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Abstract

As potential model systems for organometallic oxidation reaction, ions of the composition [Re, On]1, n 5 2–6, 8, are
produced using a standard laser vaporization source and examined by Fourier transform ion cyclotron resonance collision
induced dissociation mass spectrometry. Energy resolved collision induced dissociation (CID) in combination with density
functional theory calculations is used to characterize the species and extract thermochemical properties. For the first time in
FT-ICR, relative intensity data are converted to absolute cross sections, which are used for quantitative threshold evaluation.
It is shown that [Re, O5]

1 and [Re, O6]
1 contain at least one, and [Re, O8]

1 at least two dioxygen ligands, bound with an
energy of 50–90 kJ/mol. Threshold energies in combination with the theoretical results indicate that all even-numbered species
[Re, O2m]1 consist of O2 ligands and can thus be written as Re(O2)m

1. [Re, O5]
1 is identified as ReO3(O2)

1, the calculation
yielding an end-on coordinated ligand, whereas in the Re(O2)m

1 species all ligands are side-on coordinated. (Int J Mass
Spectrom 185/186/187 (1999) 625–638) © 1999 Elsevier Science B.V.
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1. Introduction

Transition metal oxides are believed to be impor-
tant intermediates in industrially relevant catalytic
hydrocarbon oxidation processes, and this motivated

much of the interest in their gas-phase chemistry [1].
It is, of course, necessary to note that there are
considerable differences between condensed phase
reactions, and processes in the collision-free envi-
ronment of a mass spectrometer, and considerable
caution should be exercised when transferring and
applying mass spectrometric information to condensed
phase catalytic processes. Nonetheless, when properly
used, the mass spectrometric studies can provide
useful new insights. The activation of C–H and C–C
bonds by cationic transition metal monoxides has
been studied in considerable detail by Fourier
transform ion cyclotron resonance (FT-ICR) and
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selected ion flow tube (SIFT) massspectrometry,
and the thermochemistry involved was the subject of
guided ion beam measurements [2]. Valuable insight
into the behavior of more highly valent species was
gained with the work of Irikura and Beauchamp on
the reactivity of osmium tetroxide fragment ions [3].

In the specific case of rhenium, fragment ions of
the two stable condensed phase oxides ReO3 and Re2O7

have been observed in the gas phase, produced either by
electron impact ionization [4] or by reactions of residual
gas with the rhenium filament of mass spectrometers
[5,6]. The rare earth catalyzed reaction of metallic
rhenium with water was found to lead to the formation
of [Re, O3]

2 and [Re1O4]
2 anions in surface ionization

mass spectrometry [7]. Irikura and Beauchamp observed
in their study on methane activation by third row
transition metal ions that ReO1 produced in their laser
ablation ion source formed [Re, O2]

1 and subse-
quently [Re, O3]

1 in binary collisions with oxygen [8].
In some oxidation processes peroxo complexes

were suggested as key intermediates. For example,
methylrheniumtrioxide CH3ReO3 catalyzed epoxida-
tion reactions are believed to proceed via either of the
two species CH3ReO2(O2) or CH3ReO(O2)2(H2O)
[9,10]. The gas phase reactivity of the CH3ReO3

1

radical cation with ethylene was investigated by
Schröder et al. [11]. Cassady and McElvany have
recently employed laser vaporization of solid molyb-
denum oxide [12] to produce the [Mo, O2]

1 ion, for
which they discussed a peroxo structure, but rejected
it on the basis of the observed reactivity with hydro-
carbons. In order to elucidate the reaction mechanism
of the condensed phase epoxidation reactions and to
gain further information using gas phase studies, an
efficient source of ions of the type MX(O2)n

1/2,
where M stands for the metal atom and X for
additional ligands, would be desirable.

Sources combining laser vaporization [13–15] with
supersonic expansion can readily be used to produce
a variety of weakly bound complexes. By adding the
desired ligand, e.g. N2 or CO2, to the carrier gas,
weakly bound cationic metal compounds can be
generated and spectroscopically characterized [16].
This method using molecular oxygen also turns out to
be an excellent source of transition metal oxide and

peroxo complex ions [17]. We have recently produced
[Re, On]1 (n 5 2–6, 8) rhenium oxygen cations by
laser vaporization and studied their ligand switching
reactions with N2 and CO2 [18]. The present manu-
script deals with the characterization of the [Re, On]1

species by means of energy resolved collision induced
dissociation (CID) [19] and by their chemical reactiv-
ity. Complementary density functional calculations
are performed to provide further understanding of
their structures and energetics. Throughout the text,
the notation [Rem, On]1 is used whenever no state-
ment about the specific structure of the ion is implied,
in contrast to, e.g. ReO2

1 or ReO3(O2)
1, which

specifically denote a covalent dioxide cation and a
peroxo complex of rheniumtrioxide, respectively.

Observations of the fragmentation pattern of mo-
lecular ions as a function of collision energy (CID)
was shown to be a very helpful method for gaining
insight into their structure and bonding [20]. Ion
fragmentation was in a number of studies used to
derive bond dissociation energies of a variety of
compounds [21–25]. In each case, relative product
intensities were used to fit the data and determine the
energetic fragmentation threshold. We have recently
shown that using raw intensity data may cause signif-
icant errors and that it is preferable to analyze the data
using cross sections, which also depend on collision
time and ion kinetic energy [19]. In the present study
we apply the method to the rhenium–oxygen system
in order to analyze and evaluate quantitatively the
FT-ICR CID threshold data, and with the additional
help of high level density functional calculations to
obtain thermochemical information. One of our aims is
to assess how much insight can be gained from CID
about unknown species and their thermochemistry. We
discuss the reliability of the data and limitations of the
FT-ICR technique for energy resolved measurements.

2. Experimental and computational details

2.1. Experimental setup

The experiments were performed on a modified
Spectrospin CMS47X FT-ICR mass spectrometer de-
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scribed in detail elsewhere [26]. Rhenium cations ligated
with oxygen of the nominal composition [Re, On]

1, n 5
0–10, were produced in a disk type laser vaporization
source. Only traces of then 5 1, 7 and.8 were present,
and these species were therefore not investigated. The
target material was pure rhenium, the helium carrier
gas (Helium 4.6, Messer Griesheim) at 10 bar was
seeded with 0.2 mbar O2 (Sauerstoff 4.5, Messer
Griesheim). The Nd:YAG laser Quanta Ray GCR3,
Spectra Physics, was operated at a pulse energy of 12
mJ@532 nm with a repetition rate of 25 Hz, and
focused to a 1 mmspot on thetarget. The metal
plasma was entrained in the carrier gas pulse,
cooled by flowing through a 10 mm confining
channel and by subsequent supersonic expansion
into high vacuum of;1 3 1024 mbar. The ligated
rhenium cations formed were transferred through
several stages of differential pumping into the
high-field region of the superconducting magnet by
a system of electrostatic lenses, and stored inside
the ICR cell at a pressure of 63 10210 mbar.
Trapping voltages were 1.7 V at the first and 2.0 V
at the second trapping plate. Ions of 50 injection
cycles were accumulated to improve the signal to
noise ratio. The argon collision gas was introduced
into the ultrahigh vacuum region via aneedle valve
at a nominal pressure of 9.43 1029 mbar, as
measured at the Balzers TPG 300 ion gauge. This was
converted to an absolute pressure of 3.13 1028 mbar
by the relative sensitivity of the ion gauge [27] and a
geometry factor of 3.7 derived with the help of ion
molecule reactions whose rate constants are accu-
rately known [28]. We estimate the accuracy of the
absolute pressures so determined to be about625%.
Ion selection was achieved by applying single fre-
quency shots, each 8 ms long with a peak-to-peak
voltage of Vp-p 5 2.7 V. To avoid off-resonant
excitation of the selected ions, nearby peaks, espe-
cially the second rhenium isotope, were not ejected.
The selected ions were then accelerated to the desired
kinetic energy by a radio frequency pulse at their
resonant ICR frequency of the same fixed 2.7 V
peak-to-peak voltage and variable length. Collision
time in CID experiments was 1.0 s, signal acquisition
took 25.6 ms.

2.2. Data evaluation

Relative rate constants of ion molecule reactions
were obtained from a pseudo-first-order kinetics fit to
the experimental data. These were converted to abso-
lute rate constants and efficiencies [1] by calculating
capture rates from ADO theory as described by
Bowers and co-workers [29,30].

Data evaluation of CID experiments follows the
procedure described in detail previously [19]. Briefly,
the ion kinetic energyElab is calculated according to
Comisarow and Marshall [31–34] from the ion mass
med, its chargeq, and the amplitudeE1 and duration
texc of the excitation pulse:

Elab 5
q2texc

2 E1
2

8med
(1)

For a cylindrical cell, Kofel et al. calculated the
electric field amplitudeE1 from the peak to peak
voltageVp-p of the pulse, the cell diameterd and the
geometry factorSE1

1 [35]:

E1 5 Vp-pSE1
1 /d (2)

Elab can be converted to the center of mass energy
Ecm of the reactant ion in collisions with a gas of mass
mcoll by

Ecm 5
mcoll

med1 mcoll
Elab (3)

Following the procedure used for data evaluation
in guided ion beam (GIB) experiments in the group of
Armentrout [36,37], the total cross sectionstot of the
collision process can be calculated from the educt
intensity Ied after the collisions, the sum over all
product intensitiesI p, the number density of the
collision gasn and the length of the collision pathl :

stot 5
1

nl
ln

Ied1 O I p

Ied
(4)

In contrast to GIB, wherel is the constant length of
the drift tube,l in an FT-ICR experiment depends on the
ion energy, and must be computed as a product of the ion
velocity with the collision timetcoll, and this is the
crucial point in adapting the GIB approach to FT-ICR:

627M. Beyer et al./International Journal of Mass Spectrometry 185/186/187 (1999) 625–638



l 5 tcollÎ2
Elab

med
(5)

Individual product cross sections are obtained from
the total cross sectionstot and the product intensities
via [36]:

sp 5
I pO I p

stot (6)

These are fitted to the frequently used functional
form of a theoretical endothermic reaction cross
section that goes back to the work of Levine, Bern-
stein, and Rebick [38–40]:

s~Ecm
0 ! 5 s0

~Ecm
0 2 Et!

n

Ecm
0 for Ecm $ Et

(7)

Here, Ecm
0 is the kinetic energy in the center of

mass of the collision partners. The fit parameters are
a scaling factors0, the threshold energyEt that is to
be derived, and the exponential factorn that is related
to the reaction or dissociation process in question.

For better accuracy, the thermal kinetic energy dis-
tribution of the collision gas and the kinetic energy
distribution of the educt ion are accounted for by
convolutings(Ecm

0 ) with the thermal energy distribution
f(Ecm

0 , Ecm) of the collision gas according to Chantry
[41] and Ervin and Armentrout [36] and the Gaussian
type energy spreadP(Ecm

ion, Ecm) [42] of the educt ion:

seff~Ecm! 5 E
0

` E
2`

`

~Ecm
0 /Ecm!1/2P~Ecm

ion, Ecm!

3 f~Ecm
0 , Ecm

ion!s~Ecm
0 ! dEcm

ion dEcm
0

(8)

The functional form off(Ecm
0 , Ecm) and P(Ecm

ion,
Ecm) can be found elsewhere [19]. In the present
study, the ions were not extensively thermalized by
e.g. pulsing in additional argon between trapping and
CID excitation, and thus the assumption of an initially
thermal ion kinetic energy distribution is not fully
justified. However, the distribution is surely not
colder than room temperature, and there are some
collisions with the argon background prior to excita-

tion. Applying the convolution thus corrects the
threshold fits to a certain extent.

The fit is done by manually adjusting the three fit
parameters for best agreement with the experimental
data. Uncertainty limits are derived by varyings0 and
n in order to find the highest and lowest values of
threshold energiesET which are still in acceptable
agreement with the data. By this process, conservative
error estimates can be achieved, i.e. the trues0, n and
Et values are unlikely to lie outside the so determined
extremes.

TheseEt values are considered to beD298 K bond
dissociation energies at room temperature. They are
converted toD0

o zero Kelvin values by adding the
vibrational, rotational and translational thermal en-
ergy correction of the educt ion obtained in the DFT
calculations.

2.3. Computational procedure

The calculations were performed using the B3LYP
[43–46] hybrid density functional method imple-
mented in theGAUSSIAN 94 [47] program package. For
geometry optimization and frequency calculation the
LanL2DZ pseudo-relativistic effective core potential
basis set inGAUSSIAN 94 was used on rhenium, and the
D95(d) basis set on oxygen. Geometries were opti-
mized without constraints. Stability calculations [48]
were carried out on the electronic wave functions of
the optimized geometry. If an instability was detected,
the wavefunction was optimized, and the geometry
was then reoptimized with the new wave function.
The platforms used are SGI Power Challenge and
DEC 400 Alpha Stations. The applicability of the
B3LYP functional to transition metal complexes has
been shown before [49,50].

3. Results

3.1. Typical mass spectra, stability and oxidation
reactions

A typical ion distribution obtained when laser
ablated rhenium is expanded in 10 bar helium with

628 M. Beyer et al./International Journal of Mass Spectrometry 185/186/187 (1999) 625–638



oxygen at a partial pressure of 0.2 mbar is exemplified
in Fig. 1. The distribution of cluster ions mainly
depends on laser energy and O2 concentration, and
exhibits several distinct features. Most conspicuous is
the consistent absence of the ReO1 ion, even though
[Re, On]1, n 5 2–6, 8, species are reproducibly
formed in appreciable amounts. Then 5 7 cluster is
present in some spectra and absent in others, while
clusters withn . 8 are only observable in traces. The
distribution of [Re2, On]1 ions ends atn 5 9, and it
is lacking the [Re2, O]1 ion. [Re2, O6]

1 and [Re2,
O9]

1 are pronounced maxima of this distribution.
Species containing three rhenium atoms finally ex-
hibit a regular cluster distribution [Re3, On]1, n 5
5–11, with a maximum aroundn 5 8.

To check the stability of the ions in the ICR cell
against metastable decay, [Re, O8]

1 was trapped for
60 s without collision gas or excitation. No fragmen-
tation was observed, only reactions with the traces of
water present in the cell region led to a slow formation
of mainly [Re, O4, H2]

1. A second primary product of
the reaction with water, [Re, O7, H2]

1 reacts very
efficiently further yielding [Re, O5, H4]

1. Also when
trapped in the presence of argon at a pressure of 1.93
1028 mbar for 10 s, no fragmentation, and only a slow
formation of the above mentioned water reaction
products was detected.

In order to gain some insight into the ion formation
processes, reactions of [Re, On]1 with oxygen were
investigated in the cell region. Only [Re, O2]

1 was
found to be reactive, forming [Re, O3]

1 with an
efficiency of 9%:

[Re, O2]
1 1 O23 [Re, O3]

1 1 O (9)

3.2. CID results

Energy resolved CID experiments were performed
for each of the [Re, On]1 species, and the energy
dependent cross sections calculated from reactant and
fragment intensities according to Eqs. (4)–(6) are
shown in Fig. 2(a)–2(f). The solid lines are cross section
fits according to Eqs. (7), (8), and for [Re, O2]

1 the
“error” fits are also shown as dashed lines. The fit
parameterss0, n andEt are summarized in Table 1.
For the neutral fragment composition it was assumed
that, whenever possible, molecular oxygen is formed.
Ozone formation is regarded unlikely in a collision-
ally excited complex in the gas phase.

The errors listed in Table 1 are solely the fitting
process errors. As the ions have not been collisionally
cooled prior to excitation, they may have residual
kinetic energy, on which the trapping voltage places
an upper limit of 1.7 eV. In the center of mass of the

Fig. 1. Typical mass spectrum of [Rem, On]1 obtained by supersonic expansion of laser vaporized solid rhenium in 10 bar He seeded with
O2 at a partial pressure of 0.2 mbar. The monorhenium species contain up to eight oxygen atoms, some of them as dioxygen ligands. ReO1

and [Re, O7]
1 are at best only observed in traces. [Rem, On]1 ions bind up to nine oxygen atoms, with pronounced intensity maxima atn 5

6 andn 5 9. Again, the monoxide is missing in the spectrum. In contrast to the characteristic, irregular distributions of the mono- and
dirhenium species, [Re3, On]1 exhibit an almost Gaussian-shaped cluster distribution, with a maximum atn 5 8 under the conditions of this
experiment.

629M. Beyer et al./International Journal of Mass Spectrometry 185/186/187 (1999) 625–638



Fig. 2. Plot of absolute cross sections and threshold fits of the collision induced dissociation of (A) [Re, O2]
1, (B) [Re, O3]

1, (C) [Re, O4]
1,

(D) [Re, O5]
1, (E) [Re, O6]

1, and (F) [Re, O8]
1. Solid lines denote fits of Eq. (8) to the experimental data. Dashed lines in (A) illustrate the

error fits, which are omitted in the other figures for clarity. The absence of the [Re, O4]
1 product in (D) [Re, O5]

1 indicates the presence of
one dioxygen ligand in [Re, O5]

1, while the missing of [Re, O5]
1 and [Re, O7]

1 in CID of (E) [Re, O6]
1 and (F) [Re, O8]

1 is conclusive
evidence for at least one or two O2 ligands, respectively. The grey shaded area corresponds to the noise level.
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argon collision gas and ions of 218–315 u, this
converts to a maximum systematic error of 0.26 eV.
The extracted thresholds may therefore be systemati-
cally too low by at most 25 kJ/mol.

A simple inspection of the data already reveals
some interesting features. [Re, O2]

1 dissociates to
form both ReO1 and Re1 with similar threshold values
of roughly 2 eV, with in fact the [Re, O2]

13Re1 1 O2

channel being slightly energetically favored. This sug-
gests that the bond in the oxygen molecule is stronger
than the Re–O bond in ReO1, making the ReO1

formation from Re1 and O2 endothermic, and explain-
ing the absence of then5 1 species from the distribution
formed in our source. On the other hand, the thresh-
olds for the three fragments [Re, O2]

1, ReO1 and
Re1 observed in the fragmentation of [Re, O3]

1 are
quite different, with the [Re, O3]

13 [Re, O2]
1 1 O

reaction requiring only somewhat more than 2 eV,
which is about half of the energy required by the
process that yields ReO1 1 O2. Also [Re, O4]

1

exhibits two low energy, about 1 eV, fragmentation
channels. The fact that the [Re, O2]

1 1 O2 threshold
appears to lie somewhat below the [Re, O3]

1 1 O
channel is consistent with the lack of oxidation of
[Re, O3]

1 by molecular oxygen.
All the higher oxide ions studied, [Re, O5]

1,

[Re, O6]
1, and [Re, O8]

1 exhibit fragmentation
eliminating molecular O2, with low threshold energies
around 0.5 eV and decreasing slightly withn. The
alternative process, elimination of an oxygen atom, is
not detected. The second fragmentation threshold of
[Re, O8]

1 lies near 1.1 eV, and involves elimination
of two O2 molecules.

3.3. Computational results

Optimized geometries of the oxide species ReO1,
ReO2

1, and ReO3
1, and of the complex oxides

ReO3(O2)
1, Re(O2)

1, Re(O2)2
1, Re(O2)3

1, and
Re(O2)4

1 are depicted in Fig. 3. Their point groups,
electronic states, B3LYP SCF energies, zero point and
thermal energy corrections are summarized in Table
2. The starting geometry used for ReO3(O2)

1 was
constructed by adding a side-on coordinated O2 on top
of the previously optimized ReO3

1; this, however,
distorted and tilted into the end-on structure during
the geometry optimization. For Re(O2)4

1, the geome-
try of Cr(O2)4

32 [51] was taken as starting geometry,
and for Re(O2)3

1, one O2 ligand was removed from the
Re(O2)4

1 structure.
For molecules containing main group elements,

B3LYP in combination with large basis sets aims at

Table 1
Fit parameters for the empirical cross sections(E) 5 s0(E 2 ET)n/E, for the collision induced dissociation of [Re, Om]1 3 [Re, On]1

1 [Om-n], denoted (Dm,n). O2 and O are assumed to be neutral fragments

(Dm,n) [Re, Om]1 3 [Re, On]1 s0 n ET/eV

(D2,1) [Re, O2]
1 3 ReO1 1 O 0.556 0.80 1.856 0.55 2.36 0.9

(D2,0) 3 Re1 1 O2 0.476 0.48 1.386 0.42 2.06 1.0
(D3,2) [Re, O3]

1 3 [Re, O2]
1 1 O 2.56 5.1 1.56 0.5 2.76 1.2

(D3,1) 3 ReO1 1 O2 0.686 0.72 1.356 0.45 4.96 1.9
(D4,3) [Re, O4]

1 3 [Re, O3]
1 1 O 1.756 0.85 1.456 0.35 1.06 0.4

(D4,2) 3 [Re, O2]
1 1 O2 5.06 2.6 1.556 0.35 0.96 0.3

(D4,1) 3 ReO1 1 O2 1 O 0.76 0.6 1.426 0.58 4.56 1.5
(D5,3) [Re, O5]

1 3 [Re, O3]
1 1 O2 266 6 1.56 0.65 0.366 0.16

(D5,2) 3 [Re, O2]
1 1 O2 1 O 3.56 3.7 1.656 0.50 3.36 0.9

(D5,1) 3 ReO1 1 2O2 1.06 1.0 1.366 0.44 6.66 2.1
(D6,4) [Re, O6]

1 3 [Re, O4]
1 1 O2 11.56 2.8 1.76 0.55 0.276 0.13

(D6,3) 3 [Re, O3]
1 1 O2 1 O 2.56 2.2 1.556 0.55 1.96 0.8

(D6,2) 3 [Re, O2]
1 1 2O2 3.86 3.9 1.66 0.5 1.56 0.6

(D8,6) [Re, O8]
1 3 [Re, O6]

1 1 O2 246 5 1.66 0.6 0.236 0.15
(D8,4) 3 [Re, O4]

1 1 2O2 6.56 5.5 1.586 0.72 1.16 0.5
(D8,3) 3 [Re, O3]

1 1 2O2 1 O 3.16 4.9 1.736 0.47 2.256 0.95
(D8,2) 3 [Re, O2]

1 1 3O2 3.76 4.1 1.46 0.65 1.86 1.1
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the so-called “chemical accuracy” of 2 kcal/mol, i.e.
10 kJ/mol. This study deals with ionic complexes of a
third row transition metal, employing an only moder-
ately large basis set without diffuse functions. Lack-
ing thermochemical data on rhenium compounds for
comparison, we expect a relative accuracy of 30% for
our calculations.

3.4. Zero Kelvin bond dissociation energies,D0
o

To derive 0 K bond dissociation energiesD0
o, the

experimentalEt values are corrected by the calculated
internal thermal energy from Table 2. AllD0

o values
that could be derived from theEt values are shown in
Table 3. The notation (Dn,m) denotes dissociation of

Fig. 3. Optimized geometries of various [Re, On]1 species on the B3LYP/LanL2DZ/D95(d) level of theory. The even-numbered complex
species consist of side-on coordinated O2 ligands, while in ReO3(O2)

1, O2 is attached end-on to ReO3
1. Explicit coordinates are available upon

request.

Table 2
Results of the B3LYP/LanL2DZ/D95(d) calculations on [Re, On]1. Symmetry group, electronic state, SCF energy in Hartree, zeropoint
vibrational energy and thermal energy corrections in kJ/mol of the lowest energy structures shown in Fig. 3

Ion Point group Electronic state
SCF energy
inHartree

0 K vib. energy
in kJ/mol

Thermal corr.
in kJ/mol

Re1 K 7S3 278.659 294 0 3.72
ReO1 C`v

3D 2153.903 903 6.95 6.25
ReO2

1 C2v
3B2 2229.194 287 14.59 8.56

Re(O2)
1 C2v

5B1 2229.063 204 13.30 8.33
ReO3

1 C3v
1A1 2304.457 985 25.06 10.44

Re(O2)2
1 C2v

3A1 2379.505 944 29.55 14.87
ReO3(O2)

1 CS
3A9 2454.857 524 38.28 19.56

Re(O2)3
1 CS

1A9 2529.900 707 42.73 23.23
Re(O2)4

1 CS
3A9 2680.273 291 62.31 26.54

O K 3P2 275.083 458 0 3.72
O2 D`h

3¥g
2 2150.360 612 9.86 6.21
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[Re, On]1 to [Re, Om]1 1 [On-m]. Applying Born-
Haber type cycles, one can extract dissociation ener-
gies of the individual ions from the differences in
thresholds of the corresponding fragmentation pro-
cesses of various larger ions. For example, the thres-
hold of (D4,2), [Re, O4]

13 [Re, O2]
1 1 O2 can be

computed as the difference of thresholds for (D6,2)
[Re, O6]

13 [Re, O2]
1 1 2O2 and (D6, 4) [Re, O6]

1

3 [Re, O4]
1 1 O2. In addition it was possible to

derive the dissociation energy of ReO1 (D1,0) inthat
way. The results of this calculations, converted to
kJ/mol, are shown in Table 3. Numbers in bold face
are the fitted values. The underlined numbers are used
later to compose the potential energy surface of
[Re, O8].

1 For comparison, calculated B3LYP values
are added, which are derived from the SCF energies
corrected by the zero point vibrational energies. For
processes involving [Re, O2]

1, two values are given,
one labelled (I) for the ReO2

1 dioxide cation, (II) for
the Re(O2)

1 complex.

4. Discussion

4.1. Formation of[Re, On]
1

With the results described above, one can gain
some insight into the formation of the cluster ions in
the supersonic jet. Laser vaporization produces an
abundance of Re1 ions. As noted above, these ions in
their ground state can for energetic reasons not form
ReO1 in thermal collisions with molecular O2. On the
other hand, direct oxidation of Re1 to ReO2

1 by
molecular oxygen is highly exothermic, and can occur
in the high pressure source with the product being
collisionally stabilized. However, the complex
Re(O2)

1 may also be stabilized in that way, and the
question is: Can we decide on the basis of our results
which one of the two structures is present in the ion
trap? With the help of the B3LYP results, one can
calculate the 0 K reaction enthalpy of the experimen-
tally observed oxidation reaction (9) for both cases:

Table 3
Bond dissociation energies in kJ/mol at 0 K obtained from Table 1 by Born-Haber cycles, corrected by the thermal energy content of the
educt calculated by density functional theory. The first row shows from which experiment the values are extracted. The underlined values
are considered to be the best for each dissociation process and are used in Scheme 2. In the B3LYP column, fragmentation pathways
which contain [Re, O2]

1 are evaluated twice. (I) denotes the ReO2
1 dioxide structure, (II) the Re(O2)

1 side-on complex

Dissociation [Re, O2]
1 [Re, O3]

1 [Re, O4]
1 [Re, O5]

1 [Re, O6]
1 [Re, O8]

1 B3LYP

(D1,0) 4836 130 416.25
(D2,1) 2306 87 7156 217 3476 148 8216 222 (I) 535.77

(II) 192.82
(D2,0) 2106 96 (I) 453.22

(II) 110.27
(D3,2) 2716 116 4946 49 2846 88 4646 96 4606 140 (I) 462.86
(D3,1) 4836 183 3386 150 6026 204 499.83
(D4,3) 1116 39 1586 78 1116 106 297.71
(D4,2) 1026 29 1196 59 686 118 (I)2133.66

(II) 209.29
(D4,1) 4496 145 402.11
(D5,3) 54 6 15 98.87
(D5,2) 3386 87 (I) 561.73
(D5,1) 6566 203 598.70
(D6,4) 49 6 13 846 50 86.36
(D6,3) 2076 77 1956 93 211.35
(D6,2) 1686 58 1526 107 (I) 295.65

(II)247.30
(D8,6) 52 6 14 21.72
(D8,4) 1366 48 108.08
(D8,3) 2476 92 10.37
(D8,2) 2046 106 (I) 317.37

(II)225.58
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ReO2
11O23ReO3

11O DH0 5 139 kJ/mol

(10)
Re(O2)

11O23ReO3
11O DH0 5 2334 kJ/mol

This suggests that the oxidation of the dioxide
species ReO2

1 is slightly endothermic, and one might
not expect the reaction to be very efficient under the
near-thermal conditions in the experiment, which
does not agree with our observations. Moreover, the
experimental (D3,2) result basically forbids the oxi-
dation reaction (9), as the third Re–O bond yields at
best only 300 kJ/mol, far less than the 500 kJ/mol
required to break the O–O bond in the oxygen
reactant. Furthermore, the two fragmentation path-
ways of [Re, O2]

1, (D2,1), and (D2,0) in Table 3
exhibit energetics that are in reasonable agreement
with the computed values for the Re(O2)

1 complex,
but far off, if the dioxide structure is assumed. These
two arguments strongly favor the Re(O2)

1 complex,
but the presence of ReO2

1 cannot be fully excluded.
No sign for the presence of two isomers, i.e. no
deviation from the pseudo-first order behavior, can be
detected in the kinetics of reaction (9), where the
conversion of [Re, O2]

1 was followed to 80%. We
have, unfortunately, not carried out isotopic exchange
experiments with18O2, which might settle the ques-
tion.

Taking the complex structure of [Re, O2]
1 as a

working hypothesis, the formation of the larger spe-
cies is readily explained. The even-numbered
[Re, O2m]1, m 5 1–4, species would emerge from
sequential collisional stabilization of O2 molecules,
leading to the composition Re(O2)m

1, m 5 1–4. The
clustering sequence ends with the coordinative satu-

ration of the rhenium center atn 5 4. ReO3
1 is

formed in reaction (9), which may proceed in the
supersonic expansion of the ion source. With Re(O2)

1

as a reactant, this reaction is highly exothermic, and is
activated by the binding energy of the additional
oxygen ligand forming a highly vibrationally excited
collision complex [Re(O2)2

1]*. This can then either
dissociate again, isomerize to trioxide yielding an O
atom, or be collisionally stabilized, with the formation
of ReO3

1 and Re(O2)2
1 being competitive processes.

This competition and the relative abundances of the
two ions can be affected by parameters like laser
energy or helium backing pressure, an effect we
indeed observe in our experiments. The ReO3

1 ion can
bind one additional O2 molecule, leading to the
formation of ReO3(O2)

1. All the ion formation pro-
cesses suggested above are summarized in Scheme 1.

Even though the experimental evidence seems to
strongly favor the complex, one should be rather
cautious regarding the true structure of the [Re, O2]

1

species. In a recent similar study of the [Cr, O2]
1

system [52], we have demonstrated clearly that the
Cr(O2)

1 complex may react, invisibly in the mass
spectrum, with trace gases like water. The
[Cr(O2)(H2O)1]* collision complex forms tran-
siently, with the water binding energy activating
isomerization of the Cr(O2)

1 complex into the ther-
modynamically favored CrO2

1 chromyl cation. Thus,
even though we may start with Re(O2)

1 in the
expansion, their interconversion into ReO2

1 by colli-
sions with H2O traces cannot be fully excluded.
Consequently, also some of the larger even-numbered
clusters could be ReO2(O2)m

1, instead of the

Scheme 1. Formation of [Re,On]1 in the ion source.
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Re(O2)m11
1 structure, although we consider this un-

likely.

4.2. [Re, O8]
1 potential energy surface

To extract the [Re, O8]
1 potential energy surface

from the 0 K bond dissociation energies in Table 3, it
is worthwhile to examine the individual dissociation
processes and discuss how reasonable the obtained
values are. Thermochemical data on transition metal
oxides are scarce, and especially for rhenium, no
literature values are available. However, with the help
of the BDEs ofD0(Cr1–O) 5 359 6 12 kJ/mol and
D0(Mn1–O) 5 2856 13 kJ/mol derived by Fisher et
al. [53], and the BDE (W1–O) 5 524 6 41 kJ/mol
[54], one can crudely estimate the value for ReO1. If
the trend observed for the group 6 elements Cr and W
holds also for group 7, and if the bond strengths
increase from Mn to Re by a similar ratio, one could
obtain BDE (Re1 2 O) 5 4166 40 kJ/mol. This is,
within the error limits, in agreement with the experi-
mental value obtained in this study,D0

o(Re1–O) 5
4836 130 kJ/mol, and probably in part by chance fits
almost exactly with the B3LYP value of 416 kJ/mol.

The fragmentation energies of the [Re, O2]
1 can

be, as noted above, obtained from our data in two
different ways. When derived directly from the [Re,
O2]

1 CID experiment, the values for (D2,1 5 2306
80 kJ/mol) and (D2,0 5 210 6 90) are within error
limit in agreement with the B3LYP values of the
complex, labeled (II) in Table 3. On the other hand,
the values for (D2,1) derived indirectly from the [Re,
O3]

1 or [Re, O5]
1 experiments are much higher, and

within a very large error bar in agreement with the
ReO2

1 B3LYP value of 536 kJ/mol, labeled (I) in the
Table. This again supports the assumption that ReO2

1

is formed in the fragmentation of ReO3
1, while the

Re(O2)
1 complex is produced in the ion source. The

(D3,2) primary dissociation pathway of ReO3
1 shows

a pretty large deviation from the computed value, but
agrees with the value indirectly determined from the
(D5,2) and (D5,3) channels. If the computed ReO2

1

energy was too low, this would account for the
difference, even more so since the (D3,1) values are
again in agreement in theory and experiment.

The interpretation of the CID results of the larger
even numbered species is a little tricky. Given the
complex Re(O2)n

1 structures, it is obvious that not
only ligand loss, but also chemical reactions may
occur, leading to the formation of, e.g. ReO3

1, giving
rhenium its preferred1VII oxidation state. The pro-
cess for which this complication does not occur is
(D4,1), formation of the monoxide ReO1 from
Re(O2)2

1, and the agreement with the B3LYP value is
reasonably good in this case. For the other fragmen-
tation pathways, the threshold energy may rather be
seen as the activation energy needed to break the O–O
bond of an O2 ligand. Once this is accomplished,
additional energy is released due to the formation of
two Re–O double bonds, leading to either loss of an
O2 ligand or breaking of another O–O bond, which
enables the loss of an oxygen atom. Thus it seems
reasonable and consistent that the (D4,3) and (D4,2)
pathways have almost the same threshold energy. In
addition, the branching ratio favors ReO2

1 versus
ReO3

1 in [Re, O4]
1 and [Re, O6]

1 fragmentations,
and is only reversed in [Re, O8]

1. Due to the,
compared to the smaller species, larger number of
degrees of freedom in Re(O2)4

1 there are more possi-
bilities for energy redistribution, the collisionally
activated complex lives longer, and the probability of
the additional bond cleavage needed for ReO3

1 for-
mation is enhanced. The threshold energies for the
loss of the first O2 ligand from the large [Re, O6]

1 and
[Re, O8]

1 species, (D6,4) and (D8,6) arelower than
the activation energy discussed before, suggesting
that these ligands are lost before a chemical reaction
can occur.

With the low energy fragmentation pathways
(D5,3), (D6,4), (D8,6), and (D8,4), which involve
loss of one or two O2 ligands, the systematic kinetic
energy offset mentioned above of up to 25 kJ/mol
may come into play. In addition, the B3LYP errors
can be magnified as the computed energies are sub-
tracted from each other. Taking these effects into
account, we can estimate a binding energy of 50–90
kJ/mol for an additional O2 ligand on ReO3

1,
Re(O2)2

1, and Re(O2)3
1. Both in theory and experi-

ment, the end-on coordinated ligand in ReO3(O2)
1 is
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slightly more strongly bound than the side-on com-
plexed O2 in Re(O2)3

1 and Re(O2)4
1.

Selecting the most reliable experimental data, we
are able to sketch the [Re, O8]

1 potential energy
surface as shown in Scheme 2. Due to the competing
chemical reactions, we could not determine the O2

binding energy in Re(O2)2
1, so we had to take the

B3LYP value in this case. It appears somewhat high,
but not unreasonably so. For comparison, the B3LYP
values are used in drafting the same potential energy
surface in Scheme 3. It can be seen that the two
surfaces exhibit the same general features, but deviate
in the absolute values.

4.3. Mode of oxygen coordination

The rather stable and abundant [Re, O5]
1 cluster

ion is viewed as a ReO3(O2)
1 complex, and this is

confirmed by its efficient ligand exchange reactions,
substituting the O2 ligand for CO, CO2, N2, H2O [18],

or even methane. In comparison, Re(O2)3
1 is largely

unreactive in this respect, and Re(O2)4
1 shows ligand

exchange only with H2O. This difference in behavior,
as well as our B3LYP calculations support our spec-
ulation presented in the earlier communication [18]
that ReO3(O2)

1 binds the oxygen ligand end-on,
while the even numbered species consist of side-on
coordinated O2 ligands. In addition to the positive
charge, ReO3

1 has a pronounced dipole moment,
which is certainly larger than that of Re(O2)3

1 or
Re(O2)2

1. It may therefore favor an electrostatic O2

complex against a covalent one, and this may reverse
the order of relative binding energies between O2, N2,
and CO2, thus enabling the ligand exchange.

4.4. Advantages and limitations of energy resolved
CID in FT-ICR

FT-ICR has some limitations that hamper CID
experiments. In particular when an external ion source

Scheme 2. [Re,O8]
1 potential energy surface—CID values Scheme 3. [Re,O8]

1 potential energy surface—B3LYP values
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is used, the method is not as sensitive as time of flight
detection, and signal to noise ratios better than 103 are
usually hard to achieve. When the product ion inten-
sities are very weak, the measured relative intensities
are not reliable, and processes with very low cross
sections may remain completely undetected. One can
increase the fragment signal by raising the collision
gas pressure or extending collision time, but this can
also lead to multiple collisions [55] and energy
accumulation, and also enhance the effects of minor
impurities. The ions are during the detection cycle
accelerated to about 100 eV, and their detection takes
a finite length of time. If they undergo a collision or
dissociate during signal acquisition, their phase co-
herence will be lost, and they will not be detected.

On the other hand, there are some advantages in
FT-ICR that may make it the method of choice for
certain systems. Kinetic shift which may be a problem
in molecular beam experiments is not as big an issue
in FT-ICR [22]. While in guided ion beam experi-
ments the time between collisional excitation and
fragment detection is of the order ofms, and excited
metastable ions may reach the detector before frag-
menting, in FT-ICR this time is of the order of
seconds and virtually all collisionally excited ions will
have had time to fragment before detection. The four
to five orders of magnitude lower pressure of the
collision gas in the FT-ICR experiment increases the
time between collisions by the same factor, and makes
accumulation of energy due to multiple collisions less
probable than in the guided beam experiment, as there
is much more time for radiative deexcitation between
the collisions.

A plot of cross sections rather than of relative
intensities should be preferred even if no threshold fits
are intended, since the physical quantity that carries
information about the collision is the cross section,
which is in principle independent of the way the
experiment is done. While in a plot employing cross
sections it will be obvious when this has reached a
constant value, in an intensity plot such features will
be obscured, since the fragment intensities will grow
with increasing energy even if the cross section has
reached a constant value, since the total path length

covered by the ions during the constant reaction time
will increase with increasing kinetic energy.

5. Conclusion

A variety of weakly bound ionic transition metal
compounds and complexes can be generated in a
standard laser vaporization source with supersonic
expansion. We demonstrate that when properly
treated, the CID cross section data from FT-ICR
experiments can yield energetic thresholds and useful
thermochemical information. In the present work we
generate a variety of oxides of rhenium, and tenta-
tively identify their composition as Re(O2)

1,
Re(O2)2

1, Re(O2)3
1, Re(O2)4

1, ReO3
1, and ReO3(O2)

1.
The structures deduced from energy resolved colli-
sional fragmentation are in agreement with the stable
structures of these species as obtained by B3LYP
hybrid density functional theory calculations. The
oxygen ligands are side-on coordinated in the
Re(O2)m

1 species, and end-on in ReO3(O2)
1. The

quality of the CID data permits us to draw a potential
energy surface of the [Re, O8]

1 system, which is in
reasonable agreement with the energetics obtained
from the DFT calculations.
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