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Fourier transform ion cyclotron resonance mass spectrometry has been applied to the study of the energy-
resolved collision-induced dissociation of di-iron carbonyl cluster cation¢CEs,* (y ) 1-9). The electron

impact ionization of Fe(CQ)and subsequent clustering reactions were used for the precursor ion synthesis.
The sequential loss of CO ligands was observed as a typical fragmentation pathway fe(CG)}eclusters.
Threshold values for the first ligand loss from,f@0),_¢* and for the dissociation of Fewere determined

to be 1.05¢ 0.09, 1.23( 0.10, 1.29¢ 0.09, 1.25¢ 0.09, 0.81¢ 0.08, 1.10¢ 0.08, 0.82( 0.11, 0.33C

0.08, 1.08( 0.11, and 2.6 0.13 eV. The sum of these 10 values is in good agreement with the literature
endothermicity for the FECO)*" F Fet + Fe + 9CO reaction. Nonmonotonic variations in the sequential
thresholds are discussed in terms of spin conservation.

Introduction (y ) 1-9). The ground state of Eecalculated to be'A,,°
) . . . possesses the highest multiplicity among the first-row transition
An_qnderstandmg of the chemical and _phyS|cal properties of metal dimers, while Fe(CO), has a singlet ground stat®ne
transition metal ions and metaligand ion complexes is  can expect, therefore, that sequential ligand loss from the most

fundamental in gas-phase ion chemiétprte.nsive.studies OVer  |igated Fe(CO)* can be accompanied by spin changes which
the past decade have addressed systems involving the trans't'onéventually leads to formation of Fewith a high-spin ground

metal carbonyl cations, M(C®@)."? An important factor in  gtate |f 50, nonmonotonic variation in the sequential bond
characterizing these species is the bond dissociation energy ofjissociation energies can be predicted for meligand bonds
individual metat-ligand bonds. A very versatile approach has ;, Fey(CO),* clusters. The averaged bond dissociation energies
been developed to determine the sequential bond dissociatiory,, Fe(CO),* (y) 1-4) were measured in a photodissociation
energies by means of energy-resolved collision-induced dis- g,qy8 \where these species were produced by the dissociative
sociation (CIDY Indirectly, examination of this sequential  j5nization of Fe(CO). To our knowledge, however, systematic
thermochemistry provides important clues to information about 54 girect studies on the sequential ligand loss and bond

the electronic states of individual M(CQ)ions® For bare ~gissociation energies of HEO),* have not yet been performed.
transition metal ions, the ground states have high-spin configu- To obtain the dissociation thresholds forf@O),*, we used
rations, accprdlng to th_e number of electrons on their degen(_ar- FT-ICR mass spectrometry in combination with energy-resolved
ated d orbitals. As ligands are added to the metal, this CID measurements. In addition to the unlimited synthetic

_degeneracy_is broken and the splitting beF"Vee” the orbitals capabilities of the FT-ICR technigue, much progress has been
increases. Finally, the ground state of the melighnd complex 5 hieved during the past decade in describing the ion motion

changes to a lower spin state. This spin change was experi-; power absorption from the rf electric field in ICR céHs!
mentally observed as anomalous orderings in sequential bond

. e ) As a result, the determination of accurate ion thermochemistry

dissociation energies. in FT-ICR experiments has become availalsté4
Much less attention has been paid to the transition metal

carbonyl clusters, MCO_),*, more complex systems where more  Experimental Section
than one metal center is available for coordination. Quantitative
information regarding their thermochemistry is difficult to Precursor lon Synthesis and Energy-Resolved CIDAII
experimentally obtain due to the reactive and transient nature experiments were performed using a Finnigan FTMS-2001 FT-
of these species. Synthetic methods for preparing t(E€®),* ICR dual cell spectrometer equipped fwi 3 Tsuperconducting
clusters in the gas phase were developed using the techniquénagnet. Two cubic 2 in. cells (source and analyzer cells) are
of Fourier transform ion cyclotron resonance mass spectrometrycollinearly aligned along the central axis of the magnetic field.
(FT-ICR). Typically, M(CO)* fragments formed by dissociative The cells share a common trap plate that also serves as a
ionization of stable organometallic compounds readily react with conductance limit for the differential pumping. Trapping volt-

their respective neutrals to givexm:o)y"' ionic clusters (Fg ages were maintained a2 V. The sour_ce cell was filled with

(CO),*, Cr(CO),*, Nix(CO),*, and heteronuclear iof)s Fe(COj at (4.9-6.6)  10°° Torr. Helium was used as the
This study was undertaken to establish the sequential ther-Collision gas for all the CID experiments and was admitted to

mochemistry of the di-iron carbonyl cluster cations;(E©),* the analyzer cell. An ionization filament was placed at a distance

of 60 cm from the cell. Iron pentacarbonyl was ionized by a
« Corresponding author, E-mail: sugawara@nair.go.jp. 3-5.5 ms electron pulse of nominal 200 eV energy. lonic

* Present address: Department of Chemistry, University of Waterloo, F€(COY* (y ) 0-5) fragments were allowed to react with
Canada. Fe(CO} neutrals during the variable reaction delay. Appearance
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of F&(CO)," (y ) 3-8) ions as well as tri- and tetra-iron 10— 77
carbonyl ions in the mass spectra after the reaction delay follows I 1
the clustering sequence reported by Fredeen and RASE®H. [ ]
ions generated in this manner were then transferred to the
analyzer cell using a 150180 us grounding pulse applied to
the conductance limit plate. Finally, the precursor ions were
isolated in the analyzer cell by the set of standard SWAFT
ejection pulses with subsequent delay for collisional cooling.
Complete ejection was performed for the mass ranges of the
expected CID products. Typically-~2 eject-delay events were
involved in the experimental sequence with a total-A% s
duration of cooling delay at a He pressureRpt ) (0.5-1.7)

107 Torr. This delay time is considered to be long enough
to attain thermal equilibrium between the trapped ions and the
cell wall through infrared radiation and absorption. The infrared | |
radiation lifetimes of the excited vibrational states of the ions 02} , 4
are estimated as H(®* ms, since the metalCO stretching i . 1
and CO bending modes of metal carbonyls have relatively large [ - 1
transition dipole moments. L.

The Fg(CO)* and Fe(CO)* ions were the most abundant 0-00 N '0'2' — '0'4' — '0'6' PV

. . . . . . . 0.8 1.0
products in the above synthesis procedure. These two species o
§erved as precursors for theZREO)f“ D) 1—3). and Fe* . Vp.p trf/a B
ions, which were prngced in the analyzer cell using asustalned,:igure 1. Normalized postexcitation ICR radi®® ) r/(a2) for
off-resonance irradiation CID (SORI CID) technigtfeThe Fe(CO}* as a function o¥,_t+/a?B. The radiusR was estimated from
precursor ions isolated in the He gas were continuously the measurements of magnitude-mode peak heights at the third harmonic
accelerateddecelerated during 36600 ms by an rf field and fundamental frequency. The slope of the solid line gives a geometry
app“ed at a frequency 500 Hz h|gher than their Cyc|0tr0n factor Ofﬁ ) 0714 ( 0.009. The dashed line represents infinite
resonances. As a result, multiple low-energy collisions with He €léctrode approximationf(y 1).
led to efficient ligand loss.

Doublet mass peaks with a separation of around 0.05 amuWheres ) 0.72167 is the cubic cell geometry factaris the
appeared atvz 280, 308, and 336, which were assigned to Cell size, andB is the magnetic field strengfi. To establish
Fe(CO)*/Fe(CO)*, Fe(CO)*/Fes(COX*, and Fe(CO)*/ the accuracy of the ion energy scale, we applied the method of

08 r /’ N
0.6 - . 4

04 F . -

Normalized radius R =r/(a/2)

Fex(CO)*, respectively. However, ejection of FEO),_¢" was Grosshans and Marsh®ll developed for the experimental
not necessary since the intensities of these ions are erh)/3 determination of an average cyclotron radius of an ion packet.
of those of Fg(CO)_g* at a reaction delay of 0-50.8 s. The Fe(COy* ions were detected after on-resonance excitation

The Fe(CO)™ ions could not be produced by the above4on  under collision-free conditions &t ) 160us andV,—, ) 17.0-
molecule reactions. Alternatively, simple electron impact ioniza- 47.8 V. Figure 1 shows the normalized postexcitation ragius
tion of the Fg(CO), molecules sublimed from solid sample was ) r/(a/2) as a function of the normalized radivg,_pt/a®B,
adopted. calculated from instrumental parametéfs., and t;s for the

Isolated precursor ions were translationally excited by ap- infinite excitation electrode approximatiofi D 1). The former
plying a short rf pulse at the exact cyclotron frequency of the radiusR is determined from the relationship(3w)/l(w)
ion. The duration of the rf pulseg, was kept constant (90 0.3396R° + 0.0148%° — 0.105R* + 0.0473R,5 wherel (3w)

160 us). The peak-to-peak amplitude,_,, of the excitation and l(w) are the magnitude-mode peak heights at the third
voltage was varied in order to change the translational energy. harmonic and fundamental frequencies, respectiféire linear
The ions were allowed to collide with a target gas and dissociate relationship shown in Figure 1 gives a geometry factof of
during the subsequent delaytefp ) 2.5-30 ms. Dissociation  0.714 ( 0.009. Therefore, the postexcitation radiusgiven
products were excited before detection using a chirp excitation py eq 1, is accurate within 2% and the relative uncertainty of
waveform. The product ion intensities were measured as atne collision energy scale is estimated to be 4%.

function of the center-of-mass collision ener@y,The average . . . .
collision number of the FCO),* ions is estimated to be around . Fo.r the parent 'ons iradiated by ‘.h‘? rf pulse, th? s.pregd n
0.1 under typical conditions, .o ) 10ms,Pred 1 10-7 kinetic energy AEp, arises fr_om the original energy distribution
Torr, andE ) 1 eV. and out-of-phase acceleratiohEip ) € + (E@b)l’zel’z, where

Energy Scale The center-of-mass energy of the parent ion, € IS the original spread in the the_rm_al enerdié$he choice of
corresponding to the maximum internal energy that can be He_ gas_ as a target partner _m|n|m|zes_ the value\Bky/Eiab,
converted from the translational energy upon a single collision Which is the most uncertain factor in the energy-resolved
with a stationary target gas, is given By) EjaoMargel(Mion + me_asurements with FT-ICR_ since one cannot experlmf_ent_ally
Marge), WhereMio, and mirgerare the masses of the parent ion gstlmate the spregd. A§sum|ng that the original energy distribu-
and target, respectively. The nominal laboratory frame energy, tion of the parent ions is the 2-D Boltzmann type at 298 K, the
Enn, is proportional to the squares of the ion cyclotron frequency, uncertainties in the center-of-mass collision energy due to the
f, and orbital radius;, asEjap ) 272f2r2Mion. Assuming thatthe ~ beam spread are calculated to be less than-@0% eV at
parent ion is stationary prior to the acceleration, its final typical dissociation thresholds.

cyclotron radius is given by Data Analysis. The data analysis details have already been
described in a previous pap€iThe threshold curves represent-
r) ﬁvp—ptrflzaB 1) ing the center-of-mass energy dependence of the product ion
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Figure 2. Threshold curves for dissociation products of (a)*Fgcip ) 7.5 ms,Pue ) 1.5 1077 Torr) and (b) FECO)* (tcio ) 2.5 Ms,Pue )
1.6 1077 Torr). Solid and dashed lines indicate fitted threshold curves and model functions (eq 2). Arrows are thresholds.
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Figure 3. Threshold curves for dissociation products of (a)(E®)* (tcip ) 2.5 mMs,Pue ) 1.5 107 Torr) and (b) F{CO)* (tcip ) 3 Ms,Pe

) 1.6 107 Torr).

intensity were analyzed with an empirical moéi&i2t

o(E) ) AE - E)E @)

where E; is a threshold energyA is an energy-independent
scaling factor, andh is a variable. The thermal motion of the
target gas creates a Doppler-broadened distribution of relative
interaction energiesk, for a given nominal center-of-mass
energy Eo. The experimentally observed cross sectiangEo),

is therefore given by

interaction paths of the ions at different nominal energies. To
deduce the functional form of the true cross section, the model
function (eq 2) was convolved with the energy distribution,
f(E,Eo). The parameterd\, E;, andn were optimized using a
nonlinear least-squares analysis to provide the best dit,gfEo)

to the experimental data.

Results and Discussion

Threshold Curves and Dissociation EnergiesExamples of
the threshold curves recorded for the CID ofFand Fg(CO),*
are shown in Figures-26. The sequential elimination of CO

® /
TexEo) ) S’ (E/Eo)l Zr(E’EO) o(F) dE 3) ligands from Fg([CO)* (y ) 1-9) is observed:

Here, f(E,Eo) is the distribution function derived by Chantty

and the E/Ep)Y2 factor accounts for the difference in the Fe,(CO)," + He F Fe(CO),_," + aCO+ He

(4)
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Figure 5. Threshold curves for dissociation products of (a)(E®)* (tcp ) 12.5 ms,Pye ) 1.0 107 Torr) and (b) FE(CO)* (tcip ) 15 ms,
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Pue ) 8.2 1078 Tor).

The solid lines in each figure indicate the results of the best fit average of the uncertainties related to the ion energy scale, beam
of oexy(Eo) to the experimental data. The curves for the primary spread, fitting procedure, and effect of multiple collisions.
fragmentation products, H€O0),_1*, rise almost linearly from Curves for the secondary products ,€0),_»", shown in
thresholds and reach maxima with increasing collision energy. Figures 2-6, have been analyzed to determine the thresholds
The sharp features of true cross sectierfg), at the thresholds  for the loss of successive CO ligands. The difference between
(dashed lines in Figures—5) are masked by the Doppler the secondary and primary thresholds for the CID o{€®),*
broadening, which is reflected in the shape of the experimental corresponds to the primary threshold for the CID of(E©),—1™.
curves. Typicaln values are in the range of 1.42.73. To The secondary product intensities rise quite slowlp(1.58—
minimize the effect of multiple collisions, the energy thresholds 2.18), and the threshold values obtained from their analysis are
were determined as functions of helium pressixg,) (0.5— generally less accurate. We found that the secondary thresholds
1.7) 1077 Torr, and CID delaytcp ) 2.5-30 ms. With were more sensitive to the effect of multiple collisions and had
decreasingPye and tcp, the threshold values increased and larger shifts to higher energy & andtcip decreased. These
finally reached constant values. The thresholds obtained at theobservations lead to the conclusion that the data obtained from
lowestPye andtcip in the constant region are summarized in the difference between the secondary and primary thresholds
Table 1. The listed uncertainties are the root-mean-squarecan give only the lower limits oE;. Nevertheless, these values
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14 —m——— 7T TABLE 2: Literature Thermochemistry
+ AfH° (298 K
12 Fez(CO)g +He ° species (kcal(mol'l))
o o co -26.42 0.04
- o Fe 99.31( 0.06*
.*é 10 L | Fe* 283.02 0.06¢
S Fex(CO (9) -319 (6
5 FeCO)* —-135.1( 6°¢
:ﬁl 8 - aReference 262 IE(Fe)) 7.9024 ( 0.0001 eV?” ¢Includes 1.48
= kcal mol? for the enthalpy of the electron (thermal electron conven-
5 tion). 4 Reference 28 IE[Fe,(CO)] ) 7.91 ( 0.01 eVv?®
c gl i
% co-workers? In their laser-ion beam experiments, a typical
c photodissociation process was-a2ligand loss from F£CO),*"
S 4r T (y ) 1-5). Upper limits of the average bond dissociation
energies were obtained by dividing the photodissociation
ol 1 threshold energy by the number of ruptured meligland bonds
in Fe(CO),*, i.e., 2.54 eV for FgCO* ¥ Fe,* (Table 1), 1.27
eV for Fg(CO)L* ¥ Fe*, and 0.85 eV for FECO),*+ F
ob—m—— L FeCO* .8 In contrast, Figures-26 clearly demonstrate that the
0.0 0.5 1.0 1.5 20 25 thresholds for the first and subsequent ligand loss processes are
ECM (eV) resolved in the present CID experiments. The above upper limit
. B - . values estimated in the photodissociation stiidye consistent
'(:tlc?: r)e 2(') ﬂ;f,‘ii?‘;dfg‘ rvels(rfngglrsrss. ociation products ob(E©) with the corresponding values (1.@50.09, 1.14(_ 0.073 and
1.26 ( 0.06 eV) obtained from each threshold listed in Table
TABLE 1: Summary of Measured Threshold ValuesE; (eV) 1, except the last one.
E, The sum of 10 threshold values listed Table 1 must agree
process E, (lower limit)2  literature with the enthalpy for complete fragmentation ofL,fE&O)™* in
Fe' T Fe' 2.66(0.13 2.43-2.92 reaction 5,AH®(5):
2.74(0.10
FeCO* FFe* 1.05(0.09 0.95C0.16 <254 Fe,(CO)," F Fe" + Fe+ 9CO (5)
Fe(CO)* FFeCO*  1.23(0.10 1.13C0.07
Ezggg)}} ﬁ Ezggg)); iggg 8:88 iigg gjg The enthalpy of formation for C® Fe?® and Fe 6%7is well
Fe(CO%" F Fe(CO)* 0.81( 0.08 0.79¢ 0.13 established (Table 2). Connor et al. reported the value of
FeCO)* F Fe(CO)x* 1.10( 0.08 - AfH°[Fex(COX(g)] ) —319 ( 6 kcal mot?t, based on the
Fe(CO)" F Fe(COk*  — 0.82(0.11 enthalpy of formation measured for the solistH°[Fey(CO)s-
Fe(COk" T Fe(CO)y™ 0.33(0.08 0.36( 0.16 (©)] D —337 ( 3 kcal mof?, and the estimated enthalpy of

Fe(CO)™ T Fe(CO)y" 1.08(0.11 sublimation, AHgy, ) 18 ( 5 kcal mol1.28 The value of

@The lower limit of E; for Fg(CO),* is the difference between  A{H°[Fey(CO)*] ) —135.1 ( 6 kcal mol?! was calculated
secondary and primary thresholds measured for the CIDGERg,1". using the ionization potential data, IEgF€0)] ) 7.91 ( 0.01
b Reference 24¢ Reference 25¢ Reference 8. eV, reported by Junk et &Y.

. . . Finally, from the literature thermochemistry data listed in

demonstrate good consistency with those directly measured, asygp|e 2, we derived the enthalpy change in reaction &8P (5)
indicated in Table 1. In the case of #80O);*, direct measure- ) 279.6 ( 6 kcal moi! (12.12 ( 0.26 eV) at 298 K.
ments ofE; were impossible due to the relatively weak intensity g\, mmation of the 10 experimentally determined thresh@gs,

of the parent ion formed in the isfmolecule clustering reaction.  |isted in Table 1 gives the endothermicity of the complete
The secondary threshold analysis for the CID ob(E©)* Fe(CO)* fragmentation, 268.@ 7.2 kcal mot (11.62( 0.31
(Figure 5b) was the only source for the f@O)" thermo-  avy which is in good agreement with,H°(5) within the
chemistry. combined error. The uncertainties of 06813 eV (Table 1)

Comparison with Literature Thermochemistry. Assuming for the E; values are likely the practical limit of energy-resolved
that there are no activation barriers to dissociation with excessCID experiments with FT-ICR. Reference measurements re-
endothermicity, the threshold values determined in the presentported earlier for this technique also demonstrated that the
study are taken as being equal to the individual bond dissociationdissociation thresholds deviate about-0012 eV from values
energies. This assumption is well established for metal carbonyl cited in the literaturé2-14
ions® where dissociation is treated as a heterolytic bond  Trend in Dissociation Energies.The dissociation energies
cleavage process. Comparison of the measured threshold valuegf Fe(CO)* (y ) 1-9) obtained in this study are plotted in
with literature thermochemistry data is also given in Table 1. Figure 7 as a function of the number of CO ligands. For
The valueE; ) 2.66 ( 0.13 eV for the CID of Fg" is in good comparison, we also present the sequential bond dissociation
agreement with those obtained in previous measurements. Brucagnergies for Fe(CQY (y ) 1-5) reported by Armentrout and
et al. set the limits of 2.4% D°(Fe*) e 2.92 eV using the  co-workers (squares combined with a dashed line in Figu#é 7).
photofragmentation of jet-cooled Fe?* Later, Armentroutand  One can see a nonmonotonic variation in the energetics of di-
co-workers studied the CID of F&(n ) 2—19) in guided ion jron carbonyls as the degree of ligation changes, which is similar
beam experiments and repor®é(Fe,;*) ) 2.74 ( 0.10 eV to the transition metalcarbonyl ion complexes M(C@).3 This

To our knowledge, the only direct source of average metal  similarity provides a chance to explain the nonmonotonic trend
ligand bond energies for FECO),* is the study of Russelland  in terms of changes in the spin of metal carbonyls that
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accompany the removal of the CO ligands. Relatively high
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from Fe(CO)". Unfortunately, these unambiguous statements
cannot be clarified, since data on the electronic structure of the
di-iron carbonyl cations are not available for direct comparison.
It is not unusual, however, that a spin change induced by
increasing the ligand field is responsible for the nonmonotonic
trend in the dissociation thresholds on the way from a high-
spin bare iron dimer cation to the doublet ground state of the
highly ligated Fe(CO)* and Fg(CO)* ions.

Conclusions

The dissociation of di-iron carbonyl cations .f€O),*, has
been examined by means of energy-resolved CID uisng a FT-
ICR mass spectrometer. In contrast to the earlier photodisso-
ciation studies, elimination of one CO molecule was observed
as the primary fragmentation pathway. We reported the first
direct measurements of the energy thresholds for the CID of
Fe(CO)* (y ) 1-9). The total of these nine values together
with the threshold for the RK#& dissociation gives good agree-
ment with the literature thermochemistry data for the complete
fragmentation of FECO)*. The nonmonotonic trend in the
sequential thresholds demonstrates similarities with monatomic
metal-ligand ion complexes. The relatively low stability of
Fe(CO)x* and Fe(CO)* suggests dissociation along an
adiabatic surface with a low-lying higher spin asymptote for
their CID products.
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