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Controlled in-source ion-molecule reactions are performed for the first time in an external
matrix assisted laser desorption ionization (MALDI) source of a Fourier transform ion
cyclotron resonance mass spectrometer. The MALDI source with a hexapole ion guide that was
originally designed to incorporate pulsed gas to collisionally cool ions (Baykut, G.; Jertz, R;
Witt, M. Rapid Commun. Mass Spectrom. 2000, 14, 1238-1247) has been modified to allow the
study of in-source ion-molecule reactions. Upon laser desorption, a reaction gas was
introduced through a second inlet and allowed to interact with the MALDI-generated ions
trapped in the hexapole ion guide. Performing ion-molecule reactions in the high pressure
range of the ion source prior to analysis in the ion cyclotron resonance (ICR) cell allows to
maintain the ultra high vacuum in the cell which is crucial for high mass resolution
measurements. In addition, due to the reaction gas pressure in the hexapole product ion
formation is much faster than would be otherwise possible in the ICR cell. H/D exchange
reactions with different peptides are investigated, as are proton-bound complex formations. A
typical experimental sequence would be ion accumulation in the hexapole ion guide from
multiple laser shots, addition of cooling gas during ion formation, addition of reaction gas,
varied time delays for the ion-molecule reactions, and transmission of the product ions into the
ICR cell for mass analysis. In this MALDI source H/D exchange reactions for different
protonated peptides are investigated, as well as proton-bound complex formations with the
reaction gas triethylamine. Amino acid sequence, structural flexibility and folding state of the

peptides can be seen to play a part in the reactivity of such ions.

(J Am Soc Mass Spectrom
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[1-5] and matrix assisted laser desorption ioniza-
tion (MALDI) [6-9] has provided mass spectro-
metry (MS) with two very important tools for investi-
gating biomolecules in the gas phase. ESI and MALDI
are fairly mild ionization processes, generally involving
cation transfer (usually a proton), that generates posi-
tive or negative gas-phase ions while retaining the
structural integrity of the analyte. More and more
structural information of peptides is emerging from
gas-phase studies utilizing mass spectrometry.
MALDI has become one of the fastest growing
techniques in mass spectrometry due to its application
to biological and biochemical research [9-14]. Fourier
transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) [15-20] is known for its unparalleled mass
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accuracy and mass resolution and has become an im-
portant tool in many areas of analytical life sciences [21,
22]. For this reason, the FT-ICR MS technique has been
combined with the soft ionization technique MALDI
using internal [23-28] as well as external [29-37] ion
sources. One of the striking advantages of the MALDI
FT-ICR technique is high sensitivity as well as high
throughput capability.

Many ion chemistry studies show similarities be-
tween the behavior of gas-phase ions and equivalent
species in the condensed phase [38, 39]. As the amount
of structural information emerging from gas-phase ion
studies increases, MS techniques, particularly in combi-
nation with H/D exchange reactions, are playing an
increasingly important role in structural analysis of
biomolecules [40-47]. H/D exchange reactions are
studied by allowing deuterated reaction partners to
interact with protonated functional groups of for in-
stance polypeptides and proteins, sequentially replac-
ing the protons with deuterons. The rate of exchange is
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related to the reactivity of each particular site. In a
recent example, Freitas et al. carried out H/D exchange
reactions using FT-ICR MS with ESI in order to prove
the existence of zwitter-ions of protonated bradykinin
in the gas phase [48].

The advantage of measuring H/D exchange experi-
ments [49-51] in an external ion source with FT-ICR MS
has recently been demonstrated by Hofstadler et al.
who used a modified ESI source where reaction gas was
pulsed into the area of the hexapole ion guide of the ESI
source [52, 53]. By accumulating ESI-generated ions in
this hexapole allowing them to undergo ion-molecule
reactions, no reaction gas was required in the ICR
analyzer cell. Removal of the pulsed gas from the
analyzer region would require extra pumping times as
in collision induced dissociation (CID) experiments.
Thus, products of the in-source ion-molecule reactions
[54] (e.g., H/D exchange reactions, deprotonation or
complex formation) can be detected without disturbing
the ultra high vacuum (UHV), which would in turn
affect the supreme mass resolution. Furthermore, prod-
uct ions are formed much faster in the hexapole ion
guide of the ion source than in the ICR cell because of
the reaction gas pressure greater than 10> mbar.

Basic design and the construction details of the low
voltage medium pressure MALDI source for FT-ICR
MS with in-source collision gas and in-source ion accu-
mulation capability has recently been reported else-
where [36]. This external MALDI source is equipped
with a hexapole ion guide and a pulsed gas inlet, both
in direct proximity to the laser target. During their
generation, ions are cooled using a pulsed collision gas
which reduces the ion kinetic energy spread that results
from the MALDI process. Simultaneously, they are
captured in the hexapole ion guide. Additional cooling
of ions in the hexapole can be achieved while they are
trapped in the hexapole using further collision gas
pulses. Continued developments of the sample han-
dling system, the hardware for computer controlled
target x/y-positioning, laser and observation optics, as
well as the operation software with the FT-ICR have led
to a completely computer-controlled MALDI source
with a hexapole ion trap and pulsed collision gas
(Figure 1).

Due to the continuous nature of the electrospray
process, ions steadily enter the hexapole ion guide of
the ESI source. Following a pulsed event extracting ions
out of the hexapole, accumulated ions are injected into
the ICR cell. The MALDI process, however, produces
ions in a discontinuous way such that every laser pulse
generates a certain number of ions that are captured
and accumulated in the hexapole ion guide. This sim-
plifies the kinetics as an additional time spread is
eliminated during the reaction time. This is different in
the conventional ESI sources which have additional
time spread, as the hexapole is continuously filled
during the ion-molecule reaction. Gated beam tech-
niques have been introduced in some ESI sources by
using shutter interrupting the continuous stream of ions
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Figure 1. Schematic drawing of the SCOUT 100 MALDI source.
The laser beam enters the medium pressure chamber from the side
passing through a quartz window and is then reflected to the laser
target. The pulse gas tube is directed to the point where the laser
hits the target. The observation optics views the target from the
opposite side. A laser beam reflector protects the camera from
laser radiation scattered from the target. The tube on which the
medium pressure chamber is mounted further covers the system
so that a large part of the hexapole is under elevated pressure if
collision gas is pulsed or a reaction gas is introduced.

so that the process in the hexapole can be studied more
accurately [55-58].

For all MALDI source reactions described herein, all
ions of a certain experiment have the same time to react.
The experiment starts with the collision gas pulse and
the laser shots. After the laser is stopped, the reaction
gas is introduced. During ion generation (MALDI)
event no reaction occurs as there is no reaction gas
present. During the reaction period no new MALDI
ions are generated, as the laser is not in operation.

To demonstrate the benefit of external ion-molecule
reactions with MALDI-generated ions, the ion source
was modified by introducing a second pulsed gas inlet
(Figure 2). In this way, it is possible to ensure a cooling
of the reacting ions via the first pulsed valve as well as
a constant reaction gas pressure through the second
pulsed valve.

Experimental
Apparatus

The construction details of the MALDI source used in
this paper have been described in detail elsewhere [36].
Further improvement of the source includes a 100 spot
target (10 X 10 geometry), which can be moved in the
xy-plane by software control. All loading processes are
also software controlled as is the laser power.

This external MALDI source has been flanged to the
source chamber of an APEX II FT-ICR MS from Bruker
Daltonics (Billerica, MA) equipped with an actively
shielded 7T super-conducting magnet. In this system,
the ICR cell is a cylindrical infinity cell [59] with
equipotential-line-segmented trapping plates. The pres-
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Figure 2. The additional reaction gas tube, the reaction gas
reservoir as well as the complete setup for ion-molecule reaction
studies in the MALDI source are depicted in this schematic
drawing.

sure in the FT-ICR MS source chamber is in the range of
107° to 1077 mbar. For cooling the ions the pressure in
the proximity of the MALDI target is increased by
pulsing argon through a stainless steel tube (0.8 mm
i.d.) with a solenoid pulse valve from Parker Hannifin
(Cleveland, OH) in a partially isolated volume inside
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Figure 3. Event sequence in the MALDI experiments for the
cooling gas pulse valve and reaction gas pulse valve with a
schematic display of the pressure change in the MALDI source.

the medium pressure chamber (MPC), as shown in
Figure 1. For ion-molecule reaction studies, this cham-
ber is now also equipped with a second identical
stainless steel tube, which itself is connected to a second
solenoid pulse valve in order to transfer the reaction gas
to the direct vicinity of the laser target. The reaction gas
was stored in a reservoir, which consists of three leak
valves, a heating device, and a connector to a glass vial
containing the liquid reactant (Figure 2). For evacuating
the reservoir Valve 1 was connected to a rotary pump.
Valve 2 was connected to the ion-source, Valve 3 was
between the glass vial and the reaction gas container.

The MPC is pumped through a tube connected to the
FT-ICR MS source chamber. A turbo-molecular pump
EXT 501 manufactured by BOC Edwards High Vacuum
(Crawley, UK) with a pumping speed of 500 L/s is used
in the source chamber of the APEX II FT-ICR MS
system. An infrared multiphoton dissociation (IRMPD)
equipment from Bruker Daltonics containing a CO,
laser J48-2 with 25W power output from Synrad (Mukil-
teo, WA) for multiphoton dissociation of ions was
installed at the back of the magnet. The laser beam was
aligned to irradiate through the ICR cell.

Table 1. Compounds used for H/D exchange measurements as well as the results of H/D exchange experiments for CD;OD and
D,0 at a reading pressure of 8.3 X 107° mbar and 2.0 X 10~ mbar after 60 s reaction time, respectively

Theoretical Maximum Maximum
Molecular monoisotopic Maximum observed H/D observed H/D
formula mass possible H/D exchanges with exchanges with
Compound [M + H]* [M + H]* exchanges CD;0D D,0
Angiotensin | (1) Ce2HgoN17014 1296.685 20 13 (65%)® Not measured
Angiotensin Il (2) CsoH72N130,, 1046.542 17 11 (65%) Not measured
Angiotensin Il (3) CaeHe7N1204 931.515 15 10 (67%) Not measured
Bradykinin (4) CsoH74N1504, 1060.569 18 14 (78%) 15 (83%)
Met-Lys-Bradykinin (5) Ce1HosN150,35S 1319.704 22 20 (91%) 19 (86%)
LHRH free acid (6) CssH75N 16014 1183.564 19 10 (53%) 9 (47%)
LHRH amide (7) CssHs6N17045 1182.580 20 6 (30%) 6 (30%)
Substance P (8) Ce3zHooN150435S 1347.735 19 18 (95%) 18 (95%)
Substance P CusHesN11040S 966.487 15 0-1(<6%) 0-1 (<6%)
fragment 4-11 (9)
Cyclosporin (10) CeoH112N1:04, 1202.849 5 0 Not measured

2Percentage of H/D exchange in brackets.
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Scheme 1 Structures of Compounds 1-10.

Operation

The event sequence (Figure 3) in the MALDI experi-
ment was started by opening pulse Valve 1 so as to
increase the pressure in the proximity of the laser target.
A delay time of 0.3 s was set between the activation of

the pulse valve and the laser pulses to allow the
pressure to build up in the MALDI target region. After
this delay, the laser was fired with a repetition rate of 20
Hz while pulse Valve 1 remained open. Thus, depend-
ing on the number of shots, the desired number of ions
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Figure 4. Reaction of [1 + H]" with CD,OD at a reading
pressure of 8.3 X 10° mbar in the MALDI source after various
reaction times.

could be stored and cooled in the hexapole prior to
reaction. The pulse width of Valve 1 was usually set to
0.5 s, resulting in a reading of 5 X 107> mbar on the
pressure gauge connected to the source chamber of the
FT-ICR mass spectrometer. The actual local pressure in
proximity of the laser target is expected to be higher,
e.g., in the 107> mbar region. Because of the way in
which the hexapole ion guide and the MALDI MPC
have been mounted, a pressure gradient is known to
exists along the hexapole ion guide. However, for all
compounds studied with deuterated reagents (D,O or
CD,O0D), the H/D exchange experiments have been
carried out at the same reactant gas pressure and
studied during comparable reaction times. Addition-
ally, all compounds studied fell into approximately the
same mass range (around /z 1000). So, the experimen-
tal H/D exchange results for all compounds can be
compared. For all experiments described herein a fixed
pumping delay time of 0.5 s was used before the
reaction gas was pulsed in the hexapole region via the
second pulse valve (Figure 2). All reactants were de-
gassed employing multiple freeze-pump-thaw cycles.
The pressure readings in the reaction gas containers
prior to reaction were 12 mbar, 15 mbar, and 4 mbar for
the reactants D,O, CD;0D, and N(C,Hs)s, respectively.
The experiments have been carried out at room temper-
ature without any further temperature control of the
source chamber.

A variable delay was inserted after the second pulse
event for varying reaction times. Reactions were termi-
nated by an extraction pulse changing the polarity of
the extraction plate and thus extracting the ions out of
the hexapole and transferring them into the ICR cell.

Scans were performed in the m/z range from 790 to
2000 at a sweep width of 137 KHz. 512 K data points
were acquired resulting in an acquisition time of 1.91
s/scan. The points in H/D exchange profiles 5a—d have
been calculated from maxima of the envelopes of the
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isotopic patterns in mass spectra. No deconvolution
considering carbon isotopes has been carried out. Thus,
a slight shift of the maximum is always included in the
isotopic distribution resulting in a small error of the
H/D exchange profiles. Since compounds with very
similar number of carbon atoms have been studied
here, the error due to the '*C-shift of the data points of
the H/D exchange profiles is negligible for the data
analysis and conclusion. The decomposition of the
proton-bound heterodimer of the substance P fragment
4-11 (9) and triethylamine was accomplished by
IRMPD with various irradiation times up to 150 ms
using a CO, laser with a wavelength of 10.6 um and a
power setting of 50% (for details see discussion).

Sample Preparation

The matrix 2,5-dihydroxybenzoic acid (DHB) was used
for all analytes described in this work. A 100 mg/ml
solution of DHB in a standard solvent consisting of
acetonitrile, water (30:70 vol:vol), and 0.2% trifluoroace-
tic acid was prepared. The analytes were dissolved in
this standard matrix solution and subsequently diluted
with it. 0.25 to 1 uL of the resultant solution were
applied to the target. Analytes were applied in amounts
of 1 to 5 pmol on the target using a matrix/analyte ratio
of about 1:100.000. All compounds (Table 1) were
purchased from Sigma-Aldrich (Deisenhofen, Ger-
many) except 6, which was bought from Bachem
(Bubendorf, Switzerland).

Results and Discussion

The H/D exchange of the protonated species for ten
different peptides (Table 1), the gas-phase reaction of
the protonated peptides with triethylamine as well as
the dissociation by IRMPD of an observed proton-
bound heterodimer of triethylamine and 9 have been
investigated using the altered MALDI source.

The structures of the peptides are shown in Scheme
1. Reaction series were performed with CD;OD for all
peptides, and for Compounds 4 to 9 only H/D ex-
change reactions were also studied using D,O.

Results of H/D Exchange Experiments

The investigated peptides (Table 1) consist of different
numbers of amino acid residues, thus their structures
should display different reactivities in H/D exchange
reactions. The goal was to investigate the H/D ex-
change reactions for this set of standard peptides in the
external MALDI source at medium reaction pressures
and compare these results with results previously re-
ported from experiments carried out in the ICR cell [48,
60, 61].

Angiotensin I (1), angiotensin II (2), angiotensin III
(3) only differ by two and three residues, respectively: 2
only consists of the residues 1-8 of the ten residues of
angiotensin I (1) (i.e., His-Leu is missing at the C-
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Figure 5. H/D exchange profiles for Compounds ([1 + H]™ to [10 + H]") using deuterated reagent
CD;0D at a reading pressure of 8.3 X 10~° mbar in the MALDI source. (a) [1 + H]*, [2 + H]", and
[3+H]*; ()[4 +H]" and [5+ H]%; (¢) [6 + H]" and [7 + H]™; (d) [8 +H]", [9 + H], and [10 + H]".

terminus), whereas angiotensin III (3) contains the res-
idues 2-8 (i.e., compared to 1 His-Leu is missing at the
C-terminus and Asp is missing at the N-terminus). H/D
exchange profiles of protonated 1-3 are expected to
indicate differences in peptide structure as well as in
peptide folding. Nevertheless, for all three types of
angiotensins 1-3 H/D exchange with CD;OD of about
60% of the possible exchangeable H-atoms has been
observed. In Figure 4 the reaction of 1 with CD;OD at a
pressure reading in the MALDI source of 8.3 X 107°
mbar is depicted. The H/D exchange profiles for the
different types of angiotensins 1-3 are shown in Figure
5a. Obviously, the difference in the H/D exchange
profiles of 1-3 can be ascribed a much faster reaction for
the first few H-atoms of 2 and 3 compared to 1.
Therefore, the residues 9-10 (histidine and leucine) seem
to hinder the fast H/D exchange of the first few acidic
H-atoms. It should be pointed out that all angiotensins 1-3
contain one arginine which is a very basic residue.

The comparison for the H/D exchange of bradykinin
(4) and Met-Lys-bradykinin (5) is depicted in Figure 5b.
The additional methionine and lysine at the N-terminus
of 5 increase the reaction rate of the first few H/D
exchanges. Also, with CD;0D as exchange reagent the

percentage of possible H/D exchanges after a reaction
time of 60 s is more than 10% higher in 5 than in 4. In
contrast to this, the exchange with D,O yields rather
similar results for the percentage of exchanged protons
for 4 and 5 (Table 1). Nevertheless, with medium
pressure conditions 4 rapidly exchanges H-atoms to
deuterium atoms. These results are in accordance with
investigations by Wyttenbach et al. Using low pressure
(5 X 10~° mbar) in-cell-H/D-exchange reactions Wyt-
tenbach et al. also found the exchange of 15 out of 18
possible H-atoms for bradykinin (4) after an extended
reaction time of 2 h most likely via a relay mechanism
[61, 62]. These results are in contradiction to the studies
by Freitas et al. [48]. The difference of the H/D exchange
results by Wyttenbach and Freitas could be attributed to
the thermalization of ions in the analyzer cell. During the
experiments by Wyttenbach, ions have been thermalized
by quadrupole axialization which could have result in ion
excitation and a higher reaction rate of the H/D exchange
experiments. However, the excitation of ions has not
been observed during the H/D exchange measure-
ments in the hexapole of an ESI source by Hofstadler
[52, 53]. Although an ion excitation by RF (2.3 MHz and
600 V,.) in the hexapole of the MALDI source is
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possible, the reaction rates for the H/D exchange of
peptides can be compared with each other as the same
conditions were used in all experiments.

Ion-molecule reactions of luteinizing hormone-re-
leasing hormone (LHRH) were investigated in the free
acid (6) and amide form (7). Compared to Compounds
1 to 5 the overall percentage of H/D exchange is lower
for the LHRH Compounds 6 and 7. Using medium
pressure conditions two sets of peaks were observed
during the exchange reactions of 6 indicating two
gas-phase conformers with different reaction kinetics.
Interesting in this context is the conversion of the
apparently less reactive species (fast exchange of 3
H-atoms) to the more reactive species (fast exchange of
8 H-atoms) during only the first 6 s of the measurement
with the reaction gas CD;0D as well as D,O (Figure 6a).
Two conformers of protonated LHRH free acid have not
been observed in the H/D exchange studies by Freitas
et al. [48], probably due to the much lower reaction gas
pressure during experiments performed in the ICR cell.
Therefore, very low reactive species using specific H/D
exchange reagents like D,O or CD;0D can be studied in
combination with in-source ion-molecules reactions.
Under low pressure conditions, e.g., in FI-ICR cells,
H/D exchange of very low reactive species can only be
observed with the unspecific reagent ND;. The reaction
with CD;0D resulted in separated patterns of peaks for
short reaction times (Figure 6b). The reaction of 6 with
D,0O yields an identical isotopic pattern after 30 s of
reaction, but compared to the reaction with CD;0D the
distribution of peaks is broad after 1 s (Figure 6c).
Despite the differences at the beginning of the H/D
exchange reaction of 6 with D,O and CD;0D, after 6 s
both systems seem to be dominated by the fast reaction
only. For the amide 7 a different behaviour is revealed:
It slowly exchanges 30% of the possible protons only
and no separated or broad distribution of peaks is ob-
served. This fact points strongly to the involvement of the
c-terminal carboxy group in the fast H/D exchange of 6.

The possibility to distinguish gas-phase conformers
by means of H/D exchange, as in the case of 6, has been
described in detail for reactions in ICR-cells [63-66].
The reactions take place much longer in the ICR cell
because of the relatively low pressure. In order to store
ions efficiently for longer periods of time as needed for
H/D exchange studies, higher magnetic field strengths
are favored. External ion-source ion-molecule reactions
at medium pressures present an alternative to the in-cell

+ H*

0. NH o
SN
o H O H O H O +
I G S b\'(me S
oo H o H o H o
07" NH

[9+H+NEt;]*

Scheme 2 Formation of the proton-bound heterodimer [9 + H + NEt;]*.
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Figure 7. Reaction of [9 + H]" with CD;OD at a reading
pressure of 8.3 X 107¢ mbar in the MALDI source after various
reaction times.

reactions. Such investigations allow the option of using
low magnetic field FT-ICR equipment since the ions are
only captured and detected in the ICR cell and do not
have to undergo ion-molecule reactions which would
require a long trapping time.

The last set of investigated peptides consists of
substance P (8), the truncated substance P fragment
4-11 (9), and the cyclopeptide cyclosporin A (10). The
influence on the H/D exchange upon the presence of
basic amino acids in the peptide sequence is demon-
strated by the comparison of 8, 9, and 10 (Figure 5d).
While 8 contains two basic amino acids (one Arg and
one Lys) leading to an exchange of 19 out of 23 possible
H-atoms, neither 9 nor 10 have any basic amino acids
present. Consequently, no H/D exchange is observed in
the case of 9 and 10 (Figure 7).

Results of Formation and Dissociation of a Proton-
Bound Dimer

The formation of a proton-bound heterodimer between
the peptide substance P fragment 4-11 (9) and triethyl-
amine could be observed (Scheme 2). 9 has the lowest
proton affinity (PA) of all the peptides studied, because
there are no basic residues (like arginine or lysine)
present in 9. In accordance with that, no other proton-
bound heterodimer with triethylamine, which has an
even lower PA, was observed. The reaction between 9
and triethylamine is fast compared to the H/D ex-
change experiments. After a reaction time of only 0.3 s
with a reaction gas pressure of 6 X 10”7 mbar N(Et); in
the source area almost only the proton-bound complex
was detected. The spectra resulting from various reac-
tion times are shown in Figure 8. The existence of this
complex was proven by its decomposition using
IRMPD. The spectra of the decomposition of this com-
plex with various irradiation times are depicted in
Figure 9. The decrease of the peak intensity of the
proton-bound dimer and the increase of the signal of
protonated 9 is an evidence for the existence of a
proton-bound complex between 9 and triethylamine. It
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Figure 8. Reaction of [9 + H]" with triethylamine (NEt;) at a
reading pressure of 6 X 1077 mbar in the MALDI source after
various reaction times.

can be assumed that 9 has a higher proton affinity than
triethylamine because of the high peak intensity of
protonated substance P fragment 4-11 (9) after the
dissociation of the proton-bound complex by IR irradi-
ation. This result has yet to be verified as the present
work has focused at a much higher mass range than
protonated triethylamine.

Conclusion and Outlook

The experiments described in this work show that
thermalized ions generated in an external MALDI
source and trapped in an in-source hexapole ion guide
can undergo controlled gas-phase reactions, with the
advantage of leaving the UHV of the analyzer cell undis-
turbed. Therefore, the high mass resolution is retained
without any pumping delay which is usually necessary

+
[9+H] R [9+H+NEts]" Irradiation time of
Y . 150 ms
5
i 4
I L
Irradiation time of
| 80 ms
I
J I
! Irradiation time of
; 50 ms
!
| Irradiation time of
‘ 20 ms
L
After isolation of
| proton-bound
| complex
! A
950 1000 1050 1100 m/z

Figure 9. Dissociation of the proton-bound heterodimer [9 + H
+ NEt;]™ in the cell by IRMPD after various irradiation times.
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when reactions are carried out in the analyzer cell of a
FT-ICR instrument. A pressure and time controlled H/D
exchange of protonated peptides can be carried out in this
ion source for structure and reactivity analysis of ions.
Further, the opportunity to store ions in the multipole of
the MALDI source is also interesting for experiments in
which these ions can be irradiated by photons.

The experiments show that a MALDI source of this
configuration is promising for the investigation of gas-
phase reactions of ions (especially peptides) generated
by MALDI FT-ICR MS. An advantage of MALDI gen-
erated ions for ion-molecule reactions is the low sample
amount (typically a few fmol) needed. Based on the
preliminary work presented here, more gas-phase ex-
periments will be carried out to further evaluate the
advantages of this device in detail.
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