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Abstract

First example of coupling a Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FTICR-MS) with an

infrared Free Electron Laser (FEL) is presented. This experimental setup is ideally suited for the direct structural

characterization of reactive polyatomic ions. Ultrasensitive measurements of the infrared vibrational spectrum of ionic

reactive intermediate selectively prepared is allowed by the association of the high peak power of the FEL, its wide

tunability, and the flexibility of FTICR-MS, where several mass selections and ion-molecule reactions can be combined.

These possibilities are demonstrated in the case of Fe+ complexes where two photofragmentation pathways compete.

The resulting infrared spectrum is in excellent agreement, both with respect to the position and to the relative intensities

of the infrared transitions, with predicted by ab initio electronic structure calculations.

r 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gas phase study of mass selected ions is not only
interesting on its own, but it also provides
information on the intrinsic properties of mole-
cular ions that can give valuable hints to the
understanding of chemistry in the condensed
phase [1]. Fourier Transform Ion Cyclotron
Resonance (FTICR) mass spectrometers [2] are

ideally suited for the study of ion-molecule
reactions, and elementary reactions can be probed
under well-defined conditions. A simultaneous
detection of all the ions, trapped in combined
magnetic and electric fields, is allowed by mon-
itoring the image current induced on the plates of
the trap by their characteristic cyclotron fre-
quency. One of the great advantages of FTICR
over other MS techniques relies on its high mass
resolution. Ions formed by a variety of techniques
[3] are produced in the FTICR cell where they
eventually undergo ion-molecule reactions with
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neutral compounds at pressure typically ranging
within 10�6–10�8 Torr. Double resonance techni-
ques, which allow for the identification of all the
ions involved in the formation of a particular
product ion, are of special interest to determine the
reactive intermediates of a chemical path. Struc-
tural information can also be obtained, but rather
indirectly [4]. This can be achieved, for instance,
by the analysis of the fragmentation obtained by
collision induced dissociation (CID) of a specifi-
cally accelerated ion with a stationary target gas.

Infrared spectroscopy under FTICR conditions
would singularly improve our understanding of
the selectively prepared molecular ions. Whereas
absorption spectroscopy has been realized under
plasma conditions allowing for ion column den-
sities as high as 1016 cm�2 [5], it is not feasible in
FTICR traps where ions are typically confined to
the mm scale, at densities lower than 108 cm�3.
Alternatively, infrared absorption can be indirectly
probed by monitoring InfraRed MultiPhoton
Dissociation (IRMPD), with an intense laser.
With this respect, infrared Free Electron Lasers
(FEL) are particularly well suited since they
provide both high peak power and wide tunability.
IR spectroscopy of several molecular ions has
recently been achieved, but no example of spectro-
scopy on reaction product has been reported in
these experiments performed in a RF ion trap [6–
9]. More importantly, the low mass resolution
prevents the characterization of light neutral
fragments of the IRMPD process, such as H or
H2. Therefore, FTICR would be an interesting
alternative to trap the ions. IRMPD induced by

continuous wave CO2 laser radiation under
FTICR conditions has been first evidenced as
early as 1978 by Beauchamp and co-workers [10].
Nevertheless, as far as organometallic chemistry is
concerned, subsequent studies of Freiser’s group,
for example, [11] were severely limited by the
wavelength range accessible.

In this paper we present the first coupling of an
FTICR-MS with an infrared FEL, thus allowing
the infrared spectroscopy of selectively prepared
molecular ions. This experiment opens the way to
the direct characterization of reactive intermedi-
ates and the performances of the experimental set-
up will be illustrated on the case of gas phase
organometallic chemistry with Fe+ complexes.

2. Experiments

2.1. FTICR Mass Spectrometer

MICRA, a compact, rugged and easily trans-
portable FTICR prototype used in this work [12] is
especially well suited for periodic coupling to a
FEL machine such as CLIO, where users’space
and accessibility are restricted. Based on a 1.25T
permanent magnet MICRA avoids all constraints
linked to cryogenic superconducting magnets in
normally available FTICR machines, whilst pre-
serving a mass resolution m=Dm better than 73,000
at mass 132.

Fig. 1 represents the ion trap located inside a
cylindrical vacuum chamber (1) fitting into the
5 cm diameter bore of the magnet (3). The trap

Fig. 1. Schematic cutaway view of the experimental setup: (1) vacuum chamber, (2) ZnSe optical windows, (3) permanent magnet, (4)

excitation plates, (5) trapping plates, with electron beam shown in the middle, (6) detection plates.
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differs from the usual cubic FTICR cell by its open
structure: rather than using grids, two opposite
side electrodes are replaced by sets of four
interconnected electrodes (4) so that the IR beam
passing through a ZnSe vacuum window (2) can
cross the trap without interfering with surfaces.
Primary ions are generated in the cell by electron
impact on neutral species admitted through pulsed
valves. Co-linear with the magnetic field, the
electron beam is then guided, as well as the
resulting ions formed, into a 0.8mm diameter
cylinder. Ions are trapped by the magnetic field in
the plane perpendicular to it. Applying a repulsive
electrical potential on the trapping plates (5), with
all other electrodes remaining at ground potential,
creates an electrostatic potential well, constraining
the ions’ motion in the direction of the magnetic
field. In the first approximation, the ion motion is
the combination of circular motion with a
cyclotron angular frequency proportional to their
mass to charge ratio, and of an oscillation in the
electrostatic trapping well.

Resonant excitation of the ion’s cyclotron
motion is obtained by applying the corresponding
RF field between the two sets of side electrodes (4).
Coherently excited ions orbiting between the
remaining set of electrodes (6), called detection
plates, induce a signal which is amplified, digitized,
and Fourier transformed.

A base pressure of the order of 5� 10�9 Torr is
obtained by pumping with a 70L s�1 turbomole-
cular pump, backed by a dry membrane pump.
Three pulsed gas inlets combining three way
pulsed valves and fine metering valves, allow very
reproducible and easily characterized gas pulses,
with a pumping down time of the order of 0.4 s.

2.2. FEL

This particular infrared spectroscopy requires a
high peak power, relatively small bandwidth and
easy tunability of the source. These characteristics
can be found at the CLIO infrared FEL facility.
The FEL CLIO at Orsay [13] is based on a 10–
50MeV electron accelerator and has a very large
wavelength range in the infrared (from 3 to
75 mm). Continuous tunability is obtained over a
spectral range Dl/l D2.5. The limits of the range

can be chosen by the users. Covering a larger
spectral interval requires to perform successive
measurements at different energies of the machine,
which was not required in our case. The FEL
relative bandwidth is typically 0.3% when the
optical cavity is tuned in order to minimize it (at
the expense of the peak power). The time necessary
to make a step from one to a nearby wavelength is
less than 1 s. Therefore, the duration needed to
make a spectrum is essentially constrained by the
time necessary to record the data at each step. The
FEL temporal structure consists of trains of
‘‘macropulses’’ at a repetition rate of 25Hz. This
train is about 8 ms long and contains 500 ‘‘micro-
pulses’’ a few picoseconds long each. Under these
conditions the typical peak power (and energy)
delivered during the micropulse and macropulse
are, respectively, 20MW (50 mJ) and 3 kW (25mJ).
The pulse to pulse reproducibility is a few percent
and can be monitored easily with a detector.

As said in the previous section, the ions
produced by electron impact are formed in a
cylindrical volume, and oscillate in the electro-
static well produced by the two trapping plates at a
2V potential. The resulting trapping motion along
the magnetic field direction is efficiently dumped
by collisions, and ions are thus confined within
approximately one mm3. The beam was focused in
the FT-ICR to a waist of approximately 400 mm at
l ¼ 10 mm. This focalization conditions was found
to optimize the photofragmentation rate of several
ions which have been studied. This seems to
indicate that the laser power density is quite
important to efficiently achieve IRMPD.

2.3. DFT methods used for deriving infrared spectra

The hybrid density functional method B3LYP
[14], has been used to determine the infrared
spectrum of the species of interest. Calculations
were performed using, for the ligands, polarised
double-zeta basis set [15] as implemented in the
Gaussian98 package [16]. The iron atom was
described by the extended wachter basis set
(14s11p6d3f)/(8s6p4d1f) [17]. A scaling factor of
0.98, determined by comparing the calculated and
experimental infrared lines of the ligand, was
applied on the raw harmonic infrared transition
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energy of the metal-ligand. Furthermore, in order
to take into account the broadening of each
infrared line observed experimentally, each of
them was convoluted by a lorentzian profile of
50 cm�1 fwhm.

3. Infrared spectroscopy of gas phase

organometallic ions

3.1. Introduction

The potential of FTICR studies for gas phase
organometallic chemistry had been realized earlier
on [18], and several reviews have been published
on this subject [19]. Transition metal containing
ions in the gas phase offer the opportunity to
probe the intrinsic chemical and physical proper-
ties of these species in the absence of complicating
factors such as solvation and ion-pair effects. This
work provides important clues on the elementary
steps associated to the activation process of
molecules by homogeneous or heterogeneous
catalysts. With this respect, insights into the role
of the electronic structure of the metals on the
activation and functionalization processes of
methane activation has been gained [1], for
example. Infrared spectroscopy of reactive inter-
mediates associated to the activation of methane
by third-row transition metals is under study in
our group [20].

We will discuss here results related to the gas
phase chemistry of cationic iron complexes. In
order to clarify the dependence of the reactivity
with ligation state, successive reactions of mass
selected Fe(CO)n

+ (n ¼ 125) with oxygen-contain-
ing ligands have been studied [21–24]. Besides
ligand exchange reactions, C–O activation has
been shown to take place. In the case of
dimethylether (DME), two reaction pathways are
observed [24]: either a simple direct cleavage of the
O–CH3 bond or through a more complex re-
arrangement as evidenced by the reaction products
of Fe(DME)+ with DME, corresponding to CH3

�

and CH4 loss respectively. In this connexion, study
of the IRMPD photodissociation of Fe(DME)2

+ is
highly interesting.

3.2. Results and discussion

Fe(DME)2
+ ions, mass selected after reaction for

1 s of mass-selected Fe(CO)2
+ ions with DME

pulsed for 100ms under a pressure of 10�6 Torr,
have been irradiated for 1 s with photons of
wavelength ranging from 800 to 1600 cm�1.
Specific wavelength fragmentations were observed,
and the infrared spectrum is derived from the
relative abundance of the fragment ions, the most
abundant being characterised by m=z ¼ 132 ion
corresponding to CH4 loss. In Fig. 2, we give the
infrared spectrum of Fe(DME)2

+. Two strong
bands at low energy (852 and 1015 cm�1) and
weaker bands at higher energies (1155, 1258, and
1458 cm�1) have been measured. It should be
noted that the bands are much broader than the
laser bandwidth. It has been shown that the
broadening of the infrared bands essentially arises
from the dynamics of the multiphoton excitation.
In particular, von Helden et al. [25] have shown
that the multiphoton excitation process is more
efficient when the IR radiation is chirped towards
lower frequencies during the excitation process.

In Fig. 2, calculated infrared spectrum is
also given along with the corresponding optimized
structure. Interestingly, despite the quite
complicated character of the IRMPD, there is a
remarkable agreement between the experiment and
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Fig. 2. Experimental (full line) and theoretical (dashed line)

infrared spectra of Fe(DME)2
+. The experimental intensity is

defined as the fragmentation efficiency, E ¼ �lnðI148Þ where

I148 is the relative intensity of the parent ion.
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theory regarding both the positions and relative
intensities of the infrared transitions, which are
listed in Table 1.

The infrared spectrum given in Fig. 2 has been
recorded using an average laser power of 600–
800mW, depending on the wavelength. In Fig. 3,
we report the infrared spectra of Fe(DME)2

+

recorded at different laser powers, using a set of
attenuators. As can be seen on this figure, the weak
bands disappear when the laser power is divided
by three, and only the two most intense transitions
at 852 and 1015 cm�1 can be observed, when the

laser power is divided by nine (two attenuators in
Fig. 3).

Fig. 4 shows the nature and wavelength
dependence of the different fragmentation pro-
ducts. Besides the major fragment Fe(DME)
(CH2O)+ (m=z ¼ 132), ions Fe(DME)(CH3O)+

(m=z ¼ 133) and Fe(CH2O)2
+ (m=z ¼ 116) are also

detected, along with a trace of FeCH2O
+

(m=z ¼ 86). From previous studies, [26] it is
reasonable to assume that a sequential photofrag-
mentation occurs from m=z ¼ 132 as depicted in
Scheme 1. This is supported by the fact that the

Table 1

Position and relative intensities of the experimental and

theoretical infrared spectra of Fe(DME)2
+

Vibration nðIrelÞ

Calculate Experim.

CH2 twist. (e) 1454 (1.00) 1458 (1.00)

CH3 rock. (b2) 1248 (0.94) 1258 (0.93)

CH3 rock. (e) 1137 (0.19) 1155 (0.24)

C–O asym. str. (e) 1017 (0.12) 1015 (0.15)

As. Str. Fe–O (b2) 871 (0.48) 852 (0.31)

A description of each normal mode and its symmetry in the D2d

point group of the optimal structure (in parentheses) is given in

the first column.
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+: relative abundance
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sum of m=z ¼ 132; 116 and 86 ions nicely follows
the shape of the spectrum (Fig. 4). The corre-
sponding branching channel, i.e. abundance ratio
(132+116+86)/133 remains equal to 7–8 for the
different peaks using either 0 or 1 attenuator. This
confirms that the two C–O cleavages leading to
m=z ¼ 132 and 133 ions occur concurrently, in
particular m=z ¼ 132 cannot arise from m=z ¼
133:

The efficient fragmentation of ions at their
absorption wavelengths could be interpreted as
follows. IRMPD is believed as being a slow
heating process of the molecular ions. That is,
the time scale for the intramolecular vibrational
redistribution (IVR) energy being typically of the
order of few ps [27], the absorbed photon energy is
statistically redistributed over all the vibrations.
Therefore, the molecular ion thoroughly explores
the potential energy surface until the internal
energy is sufficient to find the lowest fragmenta-
tion channel, the other photofragments being thus
the result of a sequential photofragmentation.
Interestingly, in the present case, two photofrag-
mentations are in competition. According to this
energy redistribution model the barriers for both
channels are likely to be close in energy and the
branching ratio is expected to be roughly indepen-
dent of laser wavelength and power, as experi-
mentally observed.

5. Concluding remarks

This first example of coupling of an IR-FEL
with an FTICR-MS demonstrates the feasibility to
perform infrared spectroscopy on ions selectively
prepared under ICR conditions. The experimental
infrared spectrum of Fe(DME)2

+, recorded over
the 800–1600 cm�1 range, is in excellent agreement
with the harmonic vibrational spectrum obtained
at a DFT level, this both in terms of wavelength
and relative intensities. When the laser power is
attenuated however, only the most intense transi-
tions can be observed. Two competitive photo-

fragmentation channels are evidenced. Methane
loss could be related to the recent proposition for a
‘‘two states reactivity’’ [28,29]. Interestingly, we
show that the corresponding branching ratio is
independent of the laser power and wavelength.

The present experimental setup, coupling an IR-
FEL and an FTICR-MS, is the ideal means to get
direct structural information on very reactive
intermediates, thus improving the interest in
FTICR-MS for fundamental chemical studies.
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