, Δt is the time between
laser pulses (here 0.1 s), and tms is the duration of a single MS
2688
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Figure 1. GC−MS chromatogram of the case sample and electron ionization (EI) mass spectra from the chromatographic peaks labeled A and B. A
mass spectral library search indicates that A and B both have MW 167. Details on the GC−MS analysis are provided in the Supporting Information.

Figure 2. Experimental IRIS spectrum of the m/z 168 ion from the case sample (black trace in all panels) compared with computationally
predicted spectra of protonated FMA in its three isomeric forms: (A) 2-FMA (red), (B) 3-FMA (green), and (C) 4-FMA (blue).

tuned much faster,4,30−33,35−39 which would greatly reduce the
time required for an IR2MS3 spectrum.
All experiments, regular IRIS (IRMS2), isomer population
analysis, and double-resonance IRIS (IR2MS3), are fully
automated by controlling and storing all MS, MS/MS, and
laser parameters in Bruker Compass software using an XML
scripting interface within an in-house designed LabView
program.35
Computational Methods. Geometries of the drug
molecules were optimized at the B3LYP/6-31++G(d,p) level
of theory using the Gaussian16 software package.42 Harmonic
vibrational frequencies were computed for each optimized
geometry and were scaled by a factor 0.975 and broadened
with a 25 cm−1 full width at half-maximum (FWHM) Gaussian
line shape to facilitate comparison with the experimental
spectra.

sequence (accumulation, isolation, scanning the mass spectrum), which is in our case <0.1 s. With K = 20, a depletion
curve is measured in less than 30 s.
Two-Color IR−IR Double-Resonance Spectroscopy
(IR2MS3). From the precursor ion depletion curves that do
not converge to zero for a large number of laser pulses, the
number of IR laser pulses (N) needed to dissociate all ions
absorbing at that particular IR frequency, νburn, can be read oﬀ.
An IR2MS3 experiment is then performed as follows: (1) the
IR frequency is tuned to νburn, and the m/z-selected precursor
ions are irradiated with N pulses to burn away all ions
absorbing at that IR frequency; (2) the remaining precursor
ions are m/z isolated removing all IR-induced fragment ions
produced in step (1) from the trap; (3) the m/z-selected ions
remain trapped during a waiting time in the MS sequence to
allow the IR laser frequency to be tuned to a new, scanned
frequency, νscan; (4) the remaining precursor ions are irradiated
with a single IR laser pulse at νscan; and (5) a mass spectrum is
recorded and the IR dissociation yield is determined as in
conventional IRMS2 spectroscopy. This 5-step process is
repeated, keeping the νburn ﬁxed and scanning νscan in typically
5 cm−1 intervals over the desired scan range, thus recording the
IR spectrum of the nonburned isomer(s).
Obviously, an IR2MS3 measurement requires more time than
a regular IRMS2 scan because the IR laser frequency tunes
back-and-forth between νburn and νscan and, in addition, the
laser irradiates the trapped ions with N laser pulses at νburn
versus only a single laser pulse at ν scan . An IR 2 MS 3
measurement with a scan range of 600−1800 cm−1, a νburn
of around 1200 cm−1 (in the middle of the scan range), and N
= 15 takes about 90 min in our setup, where the largest fraction
of this time is spent on changing the FELIX wavelength. Many
laboratories use tabletop IR lasers to perform IRMPD
spectroscopy in the hydrogen stretching range that can be

■

RESULTS AND DISCUSSION
Infrared Ion Spectroscopy of a Sample Containing
Isomeric Compounds. To demonstrate the capabilities of
the combination of the three experimental techniques IRMS2,
isomer population analysis, and IR2MS3, we analyzed a case
sample containing isomeric NPSs. First, an exploratory GC−
MS analysis was performed in the Police Laboratory to obtain
an indication of the identity of the compounds and their
quantities. Figure 1 shows the acquired chromatogram of the
sample, as well as EI-MS spectra of the chromatographic peaks,
labeled A and B. Given the almost identical EI-MS spectra, the
closeness of the two GC peaks, and the results of the mass
spectral library search, the sample likely contains two
ﬂuoromethamphetamine isomers having a molecular weight
(MW) of 167 (see Tables S1 and S2).
An IRMS2 analysis was performed on the mixture of
isomeric compounds from the case sample (ESI+, m/z 168 as
[M + H]+). On-resonance IRMPD gave two fragment ions
2689
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with m/z 137 (likely the neutral loss of methylamine) and 109
(likely the neutral loss of ethylmethylamine). The IR spectrum
obtained for m/z 168 is shown in Figure 2 along with
computationally predicted IR spectra for three ring-substituent
positional isomers of ﬂuoromethamphetamine (FMA), i.e., the
structures suggested by the GC−MS spectral library. Although
the density functional theory (DFT) computed spectra
generally provide a reasonably good match with experimental
IRIS spectra for small molecules, which often gives a reliable
molecular structure assignment,16−18 this is not the case here:
none of the calculated spectra convincingly matches the
experimental IRIS spectrum. This may imply that the case
sample contains a mixture of MW 167 isomers. With this
hypothesis in mind and careful inspection of the spectra in
Figure 2, one may estimate which of the isomers are actually
present, especially from the 650−900 cm−1 region where
ortho-, meta-, and para-isomers have distinct spectral
signatures, originating from the out-of-plane CH-bending
vibrations of the aromatic ring.17,43 This suggests that 2FMA (ortho) and 4-FMA (para) are present in the case
sample.
Isomer Population Analysis. To determine the number
of m/z 168 isomers present in the ESI mass spectrum of the
sample, as well as their relative abundances, an isomer
population analysis was performed at the seven bands labeled
1−7 in Figure 3A. The corresponding precursor ion depletion
curves are shown in panels 1−7 of Figure 3. To illustrate the
power of an isomer population analysis and to fully understand

Article

all precursor ion depletion curves, we have recorded the IRIS
spectra of protonated 2-FMA and 4-FMA from reference
standards (Figure 3B,C).
At 1370 cm−1 (label 4), all ions have undergone dissociation
after 15 laser pulses, indicating that all m/z 168 ions absorb at
this IR frequency (and that all trapped ions have spatial overlap
with the laser focus). In contrast, for bands 1, 2, 3, and 6, the
precursor ion depletion converges to a plateau at ∼50% after
5−20 laser pulses, indicating the presence of multiple isobaric
species. Finally, the precursor ion depletion curves measured at
1450 and 1575 cm−1 (5 and 7) approach zero at 30 or more IR
laser pulses, indicating that all isomers absorb at these
frequencies. In comparison to excitation at 1370 cm−1 (4),
the “decay half-lives” at 5 and 7 are relatively long as a
consequence of the lower absorption cross sections at these
frequencies.
If we assume that only 2-FMA and 4-FMA are present in the
mixture, the precursor ion depletion curves indicate that half of
the ion population is 2-FMA and the other half is 4-FMA.
Assuming, furthermore, that 2-FMA and 4-FMA have similar
ESI ionization eﬃciencies, we may conclude that the ratio of 2FMA to 4-FMA in the case sample is about 1:1, which agrees
with their GC−MS chromatographic peak areas (Figure 1).
IR−IR Double Resonance IRIS (IR2MS3) with a Single
Laser. IR2MS3 experiments were performed to disentangle the
IR spectra of the individual isomers from the composite
spectrum shown in Figure 3A. The precursor depletion curve 2
in Figure 3 shows that about 15 IR laser pulses at 830 cm−1 are
required to remove the 4-FMA isomer from the ion
population, leaving only 2-FMA ions in the trap. Vice versa,
around 15 IR pulses at 755 cm−1 are required to remove all 2FMA ions, leaving only 4-FMA ions in the trap. This allows
one to record a “clean” IR spectrum of the remaining ions
using the IR2MS3 approach, as illustrated for the 710−870
cm−1 spectral range in Figure 4. Indeed, if we burn away the 4FMA ions (Figure 4A), the resulting IR2MS3 spectrum is that
of 2-FMA (Figure 4C). Similarly, if we burn away all 2-FMA
ions (Figure 4B), the resulting spectrum is that of 4-FMA
(Figure 4D).
A comparison of the absolute values of the yield in Figure 4
also provides the ratio of 2-FMA to 4-FMA ions. The yield in
panels C and D is twice as high as the yield of the
corresponding vibrational band in panels A and B, demonstrating that the ratio is 1:1 and thus nicely corresponds to the
results obtained from the isomer population analysis.
The IR spectra shown in Figure 4 have been recorded by
irradiating the ions with a single IR laser pulse at every IR
frequency. Slow drift and pulse-to-pulse ﬂuctuations of the IR
laser pulse energy have an eﬀect on the value of the yield,
which explains the small discrepancies in intensities of the IR
spectra in Figure 4. Variations in the laser pulse energy have no
eﬀect on the “burn” step in the IR2MS3 experiment since the
number of pulses is large enough to ensure that all ions of the
selected isomer are dissociated.
The complete individual IR spectra of both isomers from the
case sample have also been recovered in a single IR2MS3
experiment. Here, we used another IR frequency to uniquely
burn away the 4-FMA ions, 1260 cm−1 (frequency 3 in Figure
3), to illustrate that the IR burn frequency is not critical as long
as it is not resonant with an absorption in protonated 2-FMA.
Figure 5A shows the IRMS2 spectrum of m/z 168 from the
case sample, while the IR2MS3 spectrum of the remaining 2FMA ions is displayed as a black trace in Figure 5B. The

Figure 3. IRIS spectra of the case sample (A) and the 2-FMA (B) and
4-FMA (C) reference compounds, and isomer population analysis
curves at seven vibrational bands (1−7).
2690
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Figure 4. Principle of IR2MS3. Panels (A) and (B) show a part of the IRMS2 spectrum of the case sample also displayed in Figure 3A. Panel (C)
shows the IR2MS3 spectrum (black line) of the case sample obtained after burning away the 4-FMA ions at 830 cm−1; the IRMS2 spectrum of the 2FMA reference compound is overlaid in red. Vice versa, panel (D) shows the IR2MS3 spectrum (black line) of the case sample obtained after
burning away the 2-FMA ions at 756 cm−1, and overlaid in blue the IRMS2 spectrum of the 4-FMA reference compound. Note that these
experiments involved only a single IR laser.

Figure 5. IR2MS3 experiment. The spectrum in panels (A) and (C) is the IRMS2 spectrum of m/z 168 from the case sample. Panel (B) shows the
IRMPD spectrum of m/z 168 with all 4-FMA ions burnt away at an IR frequency of 1260 cm−1 (frequency 3 in Figure 3). Overlaid in red is the
experimental IRMPD spectrum of the 2-FMA reference. Subtraction of the IR2MS3 spectrum (black trace B) from the IRMS2 spectrum in (C)
(multiplied by a factor of 2 to account for the presence of two species, as discussed in the text) gives the IR spectrum shown in panel (D) (black
trace) and should correspond to the spectrum of 4-FMA. The blue overlay in (D) is the experimental IRMPD spectrum of the protonated 4-FMA
reference.

spectrum of the 2-FMA reference compound is overlaid in red,
demonstrating that all spectral features in the case sample
IR2MS3 spectrum can indeed be attributed to 2-FMA.
While the IR spectrum of the other isomer (4-FMA) can be
obtained by performing a second IR2MS3 experiment burning
away all 2-FMA ions, the IR spectrum of this isomer can also
be derived from directly subtracting the IR2MS3 spectrum of 2FMA from the sample IRMS2 spectrum. Note that the IRMS2

spectrum is multiplied by a factor of 2 to account for the
presence of two species, as discussed above. The resulting
“synthetic” spectrum, presented as the black line in Figure 5D,
should correspond to that of 4-FMA. The somewhat poorer
signal-to-noise ratio of this spectrum is due to imperfections in
the subtraction, as is, for instance, visible around 756 cm−1,
where a slightly diﬀerent spectral width and intensity does not
cancel the 2-FMA band completely. Nevertheless, the
2691
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spectrum obtained by subtraction shows a close overlap with
the 4-FMA reference spectrum. Since all spectral features in
the IRMS2 spectrum can be attributed to vibrational bands
belonging to either 2-FMA or 4-FMA, we conclude that the m/
z 168 ion from the case sample is solely produced by
protonated 2-FMA and 4-FMA and that there are no
additional isomeric species present in the sample.
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CONCLUSIONS
We have shown that an optically accessible quadrupole ion trap
mass spectrometer coupled to a wavelength-tunable IR laser
can be employed for two-color double resonance (IR2MS3)
spectroscopic measurements, using only a single laser source.
The method has been fully automated making use of the MSn
functionalities of the Bruker amaZon mass spectrometer. The
capability of an ion trap to keep the ions trapped for an
arbitrary time allows the use of a single laser to perform twocolor IR2MS3 experiments, where one IR frequency is used to
remove one isomer from the trapped ion population and the
second IR frequency records the spectrum of the remaining
“precursor” ions. The IR2MS3 experiments were combined
with population analysis measurements, in which the IR
irradiation time is varied at speciﬁc ﬁxed IR frequencies to
record the precursor ion depletion as a function of the number
of laser pulses. This reveals the number of isomeric species and
their relative abundances.
The arsenal of three IR ion spectroscopy tools, IRMS2,
isomer population analysis, and IR2MS3, has been applied to a
forensic case sample containing isomeric NPSs. Two analytes
with MW 167 were identiﬁed as 2-FMA and 4-FMA, present in
an approximately 1:1 ratio. For the purpose of demonstrating
the IRMS2, isomer population analysis and IR2MS3 methods
and evaluating their performance and validity, we have made
use of the availability of reference standards of the 2-FMA and
4-FMA isomers. However, in cases where reference standards
are not available, the methods can be applied using DFTcomputed reference spectra instead, expanding the potential of
IRIS-based identiﬁcation to true unknowns.
Beyond the application of an IR FEL demonstrated in this
work, the extended IRIS toolbox is especially useful for ion trap
mass spectrometers connected to table-top IR lasers, which are
used by various labs for ion spectroscopy and analysis of
complex mixtures.4,35−39 The combination of a commercial
quadrupole ion trap mass spectrometer with a single IR laser
provides a simple and cost-eﬀective way to perform IRMS2,
isomer population analysis, and IR2MS3 experiments. Moreover, the faster frequency tuning capabilities of the current
commercial IR laser systems, as compared to an FEL, make the
application of IR2MS3 especially attractive on these systems.
Apart from application in forensic sciences, as shown here,
applications are envisioned in environmental, pharmaceutical,
and (bio)analytical sciences.
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