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Infrared ion spectroscopy is increasingly recognized as a method to identify mass spectrometry-detected
analytes in many (bio)chemical areas and its integration in analytical laboratories is now on the horizon.
Commercially available quadrupole ion trap mass spectrometers are attractive ion spectroscopy platforms
but operate at relatively high pressures. This promotes collisional deactivation which directly interferes
with the multiple-photon excitation process required for ion spectroscopy. To overcome this, infrared
lasers having a high instantaneous power are required and therefore a majority of analytical studies have
been performed at infrared free electron laser facilities. Proliferation of the technique to routine use in
analytical laboratories requires table-top infrared lasers and optical parametric oscillators (OPOs) are the
most suitable candidates, offering both relatively high intensities and reasonable spectral tuning ranges.
Here, we explore the potential of a range of commercially available high-power OPOs for ion spec-
troscopy, comparing systems with repetition rates of 10 Hz, 20 kHz, 80 MHz and a continuous-wave (cw)
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system. We compare the performance for various molecular ions and show that the kHz and MHz rep-
etition-rate systems outperform cw and 10 Hz systems in photodissociation efficiency and offer several
advantages in terms of cost-effectiveness and practical implementation in an analytical laboratory not
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Introduction

With the advent of widely and continuously tunable infrared
(IR) laser sources, infrared ion spectroscopy (IRIS) has become
an invaluable tool in structural mass spectrometry (MS). IRIS
comes in two main forms either based on one-photon dis-
sociation of weakly-bound, low-temperature stabilized com-
plexes of the analyte'™® or based on infrared multiple-photon
dissociation (IRMPD) of the analyte itself.'*® IRMPD spec-
troscopy has as its main advantage that it can be implemented
on commercial MS platforms, making it directly compatible
with any MS-based method in a chemical laboratory. In
IRMPD spectroscopy, absorption of multiple IR photons at
vibrational resonances induces dissociation, which is detected
in an MS spectrum collected after irradiation. Monitoring the
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extent of IR-induced fragmentation as a function of wavelength
yields a surrogate IR spectrum of the mass-isolated ions.

Using the MS-instrument as detector for IR absorption,
IRIS has a much higher sensitivity and (mass)-selectivity than
conventional absorption spectroscopy approaches and is there-
fore increasingly recognized as a valuable tool in analytical
chemistry."'*'7> Mass spectrometry is a go-to method in
many biochemical laboratories but its main bottleneck is an
accurate identification of detected molecular features, as there
are often many isobaric candidate structures that are difficult
to distinguish on the basis of MS alone.”*>® Being a natural
extension of MS, IRIS provides structural information - in the
form of IR spectra — for MS-detected ions. Consequently, IRIS
has found recent application in a range of biochemical areas
such as drug metabolism,>*®*” clinical chemistry,>*°
forensics®*>* and environmental sciences.’>>®

IRIS is typically performed in an ion storage MS instrument
so that the irradiation time can be adjusted to optimize
the photofragmentation yield. Instruments of choice are
Fourier transform ion cyclotron resonance (FTICR) mass
spectrometers'>*”** or linear and 3D quadrupole ion
traps.”"*>*472 Both home-built®”***%*%3%5 and commercial
instruments®>*1 7141671952 modified for optical access to the
stored ions have been used, where the latter offer the advan-
tage of higher sensitivity, which is often required to probe the

This journal is © The Royal Society of Chemistry 2021
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low-abundance ions encountered in biomedical samples.
Extensive MS"-capabilities offer the possibility to record IR
spectra for MS/MS fragment ions and to perform two-color
IR*MS? experiments, which may aid the identification of
unknown features.'®???*>3 Quadrupole ion traps do not reach
the mass-resolution offered by FTICR mass spectrometers, but
are more cost effective and faster.

Quadrupole ion traps normally operate at relatively high
pressures (>107> mbar) since a helium buffer gas is used to
thermalize the ions and to collisionally quench the ion cloud
to the center of the trap. At these pressures, collisional cooling
of the ions directly competes with the IR multiple-photon exci-
tation process,*"**>” where absorption of 10-100 IR photons
is required to reach the dissociation threshold and induce frag-
mentation. To achieve a photon absorption rate that can over-
come collisional deactivation, lasers with a high instantaneous
power (short laser pulses with high peak power) are used.
Additionally, lowering the buffer gas pressure in the ion trap
can enhance dissociation yields,*>*®” especially when
probing ions with high dissociation thresholds.***® This may
come at the expense of a reduced trapping efficiency and lower

sensitivity.
Many recent analytical IRIS experiments have been
performed  using  infrared  free  electron  lasers

(FELs).'®19:2672931,33736,53 pg[ g offer a wide tuning range in the
mid-IR range in combination with short pulses, a high peak
power, and high average power, and are therefore ideal light
sources for a wide range of applications. However, FELs are
large scale facilities based on electron accelerators and there-
fore very costly and not commercially available, which limits
their potential for widespread use in analytical laboratories. To
date, optical parametric oscillators (OPOs) are the best table-
top alternatives, providing radiation in the 3 pm wavelength
range at pulse energies that have been shown to be sufficient
for IRMPD on various ion storage MS platforms.*>**¢™4° The
3 pm range (2500-4000 cm™') provides access to hydrogen
stretching vibrations (CH, NH, OH) and several studies have
successfully employed this wavelength range for small mole-
cule identification,>?0>127-4859,60

Most commercial OPOs provide a lower (time-averaged)
power than FELs. In order to still overcome collisional
cooling in ion traps, virtually all table-top IRMPD set-ups cur-
rently use 10 Hz pulsed OPOs with 5 ns pulses having ener-
gies in the range of 10-30 m], ie. systems with the highest
available instantaneous power. Here, we aim to explore the
potential of several other commercially available OPOs that
offer alternative balances between laser properties (peak
power, average power, pulse duration and repetition rate).
More specifically, we evaluate the performance of a 10 Hz, 20
kHz, 80 MHz and a continuous-wave (cw) OPO system for
IRIS in a commercial quadrupole ion trap, with the goal of
determining which system offers the optimal balance
between IRMPD efficiency, routine operation, robustness and
overall performance, in particular for application in the
setting of analytical laboratories that often do not specialize
in laser spectroscopy.

This journal is © The Royal Society of Chemistry 2021
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Experimental section
Infrared ion spectroscopy

IRIS measurements were performed on a 3D quadrupole ion
trap mass spectrometer (Bruker AmaZon speed ETD) with
optical access to the trapped ion population.** The ion trap
was operated in positive or negative electrospray ionization
(ESI) MS mode and the sample solution (~1 puM in 50:
50 methanol : water) was infused at a 180 pL h™" flow rate. In
the ion trapping region, mass-to-charge (m/z) selected ions
were irradiated by a wavelength-tunable infrared laser to
induce wavelength-dependent IRMPD.'*°" Details on laser pro-
perties, irradiation times, triggering and synchronization are
given below. 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 was
obtained from 6 averaged mass spectra for each IR wavelength.
The IR frequency was calibrated by recording the IR spectrum
of protonated tryptophan (Trp, m/z 205) using the strongest
vibrational band at 3555 cm™'.®* Additionally, precursor ion
depletion curves were obtained by recording the normalized
precursor ion intensity (1 - IRMPD yield) as a function of
irradiation time using an automated protocol described in ref.
34.

The ion trap employs a helium buffer gas for efficient trap-
ping of ions. The He pressure can be adjusted as a percentile
setting of the gas controller, here indicated as GCye. The stan-
dard setting for the instrument used here (calibrated for
optimal ion signal) is 60% which gives a pressure of ~107°
mbar in the trap. Lowering the GCy. to a value of 5-15%
decreases the pressure to ~10~> mbar, while a value of 0% (no
helium) gives a pressure of ~107° mbar. IR spectra have been
recorded at different settings of the gas controller in order to
observe the effect of buffer gas pressure on the IRMPD
efficiency.

Table-top infrared lasers

Four table-top infrared lasers have been used to obtain the
data reported here. The major difference between the systems
is the pulse repetition rate of the lasers. We therefore label
them as follows: 10 Hz system, 20 kHz system, 80 MHz system
and continuous-wave (cw) system. An overview of selected laser
specifications is provided in Table 1.

10 Hz system. The 10 Hz system consists of an OPO
(LaserSpec, Belgium) pumped by a 10 Hz Nd:YAG laser (up to

Table 1 Selected specifications of the table-top laser systems used in
this study

OPO system 10 Hz 20 kHz 80 MHz CW
Repetition rate (Hz) 10 2x10"  8x107 )

Average power (mW) 150 600 450 1350 or 5400
Pulse energy (]) 1.5x107% 3x107° 5.6x10° —

Pulse duration (ns) 6 10 35x107°  —

Peak power (W) 2.5x10° 3x10° 1.6x10*> 1.350r5.4

Analyst, 2021, 146, 7218-7229 | 7219
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850 mJ per pulse, 6 ns pulse duration, 1064 nm wavelength;
Quantel Q-smart 850). The OPO has a single KTP crystal. The
wavelength is varied by rotating the crystal, which is mounted
on a motorized stage. The IR frequency is tunable between
3080 and 3700 cm™* (2.7-3.25 um), and the linewidth is
3 em™'. We used a system with a pulse energy of 15 mJ corres-
ponding to a time-averaged power of 150 mW and a peak
power of 2.5 MW.

To perform IRIS, the trapped ions are irradiated with one or
more lasers pulses, which is achieved by a mechanical shutter
(Thorlabs Optical Shutter SH05) triggered by the quadrupole
ion trap."® Precise synchronization of the laser pulses with
respect to the MS sequence is required to ensure that the ions
are irradiated with the same number of laser pulses in each
MS cycle. This is achieved by triggering the MS sequence with
a TTL pulse from the laser.** Communication between laser
and mass spectrometer is provided by a LabView program that
also stores the IR frequency value into the Bruker MS data
file.**

The Nd:YAG pump laser head and the OPO are physically
connected to each other, so that there is no free space for the
pump laser beam between the two systems. The dimensions of
the system are 960 (length) x 130 (width) x 140 (height) mm
excluding the power supply of the Nd:YAG laser. The OPO
output beam is focused with a CaF, lens into the center of the
ion trap through a CaF, window (diameter 25 mm, clear aper-
ture 16 mm) and a 3 mm hole in the ring electrode. The posi-
tion of the lens is optimized to achieve maximum IR-induced
fragmentation of protonated Trp.

20 kHz system. The 20 kHz OPO (LaserSpec, Belgium) is
pumped by a 20 kHz Q-switched diode pumped Nd:YAG laser.
OPO and pump laser are fully integrated in a single box with
dimensions of 570 (length) x 400 (width) x 130 (height) mm.
The OPO crystal is a fan-out periodically poled lithium niobate
(PPLN) crystal placed in a linear optical cavity that also con-
tains an etalon. Wavelength tuning is achieved by translating
the crystal and rotating the etalon, which are both motorized.
The IR frequency is tunable between 2220 and 4700 cm™*
(2.128-4.5 pm), and the bandwidth is 2 ecm™". The OPO output
power is up to 600 mW. The laser pulses have duration of
approximately 10 ns. This corresponds to a pulse energy of
30 pJ per pulse and a peak power of 3 kw.

The procedures for IRIS measurements are similar to those
described for the 10 Hz system and involve a mechanical
shutter and a CaF, focusing lens optimized for maximum
photodissociation. However, the high repetition rate of 20 kHz
mitigates the need for precise synchronization between the
OPO laser and the MS sequence, so that external triggering of
the mass spectrometer is no longer required. The trapped ions
are irradiated for a time interval that is continuously variable
in duration (rather than for a number of pulses); intervals of
20 to 1000 ms were used here. An irradiation time of 100 ms
corresponds to 2000 IR laser pulses, while for the 10 Hz
system 100 ms corresponds to only a single laser pulse. Note
that we report irradiation times as the values sent to the
mechanical shutter. Actual irradiation times are slightly longer

7220 | Analyst, 2021,146, 7218-7229
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(+5 ms) as a result of the response time of the shutter follow-
ing the TTL driving pulse. In addition, with a driving pulse of
10 ms, the minimal opening time of the shutter is 27 ms; for
shorter driving pulses, the shutter remains closed. The laser
and mass spectrometer communicate with each other via a
LabView program that also stores the IR frequency values in
the Bruker MS data file.**

80 MHz system. The 80 MHz system (LaserSpec, Belgium)
is an OPO pumped by a 80 MHz picosecond fiber laser
(Multitel, Belgium) and is fully integrated in a single box with
dimensions of 570 (length) x 480 (width) x 190 mm (height).
The OPO crystal is a fan-out PPLN crystal placed in a folded
cavity. Wavelength tuning is obtained by translating the crystal
and rotating the etalon, which are both motorized. The IR fre-
quency is tunable between 2220 and 4700 cm ™" (2.128-4.5 pm)
and the bandwidth is 0.5 cm™". The OPO output power is up to
450 mW near 3 pm. The laser pulses have a duration of
approximately 35 ps, which corresponds to a pulse energy of
5.6 nJ per pulse and a peak-power of 160 W.

The procedures for IRIS measurements are similar to those
described for the 20 kHz system, although the focusing optics
have been adapted for the 80 MHz system. Note that 100 ms of
irradiation with the 80 MHz system corresponds to an
exposure of the ions to 8 million pulses.

Continuous wave system. The continuous wave (cw) laser
system is an OPO (Aculight Argos model 2400-BB-50 with
module B) pumped by a 50 W cw Ytterbium fiber laser (IPG
Photonics model YLR-50). The OPO crystal is a fan-out PPLN
crystal placed in a bow-tie ring cavity. The laser is operated
without an intracavity etalon. Wavelength tuning is achieved
by translating the crystal manually. The IR frequency is
tunable between 3125 and 4000 cm™* (2.5-3.2 um). The IR
radiation has a bandwidth of approximately 6 cm™" and a
power up to 10 W. Since the OPO is cw, the peak power is
equal to the time-averaged power. The OPO itself has modest
dimensions of 353 x 190 x 124 mm (length x width x height)
excluding the controller and the pump laser. The pump laser
(483 x 483 x 190 mm, length x width x height) is connected to
the OPO via a ~2 meter long optical fiber.

Due to the high cw laser power, the mechanical shutter
cannot be used. Instead, a ‘fast rotating mirror’ (galvanometer
scanner) is used to direct the infrared laser beam towards either
the parking position (a power meter) or the quadrupole ion
trap. This ‘optical shutter’ is much faster than the mechanical
shutter and is also triggered by the mass spectrometer. Since
the laser is cw, no synchronization between the laser and MS
sequence is needed. Finally, note that we have not used this cw
laser system for recording IR spectra since the translation of the
PPLN crystal is not motorized. The laser frequency was manu-
ally tuned to a vibrational band of the ion of interest.

Results and discussion

The quality of the measured IR spectra strongly depends on
the IRMPD yield, which is directly determined by the compe-

This journal is © The Royal Society of Chemistry 2021
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tition between the rates of IR photoexcitation and collisional
deactivation. Hence, the yield is affected by several instrumen-
tal and molecular parameters including the absorption cross-
section, helium pressure in the ion trap, power and pulse
characteristics of the IR radiation, and the dissociation
threshold of the ion. Therefore, to evaluate the performance of
the OPO systems for IRIS in ion trap mass spectrometers, we
performed several experiments varying these parameters
systematically.

Comparison of OPO systems for IRMPD on protonated Trp

Protonated tryptophan ([Trp + H]', m/z 205) is frequently used
to study the performance of IRMPD spectroscopy in quadru-
pole ion traps.****®* In the 3300-3600 cm™" region, its IR
spectrum contains a strong carboxylic acid OH stretching
mode at 3555 cm™', a strong indole NH stretching mode at
3500 cm™" and a weaker mode related to the NH;* moiety at
3340 cm™". Here, we recorded IR spectra of the [Trp + H]" ion
with the 10 Hz, 20 kHz and 80 MHz OPO systems using an
irradiation time of 200 ms, which corresponds to only two
laser pulses for the 10 Hz system, 4000 for the 20 kHz and
16 million pulses for the 80 MHz system. The black traces in
panels a-c of Fig. 1 show the IR spectra recorded with the
helium buffer gas pressure optimized for maximum ion trap-
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ping efficiency. The three spectra are qualitatively identical.
For the strongest absorption band (OH stretch, 3555 cm™"),
the ion population is completely depleted by the 20 kHz and
80 MHz lasers systems (yield equal to 1), whereas a yield of
only 0.86 is reached using the 10 Hz system. This suggests that
the yield reached at strong absorption bands of systems with a
modest dissociation threshold is mainly determined by the
average power rather than by the peak power (see laser para-
meters in Table 1). In contrast, for the weaker absorption
bands at 3500 cm™" and 3340 cm™ ', the dissociation yield
reached by the 10 Hz laser is comparable or even slightly
higher than that of the other laser systems. This can be attrib-
uted to the high peak power of the 10 Hz system, which facili-
tates the threshold to be reached within one 6 ns pulse, thus
outcompeting collisional de-excitation.

To further explore the effect of peak and average laser
power on the IR dissociation yield, we recorded the normalized
precursor ion intensity as a function of irradiation time with
the frequency of the three pulsed OPO lasers tuned to the OH
stretch mode. The results are displayed in Fig. 1d together
with previously recorded data for the cw OPO system operating
at two different powers.** For the 10 Hz system, irradiation
with a single laser pulse corresponds to 6 ns of irradiation
time (the duration of the laser pulse), for which the mechani-
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Fig. 1 Comparison of OPO systems for IRMPD on protonated tryptophan (Trp, m/z 205, see inlay in panel d). IRMPD spectra recorded with the (a)
10 Hz OPO system, (b) 20 kHz OPO system and (c) 80 MHz OPO system using standard pressures (GCp. = 60%, black traces) and reduced pressures
(GChe = 5% or 15%, green and red traces) in the ion trap. (d) Precursor ion depletion as a function of irradiation time recorded using the three pulsed
OPO laser systems and the cw-OPO system (using a power of 1.35 W and 5.4 W) tuned to the 3553 cm™ resonance. Panel (e) shows an alternative
representation of the same data, where the vertical axis shows the IRMPD intensity (see text).
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cal shutter has to open for less than 100 ms. For clarity, and in
order to be able to understand the precursor depletion curve,
we plot the corresponding data point in Fig. 1d at 100 ms,
although it should be realized that the irradiation time
for recording an IR spectrum with a single pulse could be
set much shorter. The first three data points clearly show
that with each IR laser pulse, approximately 2/3 of the ions
dissociates, giving a logarithmic dependence for precursor
ion depletion, which is indeed as expected and which
has also been observed for IRMPD with other radiation
SOurCeS.40’61’63’64

The two high repetition rate lasers and the cw-laser oper-
ated at 5.4 W show very similar precursor ion depletion curves;
the time needed to reach full dissociation is <100 ms. In con-
trast, the 10 Hz system needs a much longer irradiation time
of about 350 ms. IRMPD using the 1.35 W cw-laser - a higher
average power than that of all pulsed OPO systems used here -
drastically reduces the dissociation efficiency; the time needed
to reach complete precursor ion depletion increases to
>1000 ms. Collisional cooling by the helium buffer gas is now
strongly competing with IR excitation, leading to a consider-
ably lower IRMPD yield for the same irradiation time.

The IR dissociation yield as defined here has a value
between 0 (no dissociation) and 1 (100% dissociation). For
comparison with calculated IR spectra and with precursor
depletion spectra, the parameter S = —In(1 — yield) is more
appropriate as it links directly to the photodissociation rate
and therefore should scale linearly with the irradiation
time.*"**>% Note that S is identical to —In(l,), where I, is the
normalized precursor ion intensity. Fig. 1e displays S as a func-
tion of irradiation time, which clearly shows that for all laser
systems the dependence is indeed linear up to an IR yield of
0.98 (S = 4).

The quadrupole ion trap employs a helium buffer gas
pressure in the 107 mbar range for efficient trapping of ions.
The rate of collisional cooling is directly proportional to the
He pressure and therefore strongly affects the IRMPD
efficiency. We explored this by recording an IR spectrum of
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[Trp + H]" at reduced pressure in the ion trap using each of the
pulsed OPOs (data for the cw OPO are available in ref. 44). We
express the pressure as a percentile setting of the gas control-
ler GCpe. Fig. la-c compares the spectrum recorded at
reduced pressures to that recorded at a standard pressure
(GChe = 60%) for each system. For the 10 Hz system, reducing
the pressure to a very low value of 5% does not significantly
increase the dissociation yield, because the very high peak
power of a single pulse ensures that the IR excitation rate is
higher than the collisional de-excitation rate at both He
pressure settings. For the 20 kHz and 80 MHz systems, a
reduction of the pressure to 15% leads to considerably higher
IRMPD yields. This indicates that the absorption of photons
from multiple pulses is needed for dissociation due to the
lower peak power, but that the high repetition rate of these
lasers ensures that photon absorption still outcompetes colli-
sional deactivation. Assuming that the ion population in the
trap is thermalized, we estimate an average collision time on
the order of 0.1-1.0 ms at 10~ mbar. With a pulse interval of
50 ps, the 20 kHz OPO can outcompete collisional deactivation
if an ion absorbs a photon from approximately every tenth
laser pulse. Using the values in Table 1 and a laser focus of
0.1-1.0 mm?®, the photon absorption rate is indeed on the
order of the collision rate (taking the absorption rate as the
product of absorption cross section and photon flux, ks =
o-¢). Reducing the He pressure then directly influences the
competition. A similar rationalization holds for the 80 MHz
system, where the slightly lower average power as compared to
the 20 kHz system (see Table 1) may explain the more pro-
nounced IRMPD enhancement upon He pressure reduction
seen in Fig. 1.

Comparison of OPO systems for IRMPD on deprotonated para-
coumaric acid

Deprotonated para-coumaric acid ([PCA-H]~, m/z 163) was pre-
viously shown to adopt a phenolate rather than carboxylate
structure (see Fig. 2) upon ESI, corresponding to the lowest
energy structure in the gas phase.®” This ion is more difficult
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Fig. 2 Comparison of OPO lasers for IRMPD on deprotonated para-coumaric acid (PCA, m/z 163). IRMPD spectra recorded with the (a) 10 Hz OPO
system, (b) 20 kHz OPO system and (c) 80 MHz OPO system using reduced helium pressure (GCp = 20%, black traces) and without helium (GCy =
0%, red traces) in the ion trap. The ions were irradiated for 1 s (corresponding to 10 IR pulses for the 10 Hz system).
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to photodissociate than protonated Trp such that collisional
deactivation competes more strongly with IRMPD, which may
cause vibrational bands to become entirely unobservable. In a
previous study using the same type of ion trap mass spectro-
meter, a 10 Hz OPO (15 m] per pulse) was unable to induce
dissociation at the OH stretch band of [PCA-H]™ (3590 cm™)
when using standard operating pressures of the ion trap.*
Even upon reducing the helium pressure to its minimum
(GChe = 0%), IR dissociation yields were never above 0.1.

Here, we record IR spectra of deprotonated PCA in the same
wavelength region to test the performance of the 10 Hz, 20
kHz and 80 MHz OPO systems for this ion. Fig. 2 shows IR
spectra recorded using either no helium in the trap (GCye =
0%, red traces) or a small amount of helium (GCy, = 20%,
black traces). Ions were irradiated with 10 IR pulses of the 10
Hz laser (panel a) or for 1000 ms with the 20 kHz and 80 MHz
lasers (panel b and c). Observations are analogous to what was
found for the weak absorption band of protonated Trp. At the
higher pressure settings, only a small amount of dissociation
is observed independent of the laser system employed. The 10
Hz system appears to give slightly higher dissociation yields
than the other systems, which is in line with its higher peak
power and therefore its ability to dissociate the ion within one
6 ns pulse, although only with low yield. Reducing the helium
to zero hardly improves the dissociation yield for this laser: in
the 100 ms time interval between pulses, complete collisional
deactivation occurs. The pressure reduction has no influence
on the excitation process within one 6 ns high peak-power
pulse, since the absorption rate is orders of magnitude higher
than the deactivation rate at either of the He pressures. The
dissociation yield reached (<0.1) is the roughly the same for
both He settings and comparable to what was achieved
previously.**

For the higher repetition rate systems on the other hand, a
drastic increase of the dissociation yield is observed when
reducing the buffer gas pressure, indicating that the de-
activation rate is significantly reduced relative to the photon
absorption rate. The 80 MHz laser (35 ps pulses with 12.5 ns
intervals) shows a significantly better performance than the 20
kHz laser (10 ns pulses with 50 ps interval). We note that low-
ering the helium setting to 0% significantly reduces sensitivity
of the mass spectrometer. For studies aiming to analyze low-
abundance compounds, these operating conditions may there-
fore not be feasible.

Comparison of the 20 kHz and 80 MHz OPO systems for
IRMPD on the sodium adduct of N-acetylglucosamine

The results shown above for Trp and PCA indicate that lower-
ing the pressure in the ion trap enhances the dissociation
yield when using kHz and MHz repetition-rate laser systems.
To explore this effect further, we recorded IR spectra of the
sodium adduct of N-acetylglucosamine ([GleNAc + Nal', m/z
244, see Fig. 3) using the 20 kHz and 80 MHz system and four
different buffer gas pressures in the ion trap (GChe = 60%,
45%, 30% and 15%). A previous study from our group focused
on the differentiation of GIcNAc from two isomeric molecules

This journal is © The Royal Society of Chemistry 2021
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and reported the IR spectrum of [GleNAc + Na]” in the finger-
print region obtained with a FEL. Recording IR spectra in the
3 pm range with a 10 Hz OPO (<15 mJ per pulse) did not
produce a sufficiently high dissociation yield to confidently
differentiate the three systems.'” Fig. 3 shows the IR spectra
recorded here using the 20 kHz (panel a) and 80 MHz (panel
b) OPO systems. At the standard helium pressure (GCye =
60%), it is seen that both lasers generate only a very low dis-
sociation yield and only on a single vibrational band.
Reducing the helium setting to 15%, however, gives a spec-
trum containing four clearly observable vibrational bands
corresponding to the OH- and NH-stretching vibrations. The
20 kHz systems shows a better performance for this ion in the
sense that all four bands are already observed at GCy = 30%,
whereas for the 80 MHz system a reduction to 15% is required.
This indicates that for this Na'-adduct, the higher average
power and/or peak powers of the 20 kHz system are favorable.

We further explored the competition between vibrational
excitation and collisional de-excitation by recording the nor-
malized precursor ion intensity as a function of irradiation
time with the laser frequency tuned to the most intense
absorption band (3637 cm ™) for each of the pressure settings.
Fig. 3c and d show the resulting depletion curves for the 20
kHz and 80 MHz systems. In general, all curves are steeper for
the 20 kHz OPO, reaching higher dissociation yields in a
shorter irradiation time. Moreover, comparing the depletion
curves at the 60% buffer gas setting shows a clear threshold
effect for the 80 MHz laser, i.e., even at an irradiation time of
1000 ms, only a minor fraction of the ions undergoes fragmen-
tation. Clearly, the collisional deactivation rate at this helium
pressure is higher than the photon absorption rate and
increasing the irradiation time does not increase the fragmen-
tation yield.

Note that some of the depletion curves shown in Fig. 3c
and d appear not to follow a single exponential decay. This can
be caused by several effects. First of all, the normalized precur-
sor intensity (precursor ions divided by all ions) is plotted on
the vertical axis in order to have a decent signal to noise ratio.
The disadvantage, however, is that this may lead to an overesti-
mation of the number of undissociated precursor ions when
there are fragment ions below the low-mass cut-off (LMCO) of
the ion trap that are not detected.®’ For example, [GleNAc +
Na]" dissociation likely generates some Na" at m/z 23, which is
below the LMCO. Furthermore, even if fragment ions have an
m/z above the LMCO, their trapping efficiency may be reduced
at lower pressures. Comparison of the depletion curves in
Fig. 3 with those obtained by normalizing on the total number
of ions observed without laser irradiation suggests that
10-30% of the fragment ions are not detected for the GCye =
30% trace recorded with the 20 kHz laser (not shown). In
addition, multiple conformations may be present, each with
its own IR absorption rate, giving rise to a multi-exponential
depletion curve.®®

Since the helium buffer gas is employed to enhance the
trapping efficiency, operating at a reduced pressure generally
leads to a lower sensitivity of the mass spectrometer. This may
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Fig. 3 Comparison of the 20 kHz and 80 MHz OPO systems for IRMPD on the sodium adduct of N-acetylglucosamine ([GlcNAc + Nal*, m/z 244,
shown at the top right). IRMPD spectra (a and b) and recorded with the (a) 20 kHz OPO system and (b) 80 MHz OPO system and an irradiation time
of 600 ms. Normalized precursor intensity (1-IR yield) as a function of irradiation time recorded with the (c) 20 kHz OPO system and (d) 80 MHz
OPO system at 3637 cm™™. The spectra and depletion curves in panel (a—d) were recorded using a range of pressures (GCne = 60%; black traces,
GChe = 45%; red traces, GCe = 30%; green traces and GCy = 15%; blue traces) in the ion trap. (€) Number of m/z 244 ions detected in the ion trap

as a function of the pressure in the ion trap.

limit the application of high repetition-rate OPOs in ion spec-
troscopy on low-abundance compounds in complex (bio)
chemical samples. To determine the extent of this effect, we
recorded the number of (mass-isolated) [GlcNAc + Na]" ions as
a function of the gas pressure setting. Here, the settings of the
ion trap allowed for the ion accumulation time to vary in order
to optimize the absolute number of trapped ions (ion charge
control). Fig. 3e shows the number of ions normalized for the
length of the accumulation time. The number of ions
decreases only slightly when lowering the pressure setting to
45% and then drops more rapidly to about 30% at the lowest
pressure setting. Simultaneously, the ion accumulation time
increases from ~15 ms at the 60% setting to ~55 ms at the
lowest pressure setting. Hence, lowering the pressure is
efficiently compensated for by the accumulation time, so that
it has a limited effect on the sensitivity on our MS platform.

IRMPD on CID fragment ions of protonated Trp at reduced ion
trap pressures

The IR spectra of fragment ions generated from an unknown
by collision-induced dissociation (CID) can often significantly
aid in molecular structure identification of precursor ions in a
bottom-up approach. Fragment ions are often more stable
than their precursors and the recording of their IR spectra can
thus be facilitated by lowering the pressure in the ion trap.

7224 | Analyst, 2021,146, 7218-7229

However, lowering the pressure can have a negative effect on
the operation of the ion trap and may reduce the efficiency of
generating and trapping CID fragments. Here we focus on the
fragmentation of protonated Trp (m/z 205), which has been
extensively studied using IRIS by Mino et al.°* The molecular
structures of the precursor and fragment ions that were deter-
mined in their study are displayed in Fig. 4. NH;-loss yields a
fragment with m/z 188 and another round of fragmentation
yields m/z 146, via the loss of CH,CO. We recorded IR spectra
using the 20 kHz OPO system of the precursor ion, the MS>
fragment ion at m/z 188 and the MS® fragment ion at m/z 146
at four different buffer gas pressures: GCye = 60%, 45%, 30%
and 15%, see Fig. 4. As was determined before, the IR spectra
of the fragment ions contain two absorption bands that are
attributed to the indole NH stretching mode, which is red-
shifted compared to the precursor ion, and the OH-stretching
mode, which is blue-shifted in the m/z 146 ion as it now
corresponds to an alcohol OH rather than a carboxylic acid
OH. In the fragment ion spectra, it is seen that lowering the
pressure significantly enhances the IRMPD efficiency, leading
to complete saturation of both bands at the lowest pressure
level. At the same time, the quality of the IR spectra remains
roughly unchanged, so that we conclude that lowering the
pressure is a viable option, even when investigating CID frag-
ment ions.

This journal is © The Royal Society of Chemistry 2021
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ion trap. The ions were irradiated for 200 ms at each wavelength.

Molecular identification with the 20 kHz OPO system

Apart from having a different pulse structure and power, the
OPO systems also operate in a wavelength region that is
different from that of most FELs used for IRMPD spectroscopy,
which is generally the IR fingerprint region from 500 to
2000 cm™". To demonstrate the use of the high repetition rate
OPOs in small-molecule identification, we recorded IR spectra
of three isobaric ions using the 20 kHz OPO system. Fig. 5
shows the IR spectrum of the sodium adduct of
N-acetylglucosamine, [GIcNAc + Na]" at m/z 244, discussed also
above, compared with IR spectra of the sodium adducts of
N-acetylmannosamine ([ManNAc + Nal], m/z 244) and
N-acetylgalactosamine ([GalNAc + Nal’, m/z 244). Recently,

N-acetylglucosamine "
H
H OH
o 8 NH
= [} oy
OH )\ CH3
CH3
0.6 HN o
= H N-acetylmannosamine
=
E 0.4+ Ho OH
e}
0.2+ g NH
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0.0 J 'CH3
3300 3400 3500 3600 3700 3800
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Fig. 5 Molecular identification using the 20 kHz OPO laser and a
reduced pressure (GCpe = 15%). Comparison of IRMPD spectra of the
sodium adducts of N-acetylglucosamine, N-acetylmannosamine and
N-acetylgalactosamine, which are isomeric.

This journal is © The Royal Society of Chemistry 2021

ManNAc was identified as a biomarker for the disease NANS-
deficiency using untargeted liquid chromatography-mass spec-
trometry.®® In this study, it was necessary to use NMR spec-
troscopy to identify the biomarker elevated in patient samples
as ManNAc and not GlcNAc and GalNAc, which have the same
exact mass and CID MS/MS fragmentation patterns. Later, we
showed that the three sugar molecules can also be distin-
guished based on the IRMPD spectra of their sodium adducts
in the 5-15 pm wavelength region."” The spectral comparison
in Fig. 5 shows that the three ions can also be readily distin-
guished using the table-top 20 kHz OPO system. The three

1 600mw 6C, =30%
1450 mW
0.6 300mW

He

= 0.0 1
3640 3680 3600
Wavenumber, cm”!

3640 3680
Wavenumber, cm™!

Fig. 6 Influence of laser power on IRMPD efficiency with the 20 kHz
OPO. Comparison of IRMPD spectra of the sodium adduct of
N-acetylglucosamine recorded with a power of 600 mW (100% of the
maximum, black traces), 450 mW (75% of the maximum, red traces) and
300 mW (50% of the maximum, green traces) and 600 ms irradiation
time using (a) standard pressures (GCpe = 60%) and (b) reduced press-
ures (GChe = 30%) in the ion trap.
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spectra show similar bands resulting from the presence of the
same functional groups, but small variations in peak position
and band intensity enables their differentiation.

IRMPD yield at reduced laser power

Of course, laser power is also an important factor determining
the IRMPD efficiency, but it was only briefly discussed in the
previous sections. We tested lowering the cw-OPO power from
54 W to 1.35 W and found that it reduces the IRMPD
efficiency drastically (Fig. 1d). This is also true for high rep-
etition rate lasers, which is illustrated in Fig. 6 for the 20 kHz
OPO. Here, part of the IR spectrum of the sodium adduct of
N-acetylglucosamine has been remeasured with full power
(600 mW), 75% (450 mW) and 50% of the power (300 mW) at
two helium pressure settings, which shows clearly that laser
power is a major factor in selecting an OPO system.

Conclusion and outlook

Helium buffer gas is used to enhance the ion trapping
efficiency in many ion trap MS systems and is required to
reach ultra-high sensitivities and to act as a collision partner
in CID experiments. On the other hand, the buffer gas directly
competes with the IRMPD process as collisions remove energy
from ions during IR multiple-photon excitation, lowering the
IRMPD efficiency or even preventing dissociation entirely. The
competition between photoexcitation and collisional de-
activation depends on several parameters, including the
absorption cross-section and dissociation threshold of the ion,
the helium pressure in the ion trap and the power and pulse
characteristics of the IR laser radiation.

For IRMPD, the most important laser parameters are pulse
duration, pulse energy and repetition rate. The highest yields
are expected for lasers with high peak powers, so short pulses
with high pulse energy. A high repetition rate is favorable, as a
shorter time between laser pulses reduces the energy loss due
to collisions with the buffer gas. Affordable OPOs currently on
the market have in common that their time-averaged power is
in the range of a few hundred mW to a few W. Therefore, OPOs
that combine a high peak power (for instance a pulse energy
of 15 mJ per pulse) with a high repetition rate (for instance
80 MHz) do not exist. The choice of the laser system for
IRMPD spectroscopic studies will therefore always involve a
trade-off between favorable properties.

In this study, we have tested two commercially available
high repetition-rate OPOs for IRIS in a quadrupole ion trap
mass spectrometer and compared their performance with
more common 10 Hz laser systems and with a high-power cw-
OPO, which corresponds to the limit of an “infinite” repetition
rate. The effects of an ion’s absorption cross section and dis-
sociation threshold were explored by studying several mole-
cular systems having different absorption cross sections and
dissociation thresholds. The spectra were recorded with
various helium pressures in the ion trap to assess the compe-
tition between collisional cooling and IR heating.
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The results obtained for each OPO laser system can be sum-
marized as follows:

1. The 10 Hz OPO system (150 mW average power, 6 ns
pulse duration) performs well in combination with the stan-
dard helium setting of the quadrupole ion trap. Lowering the
helium pressure only provides a small increase in IRMPD
efficiency as the time between pulses (100 ms) is much longer
than the collision time regardless of the setting of the buffer
gas pressure. The extremely high peak power during a laser
pulse ensures that the photoexcitation rate is much higher
than the collisional de-excitation rate during the pulse for all
pressure settings. The low repetition rate of the pulses requires
precise temporal synchronization of laser and mass spectro-
meter, which involves external triggering of the mass spectro-
meter. Although IRMPD with a single pulse (6 ns) is feasible
for ions with low dissociation thresholds, multiple pulses are
often needed to obtain a decent fractional fragmentation,
which quickly increases the irradiation time (Fig. 1d) and
hence the time needed to record an IR spectrum. OPOs with
similar specifications and pulse energies up to 25 mJ per pulse
are available from various vendors.

2. The 20 kHz OPO system (600 mW average power, 10 ns
pulse duration) performs similarly to the 10 Hz system at stan-
dard helium pressure settings. A drastic increase in IR dis-
sociation yield is obtained when the helium pressure is
reduced. Modest pressure reductions already significantly
increase the dissociation yield. At this high repetition rate, no
synchronization of the laser pulses with respect to the MS
sequence is needed. An interesting aspect of this type of laser
system is that affordable models are available with powers up
to 2 W.

3. The performance of the 80 MHz OPO system (450 mW
average power, 35 ps pulse duration) is similar to the 20 kHz
system. At very low helium pressures (GCye < 20%) the 80 MHz
OPO gives slightly higher dissociation yields, while at higher
pressures the 20 kHz system performs better. Again no tem-
poral synchronization with the MS is required. Affordable
80 MHz lasers are available with powers up to 1 W.

4. The cw OPO system operating at a power of 5.4 W pro-
vides the highest IR dissociation yields for protonated trypto-
phan at standard pressure (Fig. 1d) and at reduced pressure.**
Reduction of the power to 1.35 W, which is still 2-9 times
higher compared to the average power of the three pulsed
lasers, decreases the IR yield drastically, which makes
common 1 W cw OPO systems less attractive for IRIS in ion
traps. High power cw OPOs are quite costly compared to the
pulsed OPO systems.

Overall, we conclude that kHz and MHz repetition rate OPO
systems are a viable alternative to 10 Hz systems for use in
table-top (analytical) IRIS set-ups employing commercial ion
trap mass spectrometers. The lasers tested in this study have a
conservative average output power, demonstrating that even
with modest power (and funding) good quality IR spectra can
be obtained in the 3 um spectral range for a wide range of
compounds. Especially for high-repetition rate systems, lower-
ing the buffer gas pressure can significantly enhance dis-

This journal is © The Royal Society of Chemistry 2021
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sociation yields, while only mildly affecting the sensitivity of
the MS platform. We demonstrate how recording IR spectra
using OPO systems can aid in the identification of ions
detected in an analytical mass spectrometry experiment. Here,
we focused on examples in the field of biomarker identifi-
cation, but we envision the use of table-top IRIS set-ups in a
range of analytical fields such as forensics, environmental
science and glycomics.
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