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Abstract

As potential model systems for organometallic oxidation reaction, ions of the composition [Re, ©= 2-6, 8, are
produced using a standard laser vaporization source and examined by Fourier transform ion cyclotron resonance collisic
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
FT-ICR, relative intensity data are converted to absolute cross sections, which are used for quantitative threshold evaluatio
It is shown that [Re, g™ and [Re, Q] contain at least one, and [Reg]O 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 specie
[Re, O, ] " consist of Q ligands and can thus be written as ReX{Q [Re, Q] " is identified as Re({O,) ™, the calculation
yielding an end-on coordinated ligand, whereas in the Rg(Gpecies 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 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
j%ﬂiﬂiﬁ?ﬁ%ﬁ?ﬁs?&iier Analytical Systems, Inc., 15 Fortune applying maS§ spectrometric Information to condensed
Drive. Billerica. MA 01821 Y ystems, Inc., phase catalytic processes. Nonetheless, when properly
2 Current address: Institut”fuAnorganische Chemie, Tech- ~ Used, the mass spectrometric studies can provide
nische UniversitaMiinchen. useful new insights. The activation of C-H and C-C

3 Visiting Miller Research Professor, Department of Chemistry, bonds by cationic transition metal monoxides has
University of California, Berkeley, CA.

Dedicated to Professor Michael T. Bowers on the occasion of his been StUd_'ed in considerable detail by Fourier
60th birthday. transform ion cyclotron resonance (FT-ICR) and

Transition metal oxides are believed to be impor-
tant intermediates in industrially relevant catalytic
hydrocarbon oxidation processes, and this motivated
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selected ion flow tube (SIFT) maspectrometry, peroxo complex ions [17]. We have recently produced
and the thermochemistry involved was the subject of [Re, Q,] © (n = 2—-6, 8)rhenium oxygen cations by
guided ion beam measurements [2]. Valuable insight laser vaporization and studied their ligand switching
into the behavior of more highly valent species was reactions with N and CQ [18]. The present manu-
gained with the work of Irikura and Beauchamp on script deals with the characterization of the [Rg] O
the reactivity of osmium tetroxide fragment ions [3]. species by means of energy resolved collision induced
In the specific case of rhenium, fragment ions of dissociation (CID) [19] and by their chemical reactiv-
the two stable condensed phase oxides et RegO; ity. Complementary density functional calculations
have been observed in the gas phase, produced either byare performed to provide further understanding of
electron impact ionization [4] or by reactions of residual their structures and energetics. Throughout the text,
gas with the rhenium filament of mass spectrometers the notation [Rg, O,] " is used whenever no state-
[5,6]. The rare earth catalyzed reaction of metallic ment about the specific structure of the ion is implied,
rhenium with water was found to lead to the formation in contrast to, e.g. ReD or ReQ(0,)", which
of [Re, Q)] and [RgO,] ™ anions in surface ionization  specifically denote a covalent dioxide cation and a
mass spectrometry [7]. Irikura and Beauchamp observed peroxo complex of rheniumtrioxide, respectively.
in their study on methane activation by third row Observations of the fragmentation pattern of mo-
transition metal ions that ReQproduced in their laser  lecular ions as a function of collision energy (CID)
ablation ion source formed [Re, {0 and subse- was shown to be a very helpful method for gaining
quently [Re, Q] in binary collisions with oxygen [8]. insight into their structure and bonding [20]. lon
In some oxidation processes peroxo complexes fragmentation was in a number of studies used to
were suggested as key intermediates. For example,derive bond dissociation energies of a variety of
methylrheniumtrioxide CEReQ; catalyzed epoxida-  compounds [21-25]. In each case, relative product
tion reactions are believed to proceed via either of the intensities were used to fit the data and determine the
two species CEReO,(O,) or CH;ReO(0),(H,0) energetic fragmentation threshold. We have recently
[9,10]. The gas phase reactivity of the GReC; shown that using raw intensity data may cause signif-
radical cation with ethylene was investigated by icant errors and thatitis preferable to analyze the data
Schrader et al. [11]. Cassady and McElvany have using cross sections, which also depend on collision
recently employed laser vaporization of solid molyb- time and ion kinetic energy [19]. In the present study
denum oxide [12] to produce the [Mo,,D ion, for we apply the method to the rhenium—oxygen system
which they discussed a peroxo structure, but rejected in order to analyze and evaluate quantitatively the
it on the basis of the observed reactivity with hydro- FT-ICR CID threshold data, and with the additional
carbons. In order to elucidate the reaction mechanism help of high level density functional calculations to
of the condensed phase epoxidation reactions and toobtain thermochemical information. One of our aims is
gain further information using gas phase studies, an to assess how much insight can be gained from CID

efficient source of ions of the type MXQ'™, about unknown species and their thermochemistry. We
where M stands for the metal atom and X for discuss the reliability of the data and limitations of the
additional ligands, would be desirable. FT-ICR technique for energy resolved measurements.

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. Nor CO,, to the carrier gas,
weakly bound cationic metal compounds can be 2 1. Experimental setup
generated and spectroscopically characterized [16].

This method using molecular oxygen also turnsoutto ~ The experiments were performed on a modified
be an excellent source of transition metal oxide and Spectrospin CMS47X FT-ICR mass spectrometer de-

2. Experimental and computational details
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scribed in detall elsewhere [26]. Rhenium cations ligated 2.2. Data evaluation

with oxygen of the nominal composition [Re,JO, n =

0-10, were produced in a disk type laser vaporization = Relative rate constants of ion molecule reactions
source. Only traces of tire= 1, 7 and>8 were present,  were obtained from a pseudo-first-order kinetics fit to
and these species were therefore not investigated. Thethe experimental data. These were converted to abso-
target material was pure rhenium, the helium carrier lute rate constants and efficiencies [1] by calculating
gas (Helium 4.6, Messer Griesheim) at 10 bar was capture rates from ADO theory as described by
seeded with 0.2 mbar O(Sauerstoff 4.5, Messer Bowers and co-workers [29,30].

Griesheim). The Nd:YAG laser Quanta Ray GCR3, Data evaluation of CID experiments follows the
Spectra Physics, was operated at a pulse energy of 12procedure described in detail previously [19]. Briefly,
mJ@532 nm with a repetition rate of 25 Hz, and the ion kinetic energy,,, is calculated according to
focused ® a 1 mmspot on thetarget. The metal = Comisarow and Marshall [31-34] from the ion mass
plasma was entrained in the carrier gas pulse, m, its chargeq, and the amplitud&, and duration
cooled by flowing through a 10 mm confining t,,. of the excitation pulse:

channel and by subsequent supersonic expansion 5o o

into high vacuum of~1 X 10 * mbar. The ligated E. = qtexcEl (1)

lab
rhenium cations formed were transferred through ° 8Meq

several stages of differential pumping into the  por g cylindrical cell, Kofel et al. calculated the
high-field region of the superconducting magnet by gjactric field amplitudeE, from the peak to peak

a system of electrostatic lenses, and stored i”SidevoltageV of the pulse, the cell diameterand the
10 p-p ’
the ICR cell at a pressure of & 10 mbar. geometry factoSt, [35];

Trapping voltages were 1.7 V at the first and 2.0 V
at the second trapping plate. lons of 50 injection E; = Vp_pSél/d (2)
cycles were accumulated to improve the signal to
noise ratio. The argon collision gas was introduced
into the ultrahigh vacuum region viareeedle valve

E,., can be converted to the center of mass energy
E., Of the reactant ion in collisions with a gas of mass

at a nominal pressure of 9.4 10°° mbar, as ! by

measured at the Balzers TPG 300 ion gauge. This was Mo

converted to an absolute pressure of 8.10 8 mbar Eem = Meg + Meopt Eian ©)

by the relative sensitivity of the ion gauge [27] and a ) )
geometry factor of 3.7 derived with the help of ion Following the procedure used for data evaluation

molecule reactions whose rate constants are accu-IN 9uided ion beam (GIB) experiments in the group of
rately known [28]. We estimate the accuracy of the Armentrout [36,37], the total cross sectiog, of the
absolute pressures so determined to be abd8%. collision process can be calculated from the educt
lon selection was achieved by applying single fre- intensity |4 after the collisions, the sum over all
quency shots, each 8 ms long with a peak-to-peak product intensitiesl,, the number density of the
voltage of V,, = 2.7 V. To avoid off-resonant collision gasn and the length of the collision path
excitation of the selected ions, nearby peaks, espe- T
cially the second rhenium isotope, were not ejected. oy = nl In Iip
The selected ions were then accelerated to the desired ed
kinetic energy by a radio frequency pulse at their In contrast to GIB, wherkis the constant length of
resonant ICR frequency of the same fixed 2.7 V the drift tube] in an FT-ICR experiment depends on the
peak-to-peak voltage and variable length. Collision ion energy, and must be computed as a product of the ion
time in CID experiments was 1.0 s, signal acquisition velocity with the collision timet,,,, and this is the
took 25.6 ms. crucial point in adapting the GIB approach to FT-ICR:

(4)
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5 Biab

(5)

I = tcoll
ed
Individual product cross sections are obtained from
the total cross section,,; and the product intensities
via [36]:

I
P
Op = Otot (6)
p E Ip o
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]:

(E(c)m B Et)n

=
0
Ecm

cm —

a(E2,) = oy for E E,
(7)

Here, E2 is the kinetic energy in the center of
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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 varying and
n in order to find the highest and lowest values of
threshold energie&; which are still in acceptable
agreement with the data. By this process, conservative
error estimates can be achieved, i.e. the tryyen and
E, values are unlikely to lie outside the so determined
extremes.

TheseE, values are considered to Bg,q5 « bond
dissociation energies at room temperature. They are
converted toDg zero Kelvin values by adding the
vibrational, rotational and translational thermal en-
ergy correction of the educt ion obtained in the DFT
calculations.

mass of the collision partners. The fit parameters are 2 3. Computational procedure

a scaling factow,, the threshold energk, that is to
be derived, and the exponential factothat is related
to the reaction or dissociation process in question.

The calculations were performed using the B3LYP
[43-46] hybrid density functional method imple-

For better accuracy, the thermal kinetic energy dis- mented in thesaussian 94 [47] program package. For

tribution of the collision gas and the kinetic energy
distribution of the educt ion are accounted for by
convolutinga(E2,,) with the thermal energy distribution
f(ES,, E.y) of the collision gas according to Chantry
[41] and Ervin and Armentrout [36] and the Gaussian
type energy spreab(ESh, E.,) [42] of the educt ion:

o

Oei(Ecm) = f

0

f (Ecn/Ecm) ' *P(Eg, Ecm)

X f(ES

om Ecm)o(Egm) dEgn dEG,
(8)
The functional form off(E2,, E..) and P(ESn,
E.n 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-

geometry optimization and frequency calculation the
LanL2DZ pseudo-relativistic effective core potential
basis set irsaussian 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
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Fig. 1. Typical mass spectrum of [ReO,] " obtained by supersonic expansion of laser vaporized solid rhenium in 10 bar He seeded with
O, at a partial pressure of 0.2 mbar. The monorhenium species contain up to eight oxygen atoms, some of them as dioxygen ligands. ReC
and [Re, Q] are at best only observed in traces. [R©,] " ions bind up to nine oxygen atoms, with pronounced intensity maxima=at

6 andn = 9. Again, the monoxide is missing in the spectrum. In contrast to the characteristic, irregular distributions of the mono- and
dirhenium species, [Re0,] * exhibit an almost Gaussian-shaped cluster distribution, with a maximun=a8 under the conditions of this
experiment.

oxygen at a partial pressure of 0.2 mbar is exemplified  In order to gain some insight into the ion formation
in Fig. 1. The distribution of cluster ions mainly processes, reactions of [Re,JO with oxygen were
depends on laser energy ang Gbncentration, and  investigated in the cell region. Only [Re J0 was
exhibits several distinct features. Most conspicuous is found to be reactive, forming [Re, 0" with an
the consistent absence of the Re®n, even though  efficiency of 9%:
[Re, O], n = 2-6, 8, species are reproducibly
formed in appreciable amounts. The= 7 cluster is
present in some spectra and absent in others, while
clusters withn > 8 are only observable in traces. The 3.2. CID results
distribution of [Re, O,] © ions ends ah = 9, and it
is lacking the [Reg, O]" ion. [Re,, Og] " and [Re, Energy resolved CID experiments were performed
Oyl " are pronounced maxima of this distribution. for each of the [Re, (}* species, and the energy
Species containing three rhenium atoms finally ex- dependent cross sections calculated from reactant and
hibit a regular cluster distribution [ReO,] ", n = fragment intensities according to Egs. (4)—(6) are
5-11,with a maximum arounch = 8. shown in Fig. 2(a)-2(f). The solid lines are cross section
To check the stability of the ions in the ICR cell fits according to Egs. (7), (8), and for [Re,JO the
against metastable decay, [Re;]Owas trapped for  “error” fits are also shown as dashed lines. The fit
60 s without collision gas or excitation. No fragmen- parametersr,, n and E; are summarized in Table 1.
tation was observed, only reactions with the traces of For the neutral fragment composition it was assumed
water present in the cell region led to a slow formation that, whenever possible, molecular oxygen is formed.
of mainly [Re, Q, H,] . A second primary product of ~ Ozone formation is regarded unlikely in a collision-
the reaction with water, [Re, D H,]" reacts very ally excited complex in the gas phase.
efficiently further yielding [Re, @ H,] . Also when The errors listed in Table 1 are solely the fitting
trapped in the presence of argon at a pressure ck1.9 process errors. As the ions have not been collisionally
10 8 mbar for 10 s, no fragmentation, and only a slow cooled prior to excitation, they may have residual
formation of the above mentioned water reaction kinetic energy, on which the trapping voltage places
products was detected. an upper limit of 1.7 eV. In the center of mass of the

[Re, Q" + O, —~[Re, Q" + O (9)
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Fig. 2. Plot of absolute cross sections and threshold fits of the collision induced dissociation of (AL[Re(BY [Re, Q)] ", (C) [Re, Q] ™,

(D) [Re, O]*, (E) [Re, Q] ", and (F) [Re, @ ™. 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 [Ré,foduct in (D) [Re, Q" indicates the presence of
one dioxygen ligand in [Re, £*, while the missing of [Re, §* and [Re, Q]* in CID of (E) [Re, Q]* and (F) [Re, @™ is conclusive
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Table 1

631

Fit parameters for the empirical cross sectigfE) = oo(E — E)"/E, for the collision induced dissociation of [Re, D" — [Re, Q] "
+ [O.n], denoted Dm,n). O, and O are assumed to be neutral fragments

(Dm,n) [Re, Q,]" — [Re, Q" o n E./eV
(D2,1) [Re, O]" — ReO" + O 0.55+ 0.80 1.85+ 0.55 2.3+ 0.9
(D2,0) —Re" + 0, 0.47+0.48 1.38+ 0.42 2.0+ 1.0
(D3,2) [Re, Q]" = [Re, O]" + O 2551 1.5+ 05 2712
(D3,1) — ReO" + O, 0.68+ 0.72 1.35+ 0.45 49+ 1.9
(D4,3) [Re, O]" —[Re, O]" + O 1.75+ 0.85 1.45+ 0.35 1.0+ 0.4
(D4,2) —[Re, O] + O, 50+ 2.6 1.55+ 0.35 0.9+ 0.3
(D4,1) —ReO" + 0, + O 0.7+ 0.6 1.42+ 0.58 45+ 15
(D5,3) [Re, Q]*" — [Re, O]* + O, 26+ 6 1.5+ 0.65 0.36+ 0.16
(D5,2) —[Re, 0]" + 0, + O 3.5+t 3.7 1.65+ 0.50 3.3 0.9
(D5,1) — ReO" + 20, 1.0+ 1.0 1.36%+ 0.44 6.6+ 2.1
(D6,4) [Re, Q" — [Re, Q" + O, 115+ 2.8 1.7+ 0.55 0.27+ 0.13
(D6,3) —[Re, O]" + O, + O 25122 1.55+ 0.55 1.9+ 0.8
(D6,2) —[Re, O] + 20, 3.8+3.9 1.6+ 0.5 1.5+ 0.6
(D8,6) [Re, Q]" — [Re, Q" + O, 24+5 1.6+ 0.6 0.23= 0.15
(D8,4) — [Re, Q]" + 20, 6.5+55 1.58+ 0.72 1.1+ 0.5
(D8,3) —[Re, O] + 20, + O 3.1+4.9 1.73+ 0.47 2.25+ 0.95
(D8,2) — [Re, Q" + 30, 3741 1.4+ 0.65 1.8+ 1.1

argon collision gas and ions of 218-315 u, this
converts to a maximum systematic error of 0.26 eV.

[Re, QJ]", and [Re, Q] exhibit fragmentation
eliminating molecular @ with low threshold energies

The extracted thresholds may therefore be systemati-around 0.5 eV and decreasing slightly with The

cally too low by at most 25 kJ/mol.

A simple inspection of the data already reveals
some interesting features. [Re,]O dissociates to
form both ReO and R€ with similar threshold values
of roughly 2 eV, with in fact the [Re, " —Re" + O,
channel being slightly energetically favored. This sug-

gests that the bond in the oxygen molecule is stronger

than the Re—O bond in REY making the ReO
formation from Ré and Q, endothermic, and explain-
ing the absence of thre= 1 species from the distribution

formed in our source. On the other hand, the thresh-

olds for the three fragments [Re,,J0, ReO" and
Re" observed in the fragmentation of [Reg]O are
quite different, with the [Re, " —[Re, O] + O
reaction requiring only somewhat more than 2 eV,
which is about half of the energy required by the
process that yields ReO+ O,. Also [Re, Q]
exhibits two low energy, about 1 eV, fragmentation
channels. The fact that the [Re,JO + O, threshold
appears to lie somewhat below the [Re]] O+ O
channel is consistent with the lack of oxidation of
[Re, O] by molecular oxygen.

All the higher oxide ions studied, [Re, D,

alternative process, elimination of an oxygen atom, is
not detected. The second fragmentation threshold of
[Re, Q] " lies near 1.1 eV, and involves elimination
of two O, molecules.

3.3. Computational results

Optimized geometries of the oxide species ReO
ReO;, and Red, and of the complex oxides
ReO(0,)", Re(Q)", Re(Q);, Re(Q)s;, and
Re(Q,), 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 R¢0,)" was
constructed by adding a side-on coordinated®top
of the previously optimized Re{Q this, however,
distorted and tilted into the end-on structure during
the geometry optimization. For Ref)J, the geome-
try of Cr(0,); [51] was taken as starting geometry,
and for Re(Q)3, one Q ligand was removed from the
Re(Q,); structure.

For molecules containing main group elements,
B3LYP in combination with large basis sets aims at
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ReO*

1.41A

Re(0,); Re(0,); Re(0,);

Fig. 3. Optimized geometries of various [Re,]O species on the B3LYP/LanL2DZ/D95(d) level of theory. The even-numbered complex
species consist of side-on coordinatedi@ands, while in ReQ(O,)*, O, is attached end-on to REOEXxplicit coordinates are available upon
request.

the so-called “chemical accuracy” of 2 kcal/mol, i.e. 3.4. Zero Kelvin bond dissociation energi&g

10 kJ/mol. This study deals with ionic complexes of a

third row transition metal, employing an only moder- To derive 0 K bond dissociation energi&g, the
ately large basis set without diffuse functions. Lack- experimentak, values are corrected by the calculated
ing thermochemical data on rhenium compounds for internal thermal energy from Table 2. All§ values
comparison, we expect a relative accuracy of 30% for that could be derived from the, values are shown in
our calculations. Table 3. The notation¥n,m) denotes dissociation of

Table 2
Results of the B3LYP/LanL2Dz/D95(d) calculations on [Re,] ©. 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

SCF energy 0 K vib. energy Thermal corr.
lon Paint group Electronic state inHartree in kd/mol in kJ/mol
Re" K S, —78.659 294 0 3.72
ReO" C..v 3A —153.903 903 6.95 6.25
ReQy C,, B, —229.194 287 14.59 8.56
Re(O)”" C,, B, —229.063 204 13.30 8.33
ReC; Ca, A, —304.457 985 25.06 10.44
Re(Q)s C,, A, —379.505 944 29.55 14.87
ReO,(0,)* Cs 3A/ —454.857 524 38.28 19.56
Re(0)F Cs A —529.900 707 42.73 23.23
Re(Q)s Cs -y —680.273 291 62.31 26.54
o K 3P, —75.083 458 0 3.72

0, D..p, 3%y —150.360 612 9.86 6.21
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Table 3

Bond dissociation energies in kJ/mdl@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, GJ* are evaluated twice. (I) denotes the Re@oxide structure, (I1) the Re()* side-on complex

Dissociation [Re, g* [Re, O * [Re, Q] [Re, Q" [Re, Q)" [Re, Q" B3LYP
(D1,0) 483+ 130 416.25
(D2,1) 230+ 87 715+ 217 347+ 148 821+ 222 (I) 535.77
(1) 192.82
(D2,0) 210+ 96 (1) 453.22
(1) 110.27
(D3,2) 271+ 116 494+ 49 284+ 88 464+ 96 460+ 140 (1) 462.86
(D3,1) 483+ 183 338+ 150 602+ 204 499.83
(D4,3) 111+ 39 158+ 78 111+ 106 —97.71
(D4,2) 102+ 29 119+ 59 68+ 118 ()-133.66
(1) 209.29
(D4,1) 449 + 145 402.11
(D5,3) 54+ 15 98.87
(D5,2) 338+ 87 (1) 561.73
(D5,1) 656 = 203 598.70
(D6,4) 49+ 13 84+ 50 86.36
(D6,3) 20777 195+ 93 —11.35
(D6,2) 168+ 58 152+ 107 () 295.65
(I)—47.30
(D8,6) 52+ 14 21.72
(D8,4) 136+ 48 108.08
(D8,3) 247 % 92 10.37
(D8,2) 204+ 106 (1) 317.37
(I)—25.58

[Re, Q] " to [Re, Q] + [O,..]. Applying Born- 4. Discussion

Haber type cycles, one can extract dissociation ener-

gies of the individual ions from the differences in 4.1. Formation ofRe, Q] "

thresholds of the corresponding fragmentation pro-

cesses of various larger ions. For example, the thres-  With the results described above, one can gain
hold of (D4,2),[Re, O] " —[Re, Q,]" + O, can be some insight into the formation of the cluster ions in
computed as the difference of thresholds fBi6(2) the supersonic jet. Laser vaporization produces an
[Re, Q" —[Re, O] " + 20,and 06, 4) [Re, Q] * abundance of Reions. As noted above, these ions in
— [Re, Q] + O,. In addition it was possible to  their ground state can for energetic reasons not form
derive the dissociation energy of REQD1,0) inthat ReO" in thermal collisions with molecular OOn the
way. The results of this calculations, converted to other hand, direct oxidation of Reto ReQ; by
kJ/mol, are shown in Table 3. Numbers in bold face molecular oxygen is highly exothermic, and can occur
are the fitted values. The underlined numbers are usedin the high pressure source with the product being
later to compose the potential energy surface of collisionally stabilized. However, the complex
[Re, Q;]. " For comparison, calculated B3LYP values Re(O,)" may also be stabilized in that way, and the
are added, which are derived from the SCF energies question is: Can we decide on the basis of our results
corrected by the zero point vibrational energies. For which one of the two structures is present in the ion
processes involving [Re, §p", two values are given, trap? With the help of the B3LYP results, one can
one labelled (1) for the ReD dioxide cation, (II) for calculate tle 0 K reaction enthalpy of the experimen-
the Re(Q) " complex. tally observed oxidation reaction (9) for both cases:
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Scheme 1. Formation of [Re, 0 in the ion source.
ReQ! +0,—ReO} +0O AHy = +39 kJ/mol ration of the rhenium center at = 4. ReQ is

formed in reaction (9), which may proceed in the
supersonic expansion of the ion source. With R¢(O
as a reactant, this reaction is highly exothermic, and is
This suggests that the oxidation of the dioxide activated by the binding energy of the additional
species Re@ is slightly endothermic, and one might  oxygen ligand forming a highly vibrationally excited
not expect the reaction to be very efficient under the collision complex [Re(Q);]*. This can then either
near-thermal conditions in the experiment, which dissociate again, isomerize to trioxide yielding an O
does not agree with our observations. Moreover, the atom, or be collisionally stabilized, with the formation
experimental D3,2) result basically forbids the oxi-  f ReO;! and Re(Q); being competitive processes.
dation reaction (9), as the third Re-O bond yields at 1hjs competition and the relative abundances of the
best only 300 k/mol, far less than the 500 kd/mol 4 jons can be affected by parameters like laser
required to break the O-O bond in the OXygen gnergy or helium backing pressure, an effect we
reactant. Furthermore, the two fragmgnta‘uon path- indeed observe in our experiments. The B&@n can
way_s_of [Re, Q_]+, (D2,1), a_md 02,0) inTable 3 bind one additional ® molecule, leading to the
exhibit energetics that are in reasonable agreememformation of ReQ(0,)". Al the ion formation pro-

with the computed values for the RO complex, : .
. o . cesses suggested above are summarized in Scheme 1.
but far off, if the dioxide structure is assumed. These . .
Even though the experimental evidence seems to

two arguments strongly favor the RefO complex,
g gy P strongly favor the complex, one should be rather
but the presence of RgOcannot be fully excluded. ) ,
cautious regarding the true structure of the [Re],"O

No sign for the presence of two isomers, i.e. no ) o
species. In a recent similar study of the [Cr,]O

deviation from the pseudo-first order behavior, can be
detected in the kinetics of reaction (9), where the system [52], we have demonstrated clearly that the
Cr(0,)* complex may react, invisibly in the mass

conversion of [Re, g" was followed to 80%. We : )
have, unfortunately, not carried out isotopic exchange SPectrum, with trace gases like water. The

experiments with*®0,, which might settle the ques- [Cr(O2)(H,0)"T* collision complex forms  tran-
tion. siently, with the water binding energy activating
Taking the complex structure of [Re,,0 as a isomerization of the Cr(©" complex into the ther-
working hypothesis, the formation of the larger spe- modynamically favored CrQ chromyl cation. Thus,
cies is readily explained. The even-numbered even though we may start with RefO in the
[Re, O, ] ", m = 1-4, species would emerge from €xpansion, their interconversion into Re®y colli-
sequential collisional stabilization of Omolecules, sions with HO traces cannot be fully excluded.
leading to the composition Reg},, m = 1-4. The Consequently, also some of the larger even-numbered
clustering sequence ends with the coordinative satu- clusters could be Ref0,)!, instead of the

(10)
Re(0)"+0,—>Re0; +O AH,= —334 kJ/mol
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Re(Oy)m., Structure, although we consider this un-
likely.

4.2.[Re, Q] potential energy surface
To extract the [Re, @ potential energy surface

from the 0 K bond dissociation energies in Table 3, it
is worthwhile to examine the individual dissociation
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The interpretation of the CID results of the larger
even numbered species is a little tricky. Given the
complex Re(Q), structures, it is obvious that not
only ligand loss, but also chemical reactions may
occur, leading to the formation of, e.g. RéQiving
rhenium its preferred-VIl oxidation state. The pro-
cess for which this complication does not occur is
(D4,1), formation of the monoxide ReO from

processes and discuss how reasonable the obtaineqke(Q,);, and the agreement with the B3LYP value is

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 ofD°(Cr"—0) = 359 + 12 kJ/mol and
D°(Mn*-0) = 285 = 13 kJ/mol derived by Fisher et
al. [53], and the BDE (W-0) = 524 = 41 kJ/mol
[54], one can crudely estimate the value for Re@
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 (Ré — Q) = 416 + 40 kJ/mol. This is,
within the error limits, in agreement with the experi-
mental value obtained in this studpg(Re"-0) =
483+ 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;]O can
be, as noted above, obtained from our data in two
different ways. When derived directly from the [Re,
O,] " CID experiment, the values fobR,1 = 230 +
80 kJ/mol) andD2,0 = 210 = 90) are within error
limit in agreement with the B3LYP values of the
complex, labeled (Il) in Table 3. On the other hand,
the values forD2,1) derived indirectly from the [Re,
O4] " or [Re, Q] " experiments are much higher, and
within a very large error bar in agreement with the
ReO; B3LYP value of 536 kJ/mol, labeled (1) in the
Table. This again supports the assumption that ReO
is formed in the fragmentation of RO while the
Re(0,)" complex is produced in the ion source. The
(D3,2) primary dissociation pathway of Rg§Gshows
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 RgO
energy was too low, this would account for the
difference, even more so since tHe3, 1) values are
again in agreement in theory and experiment.

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 Q 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
O, ligand or breaking of another O—-O bond, which
enables the loss of an oxygen atom. Thus it seems
reasonable and consistent that tBel(3) and D4,2)
pathways have almost the same threshold energy. In
addition, the branching ratio favors RgOversus
ReQ; in [Re, Q)" and [Re, Q" fragmentations,
and is only reversed in [Re, dD". Due to the,
compared to the smaller species, larger number of
degrees of freedom in ReglJ there are more possi-
bilities for energy redistribution, the collisionally
activated complex lives longer, and the probability of
the additional bond cleavage needed for Refor-
mation is enhanced. The threshold energies for the
loss of the first Qligand from the large [Re, * and

[Re, ;" 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), (06,4), (D8,6), and D8,4), which involve
loss of one or two Qligands, 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 @ ligand on ReQ,
Re(0,),, and Re(Q);. Both in theory and experi-
ment, the end-on coordinated ligand in RED,) " is
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Re" + 30, + 20 Re’ + 30, + 20
]
+503 +483 +499 +416
ReO* + 30, + 0
A
. +37
ReO* + 302 +0 Re* + 402 Re02+ + 202 +20 X
Re* + 40,
+193| | 1110
+230| |4210 +212 Re(0,)* + 30,
R +
Re(0,)" + 30, e0," + 20, + 20 - +463
+209
+209 (B3LYP)
Re(0,)," + 20,
+271 e
+111 R +86
Re(0,)," + 20, M_zz ReO;’ +20, + O
< e, #2040 |

Re(0,)," + O, +49 ReO," +20,+0 Re(0,), l

- +99
Re(0,)," +52 Re0,(0,)" + 0,+0 |+54 Re0,(0,)" + 0,+0

Scheme 2. [Re,@™ potential energy surface—CID values Scheme 3. [Re,@" potential energy surface—B3LYP values

slightly more strongly bound than the side-on com- ©F €ven methane. In comparison, Re(Dis largely
plexed Q in Re(Q)7 and Re(Q); . unreactive in this respect, and Rejf) shows ligand
Selecting the most reliable experimental data, we €xchange only with BO. This difference in behavior,
are able to sketch the [Re,g0 potential energy 25 well as our B3LYP calculations support our spec-
surface as shown in Scheme 2. Due to the Competingmaﬁon presented in the earlier communication [18]
chemical reactions, we could not determine the O that ReQ(O,)" binds the oxygen ligand end-on,
binding energy in Re(§3, so we had to take the while the even numbered species consist of side-on
B3LYP value in this case. It appears somewhat high, coordinated Q ligands. In addition to the positive
but not unreasonably so. For comparison, the B3LYP charge, ReQ has a pronounced dipole moment,
values are used in drafting the same potential energy Which is certainly larger than that of Refg or
surface in Scheme 3. It can be seen that the two R&(Q)z . It may therefore favor an electrostatic, O

surfaces exhibit the same general features, but deviatec@mplex against a covalent one, and this may reverse
in the absolute values. the order of relative binding energies between K,,

and CQ, thus enabling the ligand exchange.

4.3. Mode of oxygen coordination
4.4. Advantages and limitations of energy resolved

The rather stable and abundant [Re] Ocluster CID in FT-ICR
ion is viewed as a Re0,)" complex, and this is
confirmed by its efficient ligand exchange reactions, FT-ICR has some limitations that hamper CID
substituting the Qligand for CO, CQ, N,, H,O [18], experiments. In particular when an external ion source
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is used, the method is not as sensitive as time of flight covered by the ions during the constant reaction time
detection, and signal to noise ratios better thahat® will increase with increasing kinetic energy.

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 5. Conclusion

sections may remain completely undetected. One can

increase the fragment signal by raising the collision A variety of weakly bound ionic transition metal
gas pressure or extending collision time, but this can c0mpounds and complexes can be generated in a
also lead to multiple collisions [55] and energy standard laser vaporization source with supersonic
accumulation, and also enhance the effects of minor €XPansion. We demonstrate that when properly
impurities. The ions are during the detection cycle treated, the CID cross section data from FT-ICR

accelerated to about 100 eV, and their detection takes&XPeriments can yield energetic thresholds and useful
a finite length of time. If they undergo a collision or thermochemical information. In the present work we

dissociate during signal acquisition, their phase co- generate a variety of oxides of rhenium, and tenta-

herence will be lost, and they will not be detected. :lqvely +|deRnt|fy +th§|r ccimgosmon da; Rg@i,
On the other hand, there are some advantages in e(0,)2, Re(Q);, Re()s, ReQ), and ReQ(0;) " )
The structures deduced from energy resolved colli-

sional fragmentation are in agreement with the stable

estructures of these species as obtained by B3LYP
hybrid density functional theory calculations. The

oxygen ligands are side-on coordinated in the

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 issu
in FT-ICR [22]. While in guided ion beam experi-

ments the time between collisional excitation and Re(Q). species, and end-on in Rg@,)". The

fragmen;lde.t ection is of thre1 orr]de; ps, andbe;(cne(fj quality of the CID data permits us to draw a potential
meta_sta € lons may reach t € etector before rag'energy surface of the [Re,gD system, which is in
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 Acknowledgements
time between collisions by the same factor, and makes

accumulation of energy due to multiple collisions less Financial support from the Deutsche Forschungs-
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