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Infrared ion spectroscopy (IRIS) requires reproducibility and standard protocols in order to be fully
appreciated as an analytical tool. An important parameter in IRIS measurements is the infrared laser
power (energy per pulse), which is often difﬁcult to control precisely on a day-to-day basis. We have
developed an automatic variable attenuator to keep the laser power at a well-deﬁned value, independent
of IR frequency and time, while maintaining full overlap of the laser beam with the ion cloud in our
quadrupole ion trap mass spectrometer. The device has been used to record IR spectra of the metabolite
prostaglandin D2 at different laser pulse energies, allowing us to assess the effects on the IRMPD spectra
of excessive ion depletion, a threshold pulse energy below which dissociation is not observed, and
unobserved fragments due to electron detachment or fragmentation to below the low mass cut-off of the
trap.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Infrared ion spectroscopy (IRIS) has become a valuable and wellestablished method for the structural and conformational characterization of (bio)molecular ions in mass spectrometry [1e8]. This
technique is based on the successful combination of storage mass
spectrometry and infrared laser spectroscopy. Infrared spectra can
be obtained for any ion that is trapped and mass-to-charge (m/z)
isolated in a mass spectrometer that has been made optically
accessible for an IR laser beam. Trapped ions are irradiated with
tunable IR radiation from high power lasers such as user facilitybased free electron lasers (FELs) and table top optical parametric
oscillators/ampliﬁers. Monitoring the extent of IR-induced dissociation of the ion population, by recording the fragment and precursor ion intensity as a function of IR laser frequency, provides an
IR spectrum of the precursor ion. Infrared multiple photon dissociation (IRMPD) spectroscopy [1e4], has been successfully used
to record IR spectra of, for example, small peptides and
peptide fragments [9e13], macrocycle complexes [14e16] and
metal ligand complexes [17e25]. Structural and conformational
characterization is then achieved by matching these measured
IR-spectra with reference IR-spectra, which are either calculated
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using computational chemistry or measured using reference
compounds.
While IRIS has become a routine method in ion chemistry, the
use of modern commercial mass spectrometry platforms for IRIS
[26e30] provides a more solid foundation for the technique to be
fully appreciated as an analytical tool. For example, the combination of liquid chromatography and mass spectrometry together
with IRIS on a commercial platform [31] allows the application of
the same workﬂows that are already in use in analytical laboratories. Recently, infrared ion spectroscopy has been successfully
applied in metabolomics studies [31e36], speciﬁcally for the
identiﬁcation of metabolites related to inborn errors of metabolism
[32,33]. It has been demonstrated that IRIS can be directly applied
in the characterization of small molecules found in complex sample
matrices such as body ﬂuids (urine, blood, and cerebrospinal ﬂuid,
for example) [33]. Especially isobaric compounds that are hard to
distinguish using alternative methods are good candidates for
analysis by IRIS and future inclusion of IR spectra in the Human
Metabolome Database (HMDB) [37,38] will provide new tools in the
ﬁeld of metabolomics.
An important parameter in the analytical application of IRIS is
the stability and reproducibility of the laser pulse energy. For both
facility based IR free electron lasers and commercial table top IR
lasers, the available laser power is dependent on the IR frequency.
Furthermore, the performance of lasers degrades slowly over time,
for example due to slow temperature changes in optical materials
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and electronic components (warming up or environmental).
Additionally, the performance may vary from day to day as a result
of different optimization of the laser parameters by the operator.
The detailed appearance of an IR action spectrum, such as the
relative intensities of various bands in the spectrum, may depend
on the laser power, especially in IRMPD methods. Full control over
the laser power is therefore important to obtain spectra that are
reproducible and that can serve analytical purposes.
This article describes an automatic variable attenuator for IR
laser radiation which is fully implemented (hardware and software) in our IRIS setup. This device maintains a constant laser pulse
energy, set at a value deﬁned by the user, over time or as the
wavelength is tuned. We demonstrate that the device can be successfully used in recording full range IR spectra of ions under
controlled laser power conditions. The IRMPD measurements have
been performed on the metabolite prostaglandin D2 in the ﬁngerprint 1000-1800 cm1 range (5.5e10 mm). The dissociation yield as
a function of laser pulse energy is examined in detail.
2. Experimental
Infrared spectra were measured in a modiﬁed threedimensional quadrupole ion trap mass spectrometer (Bruker,
AmaZon Speed ETD) coupled to the beamline of the infrared free
electron laser FELIX. The modiﬁcations, optical access to the trapped ions, synchronization of the laser timing to the mass spectrometer and software interfacing, have been described in detail
elsewhere [26].
Deprotonated prostaglandin D2 has been selected as a test
system. Prostaglandins are a set of physiologically active lipid
compounds that are largely isomeric and pose a signiﬁcant
analytical challenge for LC-MS [39]. On the basis of retention time
and fragmentation mass spectra, prostaglandin D2 is very difﬁcult
to distinguish from its positional isomer prostaglandin E2, as their
molecular structures are very similar. The carboxylic acid group of
prostaglandin D2 is easily deprotonated, leading to an anion with
m/z 351. Ions were generated from a 107 M solution of prostaglandin D2 (Sigma-Aldrich, 97% purity) in 50:50 methanol:water
via electrospray ionization. These ions were transferred to the
quadrupole trap, mass-to-charge isolated and irradiated with 2
pulses of the infrared free electron laser FELIX.
When the IR frequency of the laser is on resonance with a
vibrational transition of the ion population, multiple IR photons are
absorbed leading to an increase in the internal energy of the ions.
Aided by intramolecular vibrational redistribution of the energy,
the ions dissociate after the internal energy exceeds the lowest
energy dissociation threshold. This leads to the appearance of
fragment ions in the mass spectrum. An infrared multiple photon
dissociation (IRMPD) spectrum is obtained by plotting the
frequency-dependent dissociation yield (vide infra) as a function of
IR frequency. Typically 6 to 8 mass spectra are averaged at each IR
setting of the laser.
Experiments have been performed in the 1000-1800 cm1 range
(5.5e10 mm). The FELIX laser pulses have a repetition rate of 10 Hz
where each pulse has a duration of about 7 ms and consists of a
pulse train of micro-pulses spaced by 1 ns. The radiation is Fourier
transform limited by the micropulse duration resulting in a bandwidth of 0.4% of the central frequency. The IR frequency is calibrated using a grating spectrometer.
The output pulse energy of an FEL varies with wavelength and,
for a chosen wavelength range, the pulse energy drops at shorter
wavelengths. The prostaglandin D2 experiments were carried out
with FELIX pulse energies up to 63 mJ. A single pulse of this energy
is able to dissociate all ions in the trapped ion cloud when on
resonance with one of the more intense vibrational transitions of

the molecule, leading to saturation effects in the IR spectrum. In our
lab, ﬁve neutral-density IR laser attenuators (of 3, 5, 10, 10, and
10 dB) allow the user to select the desired level of attenuation as 3,
5, 8, 10, 13, …, 38 dB. Selecting one of these ﬁxed levels of attenuation reduces the IR laser intensity uniformly over the entire
wavelength range and does not alter the shape of the frequencydependent power curve. Here, we report on an automatic variable attenuator that has been constructed to keep the IR pulse
energy constant over a wide tuning range; in this device, the level
of attenuation is actively adjusted keeping the output power
constant.
Similar to most lasers used in ion spectroscopy applications, the
FELIX radiation is linearly polarized, so that a polarizer mounted on
a rotation stage can be used to attenuate the intensity of the light.
Free standing wire grid polarizers are able to cover the full mid-IR
range, but they are extremely fragile and therefore need to be
mounted in between two IR transparent windows. Less fragile wire
grid polarizers fabricated on IR-transparent substrates are
commercially available. However, the damage threshold of these
polarizers is insufﬁcient to withstand the high peak powers produced by the FELIX FEL (up to 100 MW). Here, we use a free
standing wire grid polarizer (InfraSpecs, Germany) placed between
two barium ﬂuoride (BaF2) windows. The BaF2 windows limit the
spectral range in which the variable attenuator can be used from 2
e 250 mm to 2e14 mm. For the device described here, the transmittance of the wire grid polarizer with the two BaF2 windows is
50e65% (at parallel polarization) in the 1000-1800 cm1 range.
The variable attenuator is constructed by mounting the modiﬁed wire grid polarizer onto a stepper motor rotation mount
(Thorlabs K10CR1). After passing the attenuator, the beam is guided
through the ion trap and directed onto a laser power meter (see
Fig. 1). The desired pulse energy is set by the user in the control
software that uses the power meter signal as input and that drives
the rotation stage. The difference between the measured and
desired pulse energy is used as a feedback signal to adjust the angle
of the polarizer, such that a constant output pulse energy is obtained independent of the incoming power, which is dependent on
wavelength setting and temporal ﬂuctuations.
Fig. 1 presents a schematic of the experimental setup in which
the variable attenuator is incorporated. The path of the FELIX
infrared laser pulse is indicated by the red line and the data ﬂow is
indicated by black lines. Each FELIX pulse is accompanied by a
master trigger generated by the laser. The FELIX pulses travel
through the variable attenuator where the transmission is reduced
by an amount that is dependent on the rotation angle of the stepper
motor holding the polarizer. Subsequently, the FELIX pulses go
through an optical beam shutter (Thorlabs, SH05) which is synchronized with the ion trap mass spectrometer, opening only
during the IRMPD delay in the MS sequence [26]. After passing the
shutter, the FELIX pulse is reﬂected and focused into the ion trap
mass spectrometer where the overlap (both the alignment and
focus of the beam) of the FELIX pulse and the ion cloud has been
optimized to maximize the IRMPD yield. Upon entering and exiting
the mass spectrometer the radiation travels through two 3-mm
thick KRS-5 windows. Access to the ion cloud is enabled by two
3 mm holes in the ring electrode of the trap. After irradiation of the
ion cloud, the FELIX pulse is reﬂected out of the mass spectrometer
and measured by a laser pulse energy meter.
In order to determine the pulse energy correctly it is important
that each pulse going through the ion trap mass spectrometer is
detected. The oscilloscope (PicoScope 2206B) in Fig. 1 records the IR
pulses and is triggered by a signal obtained from an AND-gate using
the FELIX trigger and the shutter trigger as inputs. Each laser pulse
transmitted through the ion trap is captured and digitized by the
oscilloscope. The motorized rotation stage and oscilloscope are
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Fig. 1. A schematic of the variable attenuator setup in combination with the quadrupole ion trap mass spectrometer. In this example, two pulses of the FELIX infrared laser are used
to irradiate the ions in the trap.

controlled by a Labview program which directly sends the value of
the IR pulse energy to the MS to be included in the standard Bruker
format data ﬁle containing the mass spectra and other instrument
parameters as well as the wavelength data. The program maintains
a constant pulse energy at a value set by the user. Finally, the variable attenuator can also be used to continuously vary the laser
pulse energy (at a ﬁxed wavelength typically) in order to carefully
investigate the dependence of the IRMPD yield on pulse energy.

3. Results and discussion
3.1. Performance of the variable attenuator: constant laser pulse
energy
The dark green trace in the top panel of Fig. 2 shows the FELIX
pulse energy as a function of IR frequency. This trace has been
recorded with a 5 dB ﬁxed attenuation (in order to be on the same

scale as the other traces) and with the variable attenuator ﬁxed at
maximum transmission (q ¼ 0 , see lower panel); the nonattenuated pulse energies are indicated by the y-axis on the right.
In the range between 1000 and 1800 cm1 the non-attenuated
pulse energy varies between 18 and 63 mJ. Actively controlling
the variable attenuator, the pulse energy can be stabilized to any
desired value as long as it is lower than the minimum laser pulse
energy in the wavelength range of interest. In practice, in order to
compensate for slow degradation of the performance of the FEL
over time, the set value needs to be slightly below the minimum.
Fig. 2 shows the pulse energy and the rotation of the variable
attenuator as a function of wavenumber for ﬁve user set values for
the pulse energy: 2.5, 5, 7.5, 10 and 12.5 mJ. Note that a rotation
angle of 0 corresponds to maximum transmission, and 90 to
minimum transmission.
Fig. 2 demonstrates that the automatic variable attenuator is
able to produce a constant pulse energy as a function of IR frequency. Lower set values for the pulse energy and higher available
(i.e. non-attenuated) pulse energies require more attenuation as is
seen from the corresponding larger rotation angle of the wire grid
polarizer. The relative pulse-to-pulse energy ﬂuctuations are the
same for each trace in the upper panel, indicating that the motorized attenuator does not increase the ﬂuctuations. In the 2.5 mJ
measurement, two strong dips in the pulse energy are visible,
which are a result of short dropouts of the FEL. No feedback to the
motorized polarizer is given during such dropouts.
3.2. Performance of the automatic variable attenuator: overlap with
the ion cloud in the mass spectrometer

Fig. 2. Top: the pulse energy of the radiation as a function of wavenumber. Dark green:
pulse energy recorded with the variable attenuator ﬁxed at maximum transmission
(see text). Other traces have been recorded with the variable attenuator actively
adjusting the pulse energy to values of 2.5, 5, 7.5, 10 and 12.5 mJ. Bottom: the corresponding automatically adjusted rotation angle of the variable attenuator as a function
of wavenumber.

The waist of the laser beam at the position of the ion cloud is
approximately 1.0e1.5 mm [26]. A single pulse of FELIX can dissociate more than 98% of the trapped ions, which we have veriﬁed by
irradiating deprotonated prostaglandin D2 at its strongest vibrational transition (just below 1600 cm1, vide infra) with the
maximum available FELIX pulse energy.
The motorized variable attenuator contains optical components
(polarizer and two windows) which upon rotation may change the
direction or position of the laser beam. It is important to establish
whether or not rotation of the polarizer alters the overlap of the
infrared laser beam with the small ion cloud in the quadrupole ion
trap. Experimentally, this can be tested by using one of the ﬁxed
attenuators together with the variable attenuator to adjust the
pulse energy to the same ﬁnal value; recording IR spectra with the
two attenuators and correspondingly different values of the rotation angle of the variable attenuator should then give the same
spectrum.
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Three IR spectra of deprotonated prostaglandin D2 are
measured at the same ﬁnal pulse energy of 10 mJ, but with a
different ﬁxed attenuation of the FELIX radiation before the variable
attenuator for each measurement: 0 dB (0% attenuation), 3 dB (50%
attenuation) and 5 dB (70% attenuation). The rotation angle of the
variable attenuator is then set such as to reach the same output
pulse energy of 10 mJ. The IR spectra are displayed in the top panel
of Fig. 3. The vertical axis provides the IRMPD yield deﬁned as the
cumulative intensity of the fragment ions divided by the cumulative intensity of the fragment plus precursor ions:

P
Yield ¼ P

Frag I

Frag I

þ IP

(1)

The normalized fragmentation yield as deﬁned in equation (1) is
insensitive to ﬂuctuations in the precursor ion production and can
take on values between 0 and 1.
Fig. 3 shows the results of the experiment described above. The
experiment has been repeated on a second day where the FELIX
pulse energy curve deviated. The yield, pulse energy and rotation of
the polarizer are shown as a function of IR frequency. At each day,
three distinct ﬁxed beam attenuators (0 dB, 3 dB and 5 dB) are used
to alter the incoming FELIX pulse energy. This results in a different
rotational dependence as a function of wavenumber (bottom
panel). Fig. 3 shows that even though the degree of rotation is
different for each measurement, the pulse energy of the radiation
entering the ion trap is constant at 10 mJ. This shows that even
when the FELIX pulse energy as function of the IR frequency
changes from day to day, the automatic variable attenuator is able
to provide a constant output pulse energy.
The infrared spectra, displayed in the upper panel of Fig. 3, are
very similar. The yield for the most intense vibrational band is the
same within 15%, which is actually surprisingly good given ﬂuctuations of more than 10% in the IR pulse energy. For the other bands

the deviations between the measurements is larger, although there
seems to be no correlation with the polarizer angle in the automatic
variable attenuator. The deviations are likely caused by short and
long term ﬂuctuations in the spectral composition of the FELIX
radiation, both in central frequency, in width and in spectral shape.
This also explains the deviations in the ‘valley’ around 1337 cm1
which are relative large when comparing data recorded at two
different days. Most importantly, it can be concluded that the
rotation of the wire grid variable attenuator does not alter the
overlap of the infrared laser beam and the ion cloud in the trap.
Therefore, together with the ability to maintain a constant laser
pulse energy, we conclude that the automatic variable attenuator
can be used reliably to perform IRIS experiments under welldeﬁned laser pulse energy conditions.

3.3. IRMPD yield as a function of IR pulse energy
The automatic variable attenuator allows for convenient measurements of the IRMPD yield as a function of IR pulse energy. We
have recorded IR spectra of deprotonated prostaglandin D2 in the
1000-1800 cm1 range for ﬁve pulse energies in the range of
2.5e12.5 mJ (vide infra). It is also possible to scan the pulse energy
continuously while keeping the IR frequency constant. This is
illustrated in Fig. 4A, where the yield at 1300 cm1 is plotted as a
function of pulse energy. At this frequency just in between two
relatively weak bands, no extensive dissociation occurs at energies
below 10 mJ (see Fig. 3), which allows us to perform measurements
over a wide range of pulse energies (here up to 45 mJ).
The prostaglandin D2 ions were irradiated with 2 IR laser pulses
(red trace in Fig. 4A). No dissociation is observed below 7 mJ. The
absorption cross section is relatively low at 1300 cm1 and collisional cooling by the helium buffer gas in the quadrupole ion trap
likely prevents the ions from reaching the dissociation energy
[26,40]. The threshold laser energy at which the ions start to
dissociate depends on the IR frequency. The strongest vibrational
band of prostaglandin D2 has a dissociation threshold below 0.5 mJ
(vide infra). At 1300 cm1, the yield increases linearly with pulse
energy between 10 and 20 mJ, after which saturation sets in.
However, the yield does not reach its theoretical maximum value of
1 at the highest pulse energy of 45 mJ. Irradiation at the same frequency, but with ﬁve times as many IR pulses (10 instead of 2)
shows that a yield of 1 is obtained at a pulse energy of 35 mJ,
indicating that all ions have been dissociated.
The yield as deﬁned by equation (1) is related to the laser
induced photo-dissociation rate k and the irradiation time t via
[41,42]:

Yield ¼ 1  ek t

(2)

Assuming the rate-limiting step in the IRMPD process to be the
single-photon absorption rate inducing the ﬁrst vibrational transition, the process can be regarded to follow ﬁrst-order kinetics. We
denote the product kt as the “fragment ﬂuence”, which scales linearly with the number of laser pulses (i.e. the irradiation time t)
and, under the above assumption, also linearly with IR pulse energy
and absorption cross section of the vibrational transition in the
precursor ion. The fragment ﬂuence is given by

Fragment fluence ¼  lnð1  Yield Þ
¼  lnðX
Fig. 3. Top: the yield as a function of wavenumber for three ﬁxed attenuation values.
Middle: the pulse energy as a function of wavenumber. Bottom: the rotation of the
variable attenuator as a function of wavenumber. Day 1 and day 2 indicate the two
distinct days at which these measurements have been performed.

IP
I þ IP

Þ

(3)

Frag

In Fig. 4B, the fragment ﬂuence is plotted for the same data sets
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Fig. 4. IRMPD of deprotonated prostaglandin D2 ions at 1300 cm1. Panel A: the yield as a function of pulse energy for irradiation with 2 and 10 IR laser pulses. Panel B: the fragment
ﬂuence as a function of pulse energy. Panel C: the precursor, sum of the fragments and individual fragments intensities as a function of pulse energy for irradiation with 10 IR laser
pulses. Panel D: the measured yield as a function of the yield which would be measured if there were no charges lost from the ion trap for 0, 25, 50 and 75% of fragment ions that are
not detected because their m/z value is below the mass cut-off of the quadrupole ion trap or because electron detachment occurs (see text).

as in Fig. 4A. Additionally, the trace for 2 pulses is multiplied by 5 to
show that indeed the fragment ﬂuence scales linearly with the
number of laser pulses (irradiation time). Note that a yield of 1
corresponds to IP ¼ 0 and hence to an inﬁnite fragment ﬂuence,
explaining the increased scattering of data points at energies higher
than 30 mJ. Furthermore, as expected, the fragment ﬂuence scales
linearly with pulse energy over an extended range (10e30 mJ) as
compared to the yield (10e20 mJ).
Fig. 4C shows the intensity of the precursor ion, the sum of the
fragment ions and the individual fragment ions as a function of
pulse energy measured with 10 laser pulses at 1300 cm1. A striking
observation is the fact that the traces corresponding to the precursor ion (m/z 351) and the summed fragment ions are not complementary, that is, the sum of the two traces is not constant. This
indicates that at energies above 20 mJ, the majority of fragments
are not detected. Looking at the individual fragment ions, we see
that at low pulse energies only the m/z 333 fragment is formed; at
increasing pulse energies, ever more smaller fragment ions appear
through sequential dissociation processes (actually, there are more
fragment ions included in the summed fragment ion intensity than
those listed in Fig. 4C, all having very low intensities). For several
fragment ions (m/z 189, 233, 271 and 315) we have veriﬁed that
they absorb at 1300 cm1 and dissociate into smaller fragment ions,
showing that sequential dissociation processes play a role in IRMPD
of prostaglandin D2 at high IR pulse energies. This suggests that
there may also be fragment ions below the low-mass cut-off
(LMCO) of the quadrupole ion trap, which was m/z 95 for the experiments reported in Fig. 4. In fact, the calculated collision induced
dissociation (CID) mass spectrum for prostaglandin D2 reported in
the HMDB suggests the formation of a major fragment at m/z 59,
probably corresponding to the acetate anion. Moreover, the anionic
precursor and fragment ions may undergo electron detachment
upon multiple-photon excitation [43e45], which has the same effect as fragmentation below the LMCO: a net loss of charges from

the trap. In the current experiments we cannot establish which of
these two processes is dominant in causing the reduced total ion
count at higher IR laser pulse energy.
The formation of fragment ions below the LMCO and the formation of neutral molecules as a result of electron detachment
affect the intensities in the IRMPD spectra because the values of the
yield or fragment ﬂuence as deﬁned in equations (1) and (3)
depend on whether or not all charged fragments are included in
the sum. This effect is illustrated in a simulation shown in Fig. 4D.
Here the value of the yield is determined for cases where a speciﬁc
fraction of the fragment ions cannot be detected. The derived yield
is then lower than its value without loss of charges from the trap.
Perhaps counterintuitive, the largest discrepancies arise for intermediate values of the yield (around 0.5). The graph also shows that
at complete depletion of the precursor ion, the yield always reaches
a value of 1, independent of whether charges are lost or not. This is
also obvious from an evaluation of equation (1). As such, the
observation of a yield reaching 1 is not indicative for having no
fragmentation below the LMCO. The precursor ion depletion curve
in Fig. 4C gives an experimental value for the yield-without-loss by
realizing that


Yield without loss ¼ 1  IP I
P;0

(4)

where IP represents the intensity of the precursor ions and IP,0 is the
precursor ion intensity without IR irradiation (i.e. at 0 mJ). A plot of
the measured yield versus the yield-without-loss obtained via
equation (4) is shown in Fig. 4D. At low yield, i.e. for pulse energies
below 10 mJ, the data points are in between the 0 and 25% cut-off
lines, indicating that already at low pulse energy, fragments are
formed below the LMCO and/or detachment occurs. At higher yield
values, corresponding to pulse energies above 10 mJ, the data
points appear to roughly follow the 25% cut off line.
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When fragmentation below the LMCO is caused by sequential
dissociation (IR absorption by fragment ions that undergo secondary dissociation), one may reduce the number of laser pulses
and/or the laser pulse energy. A careful analysis of the data is always needed in order to make the correct interpretation of the
relative intensities in the IR spectra.

3.4. IRMPD spectra as a function of IR pulse energy.
Infrared spectra of deprotonated prostaglandin D2 in the 10001800 cm1 range have been recorded for ﬁve pulse energies in the
range of 2.5e12.5 mJ as displayed in Fig. 5. The top panels show the
yield (equation (1)), fragment ﬂuence (equation (3)), and the precursor depletion spectrum, deﬁned in analogy with equations (3)
and (4) as:




Precursor Depletion ¼  ln IP I
P;0

(5)

Since IP,0 is taken as a constant value for all frequencies, ﬂuctuations in the precursor ion production are present in the depletion spectrum (Fig. 5E), as is, for example, clearly visible around
1100 and 1500 cm1. The lower panels are power corrected versions of the upper panels. Here, the y-axis has been scaled with a
factor 12.5/energy to account for the fact that lower pulse energies
give lower dissociation yields. In the ideal case, that is, in the
absence of a threshold pulse energy to dissociation and in the
absence of fragmentation below the LMCO, the power corrected
fragment ﬂuence spectra in panel D should all be identical. As is
discussed above, and displayed in Fig. 4, excitation of the ions at
1300 cm1 shows a threshold pulse energy of 7 mJ, in line with the
data shown in Fig. 5. At the most intense band around 1600 cm1, a
high fragment ﬂuence is observed already at a pulse energy of
2.5 mJ, indicating that the threshold is signiﬁcantly below 2.5 mJ at
this frequency. Fig. 5 demonstrates that the threshold pulse energy
is frequency dependent and that at low pulse energies some of the
weaker vibrational bands are not observed.
The threshold pulse energy can be reduced by removing the
helium buffer gas responsible for collisional cooling of the ions
from the quadrupole ion trap. Of course, this comes at the cost of a
lower ion signal intensity (by several orders of magnitude), due to
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the reduced trapping efﬁciency [26,40]. Removing the helium in
the case of deprotonated prostaglandin D2 gives a very low ion
intensity, which did not allow us to record an IRMPD spectrum with
decent signal-to-noise ratio. Moreover, even in the absence of IR
irradiation, the precursor ion undergoes dissociation (yield of 0.1)
as a consequence of its internal energy that is not being quenched
by collisional cooling. A pulse energy scan with and without helium
was recorded, similar to that in Fig. 4A, at an IR frequency of
1370 cm1 in order to observe more pronounced dissociation; the
threshold pulse energy reduces from 3 mJ to less than 0.5 mJ upon
removal of helium (not shown). Comparison of the powercorrected fragment ﬂuence spectra (Fig. 5D) shows that a linear
power scaling works reasonably well for energies in between 5 and
12.5 mJ. Large intensity deviations are visible for the most intense
vibrational band just below 1600 cm1 indicating extensive formation of fragments below the LMCO (and/or extensive detachment). Not being inﬂuenced by charge loss from the trap, the power
corrected precursor depletion spectra (Fig. 5F) show much better
agreement across the different pulse energies despite the poor
signal to noise ratio of the measurements.
Fig. 6A displays the fragment ﬂuence and precursor depletion
spectrum of prostaglandin D2 recorded at 12.5 mJ in the same
graph, better illustrating the mismatch in intensity at the strongest
band as a result of loss of fragments due to fragmentation below the
LMCO or electron detachment. Here, the values on the vertical axis
indicate that about 75% of the charge is lost (value obtained from a
similar analysis as shown in Fig. 4D). For comparison, panel B shows
analogous spectra for the triphenylamine radical cation with m/z
245 (see Ref. [40] for details). The intensity of the precursor ion is
very stable, leading to a precursor depletion spectrum with good
signal-to-noise ratio. Upon IRMPD, the major fragment ion appears
at m/z 244 by loss of atomic hydrogen. Additionally, a minor fragment at m/z 166 was observed (subsequent loss of a benzene ring).
All fragment ions have m/z values above the LMCO, and moreover
electron detachment obviously does not play a role here, so that the
fragment ﬂuence spectrum is identical to the precursor ion
depletion spectrum (see Fig. 6B).
Using the fragment ﬂuence (equation (3)) as an IRMPD intensity
instead of the yield has the advantage that the intensities can be
readily corrected for changes in IR laser pulse energy and irradiation time and that the IRMPD spectra can be directly compared to
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Fig. 5. IRMPD spectra of deprotonated prostaglandin D2. Top panels: yield (A), fragment ﬂuence (C) and precursor depletion (E) IR-spectra of the same data. Bottom panels: the
linearly power corrected versions of the IR-spectra displayed in the top panels.
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Fig. 6. The fragment ﬂuence and precursor depletion IR-spectra of (A) deprotonated prostaglandin D2 and (B) radical cation of triphenylamine. Fragments included for prostaglandin are those indicated in Fig. 4C and for triphenylamine include the fragment ions at m/z 244 and 166.

calculated IR absorption spectra. Nevertheless, the assumption that
the fragment ﬂuence (and photodissociation rate) scales linearly
with the IR laser pulse energy is only valid in cases where the
dissociation threshold is low. Similar conclusions have been reported by Williams and co-workers [42]. Precursor depletion
spectra suffer from ﬂuctuations in ion intensity, but are very
valuable for identifying whether the fragment ﬂuence is underestimated as a result of electron detachment and/or fragmentation
below the LMCO of the mass spectrometer.
4. Conclusions
Infrared ion spectroscopy has become a valuable tool in identifying molecules in complex mixtures. Although the appearance of
spectral features in action spectra recorded on different instruments (mass spectrometers and IR lasers) may be slightly
different, they are usually sufﬁciently similar [24,40,46e49], so that
they can be employed for identiﬁcation purposes across different
IR/MS platforms. Obviously, it is important to accurately report
relevant parameters, such that experiments can be repeated under
the same conditions, at the very least on the same instrument. In a
way, this is comparable to the reporting of MS/MS spectra in databases: different MS platforms may give somewhat different results, but reporting relevant parameters such as electron energy for
ionization or CID parameters make these database of general use.
For the analytical application of IR ion spectroscopy, a decent
reproducibility of the IR spectra recorded on a speciﬁc setup is
imperative. We have demonstrated a device that maintains the
laser pulse energy of the IR laser constant over time and with
changing of the IR laser frequency. IRMPD spectra recorded on
different days using this device indeed show good reproducibility.
This is an important step in an effort to measure reference IR
spectra of metabolites under well-deﬁned conditions for inclusion
in databases such as the HMDB.
Having full control over the IR laser pulse energy, we present a
detailed study of the power dependence of the intensities in the IR
spectrum of a representative analytical target ion, the metabolite
prostaglandin D2 in its deprotonated form. At high laser pulse
energies, this ion forms fragments that are not visible in the mass
spectrometer either because they are below the low-mass cut-off
(LMCO) of the ion trap or because they undergo electron detachment to form neutral species. An analysis is presented of how this
affects the intensities in the IRMPD spectrum. Finally, we investigate how intensities scale with laser pulse energy, and illustrate the
effects of a threshold pulse energy below which dissociation does
not occur, as well as of strong precursor ion depletion, electron
detachment, and fragmentation below the LMCO. Although many
studies reporting IRMPD spectra quickly dismiss deviations

between intensities in IRMPD spectra and (computed) linear IR
spectra as “artefacts of the IRMPD process”, we show here that
these artefacts can often be understood and corrected for if a proper
analysis is performed.
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