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Abstract 

The ion-molecule reactions of thermalized iron-oxide cation FeO + with dihydrogen and methane have been studied by three 
different experimental techniques: Fourier transform ion cyclotron resonance (ICR), guided ion beam (GIB), and selected-ion 
flow tube (SIFF) mass spectrometry. Although these studies agree in a qualitative sense, i.e., FeO* brings about activation of HE 
and CH4 with quite low efficiencies, there exists a considerable quantitative divergence as far as rate constants and branching 
ratios are concerned. The sources of error in these three related, but yet different experimental techniques are analyzed and 
critically reviewed. This error analysis brings the data to internal consistency with each other, once an accurate reference is used 
for calibration. In general, the rate constants obtained with the SIFT apparatus appear as the most accurate ones, while those 
obtained under ICR conditions are slightly too large, and the rate constants determined with the GIB instrument are somewhat 
lower than SIFT. However, the branching ratios for the formation of Fe ÷ and FeOH+ in the reaction of FeO ÷ with methane are 
subject to more subtle effects. In the SIFT apparatus, termolecular stabilization of the intermediates causes differences from the 
ICR and GIB measurements, which were obtained under single-collision conditions. © 1997 Elsevier Science B.V. 

Keywords: FTICR-, GIB-, and SIFT mass spectrometry; Ion-molecule reactions; Iron oxide cation 

1. Introduction In fact, metal oxenoids are of outstanding impor- 
tance for several industrial and biochemical pro- 

The reactions of bare FeO + cations with hydro- cesses [9,10], and the role of concepts that may 
gen [1-4] and methane [1,4-7] in the gas phase guide the development of new oxidation catalysts 
have been studied repeatedly during the last few can hardly be overemphasized [11]. In this 
years by various mass spectrometric techniques, respect, the reaction mechanisms of transforma- 
This considerable interest is due to the fact that tions as simple as the ones described in Eq. (1) 
these reactions represent simple gas phase mod- and Eq. (2) are fundamental for the understand- 
els for the oxidation of hydrocarbons by transi- ing of transition-metal mediated oxidation of 
tion-metal oxenoids in the condensed phase [8]. hydrocarbons in general. 

F e O  + + H  2 ~ Fe + + H 2 0  (1) 
* Corresponding author. 
1 Dedicated to Fulvio Cacace on the occasion of his 65th birthday. FeO + + C H  4 "--* Fe + + C H 3 O H  (2) 
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Both reactions are exothermic with reaction techniques. In view of the reaction exothermicities, 
enthalpies of AH°R = - 37 kcal mo1-1 and - 9 reactions 1 and 2 are surprisingly inefficient (par- 
kcal mo1-1, respectively [12]. According to high- ticularly reaction 1), and this points toward the 
level ab initio studies [13], the reactant FeO ÷ operation of significant kinetic barriers. Despite 
exhibits a sextet ground state (6~ +). Because this qualitative agreement, the quantitative com- 
the ground state of bare Fe ÷ is also a sextet parison of the results is not satisfactory and indi- 
(6D) while H2, H20, CH4, and CH3OH are sing- cates the operation of systematic errors in one or 
lets, reactions 1 and 2 may proceed entirely on more of the different experimental approaches. 
sextet surfaces. However, experimental [3] and Because of the wide application of these three 
theoretical [13]b findings suggest that both reac- experimental methods for the study of gas phase 
tions involve intermediate curve crossings to the ion-molecule reactions, a detailed discussion of 
corresponding quartet surfaces as illustrated in the potential sources of erro~ is indicated, in parti- 
Fig. 1 [14] because the respective transition cular with regard to the determination of rate con- 
structures as well as the insertion intermediates stants, product distributions, and ion temperatures. 
R-Fe÷-OH (R = H, CH3) are energetically Therefore, we have combined our efforts in this 
favored on the low-spin surface, comparative study by examining the two elemen- 

Reactions 1 and 2 have already been studied tary reactions 1 and 2, which are not only funda- 
independently in our three laboratories by three mental for catalysis, but also represent models for 
entirely different experimental techniques [2-4]: the interplay between "classical" transition struc- 
(i) ion cyclotron resonance (ICR) [15] (ii) guided tures on a single spin-surface and transition-metal 
ion beam (GIB) [16], and (iii) selected-ion flow mediated curve crossings between surfaces of dif- 
tube (SIFT) mass spectrometry [17]. All three ferent spin multiplicities [14]. 
methods reveal that both exothermic processes 
occur at thermal energies [18]. What is excep- 
tional about these reactions is that the magnitudes 2. Experimental  section 
of the rate constants are only about 1% of the gas 
kinetic collision rate for reaction 1 and about The experiments were performed with Fourier 
10% for reaction 2, as confirmed by all three transform (FT) ICR-, GIB-, and SIFT mass 

F e O  + + RH • Fe + + ROH 

Reactants 
Io w spin 

.~_ 

high spin R e a c t a n  

curve Products 
crossings ~ f Iowspin 

M , /  Products 
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Fig. 1. Qualitative potential-energy surface for low- and high-spin multiplicities in the reaction of iron-oxide cation with a substrate R-H (R = H, 
alkyl). TS: transition structure. For further details, see [13]b,[141. 
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spectrometers. Because the instruments and their the injection of the ions from the external source 
operation have been described in detail before into the analyzer cell, the ions exhibit a consider- 
[15-17], here, we limit ourselves to the essential able amount of kinetic and internal energy. In 
features. In a comparative study such as pre- order to afford ion thermalization, argon was 
sented here for the ion-molecule reactions 1 pulsed-in several times (up to 10 000 collisions) 
and 2, it is of crucial importance to point out and FeO + was carefully re-isolated afterwards to 
differences in these experimental approaches avoid unintentional ion excitation. Ion-molecule 
(Table 1). Furthermore, we pay particular atten- reactions were followed by monitoring the time 
tion to the methods used for ion production, ion dependencies of the ion intensities after mass 
thermalization, mass selection, and ion detection, selection in the presence of a static pressure of 
respectively, the reactant gases (i.e. hydrogen or methane), and 

the data were analyzed in terms of pseudo-first- 
2.1. ICR order kinetics. Ion thermalization was assumed to 

be complete, when neither endothermic pro- 
In these experiments, bare Fe + cations were cesses nor deviations from strictly linear kinetics 

generated by laser desorption/laser ionization of were observed and further increase of the number 
an iron target in the external ion source of a of thermalizing collisions did not affect the 
Spectrospin CMS47X Fourier-Transform ICR experimentally measured rate constants. For 
mass spectrometer [15]. Then, the cations were reactions 1 and 2, the kinetics were linear for 
transferred to the analyzer cell and trapped in the more than two orders of magnitude, and the 
field of a superconducting magnet (7 Tesla), experimental error of these relative rate constants 
using voltages of ca. + 1 V on the trapping plates is - 5%. The rate constants given here for 
perpendicular to the field. Mass selection of the reactions 1 and 2 are averages of at least four 
ions of interest was achieved using the FERETS independent measurements. The relative rate 
technique [19], a computer-controlled routine constants were converted to absolute rate con- 
which combines frequency sweeps and single stants by calibrating the pressure measurement 
frequency shots to optimize ion isolation. For of the ion gauge (IMG 070, Balzers, Liechten- 
the generation of FeO +, first the 56Fe+ isotope stein) on the basis of well-known ion-molecule 
was mass selected, then reacted with pulsed-in reactions. Further, the relative sensitivities [21] 
N20 [20], and finally, 56Fe160+ was mass of the ion gauge for the reactant gases were taken 
selected; the high mass resolution of the FTICR into account. Due to the strength of the magnetic 
excludes isobaric interferences within 0.001 field in the 7 Tesla version of the CMS47X, the 
amu. Due to the ionization processes as well as most frequently used calibration reactions (e.g. 

Table 1 
Different instrumental features in the examination of ion-molecu le  reactions in ion-cyclot ron resonance (ICR), gu ided- ion  beam (GIB), and 

selected ion- f low tube (SIFT) mass spectrometers 

Thermalizing Pressure regime a) Collision frequency Interaction time Calibration 
collisions (mbar) (s-l)  (s-l)  

ICR 0 -104b  <~ 10 -6 < 1 10-2-10 z Relative 

GIB - 10 5 c - 10-3 ~ 10 3 10-4 Absolute 

SIFT - 10 5 - 0 . 5  - l 0  T 10 -~ Absolute 

a Pressure in the interaction region where the ion-molecu le  reaction of interest takes place. 

b Depending on the pulsed-valve sequence. 
c Note that source and reaction zones are physically separated in GIB, such that the pressure regime for reactions differs from the region where 

thermalizing collisions occur. 
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CH]" + CH 4 or O~" + CH4 [22]) could not be produced with respect to electronic, vibrational, 
employed, because any ions below m/z = 17 and rotational states. Indeed, results of these 
amu can neither be handled nor detected. There- experiments for FeO ÷ produced by reaction 
fore, other ion-molecule reactions were studied with both N20 and NO2 were identical within 
[23], and the reactions Ar + + H 2 and Fe ÷ + N20 experimental uncertainty. In addition, collision- 
were used as benchmarks for calibration (see induced dissociation (CID)ofFeO+wi thXe indi- 
below). The errors associated with the cated that the ions were not internally excited 
literature values for these rate constants, the [28]. Further, no changes in reactivity of the 
accuracy of the pressure measurements and FeO ÷ beam were observed when H 2 or 02  were 
the calibration procedure increase the error of added to the flow tube to effect additional cool- 
+ 5% for the experimentally measured relative ing. We assume that these ions have equilibrated 
rate constants up to _+ 30% in terms of to the ca. 300 K temperature of the flow gasses. 
absolute rate constants [24]. The accuracy is Previous work from this laboratory [25,29] has 
particularly low for reactions of hydrogen, shown that this assumption is reasonable. 
because the relative sensitivity of the ion gauge The accuracies of the cross sections obtained 
for this gas is low [21], such that the error with the GIB instrument are determined by 
increases to _+ 40% in this case. several factors. Cross sections are obtained by 

converting product and reactant ion intensities 
2.2. GIB using the formula, I r = (It + ~ Ip)e (-na/) and ap = 

olp/~ l p ,  where Ir is the measured intensity of the 
In the GIB experiments, FeO ÷ was produced in reactant ions, Ip is the measured intensity of the 

a flow tube source described in detail previously product ions, the summation is over the various 
[16]b,[25]. First, Fe + is generated in a d.c. dis- product ions, n is the number density of the 
charge by 1.5-3.0 keV Ar ion impact on a rod of neutral reactant, and l is the length of the inter- 
carbon steel. The ions were then swept down a action region. In early work, we determined that 
meter long flow tube by He and Ar flow gases the effective gas cell length calculated for the 
maintained at pressures of - 0 . 6 0  and --0.06 geometry of our gas cell gave absolute cross sec- 
mbar, respectively. Generation of FeO ÷ was tions in good agreement with both other experi- 
achieved by admitting N20 or NO2 to the flow ments and theory, and we assign a conservative 
tube. N20 was injected into the source region of error of -+ 10% to this value. Pressure measure- 
the instrument at pressures less than 1 mbar such ments of the neutral gas are made with a capaci- 
that FeO ÷ was formed in the energetic plasma tance manometer and corrected for thermal 
near the discharge region of the source. The transpiration effects such that a conservative 
overall reaction of Fe ÷ with N20 is exothermic error is _+ 10%. The temperature of the neutral 
by 1.80 _+ 0.06 eV [26] as has been discussed gas is ambient and therefore has a small uncer- 
previously [27]. To further limit the internal tainty. Thus, the overall error in the measure- 
energy of the FeO ÷ produced, this ion was also ments is assigned as _+ 20%. Systematic errors 
formed by the interaction of Fe ÷ with NO2, that vary from system to system can occur in the 
introduced - 5 0  cm downstream of the source, measurement of the ion intensities. A Daly-type 
a process that is exothermic by only 0.35 _+ secondary electron, scintillation detector with a 
0.06 eV [26]. In both methods, we calculate 28 kV primary dynode is used to measure ion 
that the ions undergo -105  collisions with He intensities. For the light ions measured here, 
and --104 collisions with Ar before exiting the such a device should give nearly 100% detection 
flow tube. The many collisions with the efficiency. Some detection difficulties can occur 
carrier gases should thermalize the FeO ÷ ions if ions are not efficiently transported to the 
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detector, but the use of an octopole ion beam absolute rate constants is thus ___ 22%, although 
guide reduces such problems very effectively, we normally quote ___ 30%. The relative accu- 
Mass discrimination in the quadrupole mass filter racy of the rate constants of two different reac- 
could also limit the efficient transport of ions to tions is estimated as --- 15%. 
the detector, but operation of the quadrupole at The determination of branching ratios for reac- 
low mass resolution minimizes such difficulties, tions with more than one product ion depends on 
Neither of these latter two procedures guarantee a knowledge of any mass discrimination in the 
that ion collection problems are eliminated, detection system. The extent of mass discrimina- 

The conversion of cross sections to rate con- tion can be evaluated from the observed mass 
stants is straightforward and absolute. This is balance between reactant and product ions. For 
achieved using the formula, k((E)) = v.tr(E), the reaction of FeO ÷ with H2, HD, and D2 exact 
where (E) = E + 33"kT/2 is the effective energy balance was observed between the initial FeO ÷ 
of the ion/neutral interaction, v --- (2E//z) 1/e is the signal and the final signal of the Fe ÷ product. 
relative velocity of the reactants at energy E, ~ is This was to be expected since discrimination in 
the reduced mass of the reactants, and 3' = m/(m + the mass analysis with the downstream 
M) with m and M as the masses of the reactant ion quadrupole, as well as in the detection of the 
and neutral, respectively. As E approaches zero, ions with the channeltron electron multiplier, is 
k((E)) approaches the thermal rate constant at an expected to be negligible for these two ions of 
effective temperature of T' = 3'T. We ordinarily not too dissimilar mass. Similar considerations 
attribute the same absolute error used in the cross apply to the reaction of FeO ÷ with CH 4 in 
sections to the rate constants, ___ 20%, although which Fe ÷ and FeOH ÷ (or FeOH(CH4) + by 
this assumes that the uncertainty of the relative secondary reaction) are the observed product 
velocity is small, ions. The accuracy of the branching ratio for 

this reaction is conservatively estimated to be 
2.3. S IFT < ___ 5%. 

In the SIFT experiments [17], FeO + was derived 
from a 1:100 mixture of Fe(CO)5 and N20 in a 3. Reaction o f F e O  ÷ with H2, HD, and D2 
high-pressure chemical-ionization source at an 
electron energy of 50 eV. FeO ÷ was mass selected In this section, we present the experimental 
with a quadrupole mass filter, injected into flowing findings obtained in ICR, GIB, and SIFT mass 
helium gas at 0.46 + 0.01 mbar with an injection spectrometry for the reactions of FeO ÷ with 
energy of less than 2 eV and then allowed to H2, HD, and D2, respectively, and discuss 
thermalize by ca. (2-4)  x 105 collisions with them in detail in order to arrive at internal 
He atoms before entering the reaction region, consistency with respect to effective ion 

The SIFT technique provides absolute rate temperatures and absolute rate constants for 
constants and their determination requires accu- reaction 1. 
rate knowledge of reactant concentrations, reac- 
tion times, and diffusional losses. The major 3.1. Results 
errors arise from uncertainties in the neutral 
flow-rate ( < _ 10%), the average buffer-gas The reaction of FeO ÷ and H2 has three features 
flow velocity ( +__ 5%), the effective reaction which are observed in all instruments. These are 
length ( ___ 2%) and the slope of the semi-loga- summarized before comparing the differences in 
rithmic reactant ion decay (usually < _-_ 5%). the experimental findings: (i) The rate constant 
The total error assigned to the determination of (kH2) of reaction 1 is rather low as compared to 
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Table 2 

Rate constants k (in 10 -1~ cm 3 s -t) and kinetic isotope effects (KIE) for the reactions of FeO ÷ with H2, HD, and D2, respectively, in the ICR, 
GIB, and SIFT experiments 

kH~ k HD k D~ KIE(H JHD)  a KIE(H 2/1) 2)" 

ICR ~ 16 _+ 6 c 13 ± 5 11 -+ 6 0.98 ± 0.4 1.08 ± 0.4 

ICR d 10 + 4 8.1 ± 3.2 6.9 -+ 2.8 0.98 ± 0.4 1.08 ± 0.4 
GIB e 2.5 _+ 1.0 

SIFT f 8.8 _+ 2.6 7.7 ± 2.3 4.2 ± 1.3 0.94 ± 0.25 1.54 ± 0.4 

"The KIEs are corrected for different collision frequencies of H> HD and D 2, respectively. 
b [2]. 

CAn independent re-measurement gave ku2 = (14 _+ 5) x 10 -12 cm 3 s -1. 

d Re-calibrated values, see text. 

e Corrected value according to [3]; also see [4]. 
f [4]. 

the collision rate constant (kc = 1.5 x 10  -9 c m  3 size for recording the transient as well as for 
s<); (ii) Although hydrogen is activated by FeO +, subsequent transformations is provided, mass 
the intermolecular kinetic isotope effects with discrimination effects are minor and within the 
respect to the reaction efficiencies (k/kc) for He, range of the statistical error of the experiments 
HD and D2 are small and close to unity [2,4]; (iii) ( - 5%). 
The formation of FeOH ÷ + H" exhibits a kinetic Only the reaction of FeO ÷ with D2 was studied 
threshold [2,3] and does not occur at thermal in the GIB experiments in order to enhance mass 
energies [4]. However, the experimentally resolution while not limiting ion collection 
measured rate constants for reaction 1 and its efficiency. Fig. 3 shows the dependence of kD2 
isotopologues differ significantly (Table 2), and from the kinetic energy of FeO ÷ as obtained 
we will next discuss these deviations in more 
detail. 

Reaction time [s] The previous ICR experiments [2] on the reac- 
0 100 200 300 400 

tivity of FeO ÷ with H2, HD, and D2 resulted in 
0 ' -~ 

rate constants of kH2 = (1.6 ----_ 0.6) x 10 -11 cm 3 
s <, kHD = (1.3 ---+ 0.5) x 10  -11 c m  3 s -1, and ko2 = -1 
(1.1 + 0.4) x 10 -11 c m  3 s -1, respectively. After 
publication of the lower rate constants obtained -2 
in the GIB and the SIFT experiments [3,4], the 
ICR experiments were repeated and reaction 1 -3 
was monitored over several orders of magnitude -4 
(Fig. 2). Notwithstanding, we still obtain a rate 
constant of kH2 = (1.4 __- 0.5) x 10  -11 c m  3 S -I -5 

when the same calibration scheme is applied In(~/lo) 
as we have used before (see below). Further, 
we considered the possibility of mass discrimi- Fig. 2. Pseudo first-order kinetic data for reaction 1 in the ICR mass 

spectrometer. Logarithm of the fraction of the intensity (/) of FeO ÷ 
nation effects due to the ion detection in ICR relativetoloatareactiontimet=O;p(Hz)=l.4.10-Smbar. Thelast 

and data processing in the Fourier transform entry in the graph corresponds to more than 99% conversion of the 

procedure [30]. Provided that the excitation win- FeO ÷ reactant ion. The slope corresponds to a relative rate constant 

dows for ion detection and the excitation ampli- of 0.0134 s -1 ( ± 5%) and the new calibration leads to an absolute 
rate constant of (9.6 ± 3.8) x 10 -12 cm 3 s q for this particular 

tudes are chosen properly and a sufficient data experiment. 
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from the conversion of the cross sections to 0.5 eV, thereby explaining the absence of this 
thermal rate constants. The most intriguing product ion in the ICR and SIFT experiments. 
finding is that in the vicinity of the threshold The SIFT experiments are in good agreement 
the cross section diminishes with increasing with the ICR data as far as reaction products and 
energy; this observation can be interpreted in the trends in the rate constants for the reactions of 
terms of a negative temperature dependence FeO ÷ with H 2 ,  HD, and D 2 a r e  concerned, i.e., 
[31] of the rate constant of reaction 1. At a n  kH2 = (8.8 --+ 2.6) x 1 0  -12 c m  3 s -1, k i l o  ---- (7.7 _+ 
effective collision energy of 0.04 eV, which 2.3) x 10 -12 cm 3 s -1, and ko: = (4.2 + 1.3) x 1 0  -12 

roughly corresponds to room temperature, a rate cm 3 s -i, respectively [32]. However, the absolute 
constant of kD2 = (2.5 _+ 1.0) x 1 0  -12 c m  3 S -1 was rate constants obtained with the SIFT technique 
found for the reaction of FeO + with deuterium, are lower than the ICR results by approximately a 
The uncertainty includes the scatter in the data at factor of two. Interesting with respect to the 
this energy, the 20% uncertainty in the cross sec- potential-energy surface [13]b of reaction 1 is 
tions, and a 30% uncertainty in the velocity at that even under the relatively high pressure 
this energy. A lower rate constant (kD2 -- 1.5 x (0.47 mbar) of helium, which can serve as a 
1 0  -12 c m  3 S -l) was previously reported [3]; how- stabilizer in three-body association reactions, 
ever, this value included the anomalously low the formation of the adduct FeO+'H2 is not 
values shown in Fig. 3 (open circles). However, observed under SIFT conditions. Collisional dis- 
the experimental errors in GIB measurements sociation in the sampling region of any FeO+'H2 
may increase the lower the energies are, because which may have formed by three-body associa- 
the transmission through the octopole diminishes tion cannot be completely ruled out in the SIFT 
upon approaching zero field. Further, the experiments, although thisseemsunlikely.  
previous GIB data [3] demonstrate that formation 
of FeOD + + D" has a kinetic threshold of ca. 3.2. Discussion 

Certainly, the results of the three methods are 
. . . . . . . . . . . . . . . . . . . . . . . .  in general agreement in that thermalized FeO ÷ 

FeO ÷ + 32 ~ Fe* + D20 activates hydrogen to yield Fe + and water as pro- 
ducts. Nevertheless, the quantitative agreement is 

10 -10. still rather poor. What could be the origin(s) of 
these deviations? 

First, it is worth stressing that none of the 
~o experiments involve highly excited FeO + ions: 

(i) According to the GIB experiments, the 
"~ lo1~ absence of formation of FeOH ÷ clearly demon- 
8 

strates that kinetically "ho t "  ions (greater than 
" • about 0.5 eV) are not present in the ICR and SIFT 

o " "  ~ o " ' "  experiments; (ii) the energy dependencies of the 
10_12 o . . . . .  , . . . . . . . .  , . . . . . . .  cross sections for reaction 1 as studied by ICR 

0.1 10 10 and GIB are typical for exothermic ion-molecule 
Mean lqelativeEnergy(eV) reactions [2,3], namely, they have a negative 

Fig. 3. GIB results for the variation of the rate constant ko2 for the temperature dependence [31] indicating that in 
reaction of FeO ÷ with D2 to form Fe* and D20 as a function of part the lifetime of the encounter complex deter- 
kinetic energy in the center-of-mass frame. Different symbols repre- mines the rate constant. This effect would not 
sent results from independent data sets. For the sake of clarity, other 
products formed at higher collision energies are omitted (see [3]). have been observed if the FeO ÷ were excited. 
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Nevertheless, the lifetime of the encounter com- of controversy. The justified criticism is mainly 
plex seems to be too small to allow for an effec- due to the fact that in the low-pressure regime of 
tive cooling under SIFT conditions, because the ICR the effective number of thermalizing 
FeO÷.H2 adduct is not observed. This is a reason- collisions cannot be as large as in GIB with a 
able result given a theoretically predicted binding flow tube source and SIFT or similar techniques 
energy for FeO÷-Hz of only 5 kcal mo1-1 [13]b; operating at much higher pressures. In this 
(iii) The pseudo first-order kinetics are strictly respect, the use of pulsed-valves for ion therma- 
linear in both ICR and SIFT experiments over lization in ICR mass spectrometry is essential, as 
several orders of magnitude. Participation of it allows monitoring of the efficiency of the ther- 
electronically excited states of FeO ÷ is likely to malization process by studying rate constants at 
result in a deviation from this behavior [33]; (iv) different numbers of thermalizing collisions 
the different methods used for the generation of concomitant with ion detection at rather low 
FeO ÷ should not be responsible for the different pressures after the pulsed-in buffer gases are 
rate constants, if the ions are properly therma- pumped away. With respect to reaction 1, the 
lized before monitoring its reaction and the latter most convenient procedure is to trap mass 
appears to be the case [3,4,34]. selected FeO ÷ for a certain reaction time in a 

Therefore, the deviations of the measured rate given pressure of hydrogen while monitoring 
constants of reaction 1 must be due to systematic the dependence of the conversion of FeO ÷ to 
errors in one or more of the three methods Fe ÷ as a function of thermalizing collisions 
employed. The most obvious possible source of (viz. the number of gas pulses prior to re-isola- 
error is that associated with different effective tion of the reactant ion). After ca. 5000 therma- 
ion temperatures and collision energies, respec- lizing collisions with argon [35], the rate constant 
tively, in the three experiments. In almost all of reaction 1 reaches a plateau and hence, we 
experimental set-ups which are used to study assume that thermalization is complete. This con- 
ion-molecule reactions, ion thermalization is a clusion is further substantiated by the fact that 
prerequisite, because the ionization techniques, intentional kinetic excitation of the FeO ÷ ion 
e.g., electron ionization, are far above threshold leads to a decrease of the rate at low conversions 
when reasonably high ion currents are achieved. [2], completely in line with the negative tem- 
In addition, in ICR and GIB the ions are sub- erature dependence observed in the GIB 
jected to electromagnetic fields, while the ions experiments [3]. 
float free in a SIFT set-up. Indeed, the simplicity If, however, the ions are thermalized in the 
of reaction 1 makes it a well-suited model system ICR measurement and mass discrimination is 
for the comparison of experimental techniques: not severe, the deviation of the ICR rate constant 
FeO ÷ is readily accessible, reaction 1 can easily from the GIB and SIFT data must have another 
be followed and has a single reaction product, origin. Therefore, we carefully analyzed other 
and finally, the endothermic formation of possible sources of error, in particular those 
FeOH ÷ exhibits a clear-cut threshold and would associated with the conversion of the measured 
always prevail when "ho t "  ions were present, rate constants to absolute values. In this proce- 
Note however, that the GIB experiments dure, the determination of the real pressure of the 
demonstrate that the energy dependence of the neutral reactant is of crucial importance. 
rate constant--though significant--is not very Basically, the calibration reduces to two aspects 
dramatic in the low-energy regime (i.e. below of pressure measurement, namely, the relative 
0.5 eV). sensitivity of the ion gauge to the gas of interest 

For various reasons, ion thermalization in ICR (i.e. molecular hydrogen) and the absolute 
mass spectrometry has been a continuing subject calibration error of the ionization gauge. With 
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respect to the relative sensitivities, we comple- reduces to kn2 = (1.0---0.4) x 10  -11 c m  3 s -1 which 
tely relied on the data published by Bartmess and is in reasonable agreement with the SIFT result. 
Georgiadis [21] and we used them for calibrating Because this re-calibration does not include all 
the Berlin ICR relative to established rate con- conceivable uncertainties (e.g. the deviation by a 
stants of a set of well-known ion-molecule reac- factor of two for the reaction Fe ÷ + N20), one 
tions. However, in this procedure [24] two further observation is worth reporting: the set of 
reactions were used as reference points which calibration reactions revealed that part of the dis- 
now turn out to be misleading, crepancies may be due to the uncritical accep- 

tance of the relative sensitivities published by 
Ar + + H2 ~ ArH + + H" (3) Bartmess and Georgiadis [21] without consider- 

Fe ÷ + N 2 0 - - - *  FeO ÷ + N 2 (4) ing differences due to the particular ion gauge 
used [39] and its positioning in the vacuum sys- 

In the old calibration of the Berlin ICR [24] we tem [40]. Another potential source of error which 
used an averaged [36] rate constant of k3 = (1 .1  - has been completely neglected so far is due to the 
0.3) x 10 -9 cm 3 s -1 for reaction 3, and our ana- effusion of the reactant gas from the reservoir (up 
lysis of the whole set of data of ICR rate con- to 2 bar) into the high vacuum inside the analyzer 
stants gave a measured k3 = (1.3 --- 0.3) x 10  -9 (ca .  10  -9 mbar) which may result in a cooling of 
cm 3 s -1 which was considered to be within the the neutral reactant due to a Joule-Thompson 
experimental error. However, the recent evalua- effect; thus, though ions may be " h o t "  the 
tion of gas-phase kinetics by Anicich [37] dis- neutrals may be "co ld" .  These objections are 
cards this value and rather recommends k 3 -- fundamental and dependent on the nature of the 
(8.9 _+ 1.8) x 10 -1° cm 3 S -1 which is almost out neutral gas, pointing to the operation of yet 
of error limits of our determination. Further, imponderable systematic errors which cannot 
according to GIB this rate constant is (9.5 ___ be compensated for simply by calibration. As a 
2.0) x 10 -1° cm 3 s -1, and also the different rates consequence, the accuracy of rate constants 
for Ar + (2p3/2) a n d  Ar + (2p1/2) , respectively, were obtained with ICR will in general be lower than 
considered [16]a. As a reference for a fast re- those from SIFT measurements, in which 
calibration of the ICR mass spectrometer (e.g. absolute rates are determined. 
after venting the vacuum system), we used reac- In the GIB experiments, thermalization is 
tion 4 adopting a rate constant of k4 = 7 x 10 -11 much less problematic because the flow tube 
cm 3 s -1 as determined by Kappes and Staley [20], source allows the ions to undergo several thou- 
and obtained k4 = (6.5 ___ 1.6) x 10  -11 c m  3 S -1 for sands of collisions prior to the measurement of 
this process [38]. However, recent SIFT results their threshold behavior. Although there exist a 
[4] suggest a significantly lower rate constant of few examples in which collisional cooling is 
only k4 = (3.1 _ 0.9) x 10  -11 c m  3 s -1. These ineffective [3,41,42], this is by no means inherent 
findings suggest that the crucial references in to GIB and also applies to ICR and SIFT. 
the calibration of the Berlin ICR were wrong Another possibility for ion excitation in GIB is 
with the consequence that the absolute rate due to unintentional collisions with background 
constants were somewhat too high. Inclusion of gas during mass selection in which the ions are 
a number of other calibration reactions, e.g., accelerated to a few hundred eV kinetic energy. 
reactions occurring at the collisional limit, leads In both cases, a small fraction of excited ions in 
to the conclusion that the rate constants the incident beam would then appear as a non- 
determined by the Berlin group until mid zero background in the cross section diagrams; 
1995 were on the average too high by a factor however, this is definitely not observed for reac- 
of 1.4 ___ 0.3. Thus, for reaction 1 the ICR value tion 1. In fact, significant excitation of FeO ÷ 
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above room temperature can rigorously be reaction 1 allows us to address the mechanism of 
excluded in this case because: (i) the cross sec- the H-H bond activation by FeO ÷ in further detail 
tion exhibits a negative temperature dependence, [14]. The present results settle the rate constant of 
typical for an exothermic, lifetime-determined reaction 1 and prove that it occurs at thermal 
ion-molecule reaction and (ii) any excited energies. In view of the fact that reaction 1 is 
FeO ÷ ions should also lead to FeOH ÷, which is very exothermic, regardless whether Fe ÷ (6D)or 
not observed at the lowest energies. Due to the Fe ÷ (4F) is formed, one is tempted to interpret the 
large exothermicity of reaction 1 (-  37 kcal reaction efficiency of k/kc -~ 0.006 in terms of an 
mol-1), there is the possibility of a large kinetic Arrhenius activation barrier associated with H-H 
energy release. As the collection efficiency of the bond activation, leading to a "classical" barrier 
Fe ÷ product could be adversely affected by such a of ca. 3 kcal mol -j [4]. To the satisfaction of 
large kinetic energy release (especially at low theoretical methods, this figure is in rather good 
collision energies where the ions spend more agreement with the calculated activation energy 
time in the octopole beam guide), this effect of ca. 6 kcal mo1-1 for the rate-determining tran- 
could lead to an underestimation of the rate con- sition structure which is located on the quartet 
stant in the GIB measurements. Nonetheless, ion surface of the [Fe,H2,O] ÷ system [13]b,[14]. 
collection in the GIB instrument should be effi- However, if the assumption of an Arrhenius 
cient at low energies, because even a kinetic behavior is justified, the energy dependence of 
energy release of 0.5 eV is comparable to the reaction 1 should reveal a threshold feature, 
spread of energies for the incident FeO ÷ beam even for this small barrier. This is not observed 
(0.4 eV) when the cross sections are measured, in the GIB experiments in that the cross section 
and the width of the precursor beam is explicitly monotonically decreases with increasing colli- 
considered in the data analysis. At this point, we sion energy below 0.2 eV (Fig. 3). Hence, the 
cannot evaluate the validity of this argument (see low reactivity of FeO + toward molecular hydro- 
below), because so far it was not possible to gen- gen cannot be explained by a classical barrier 
erate metastable FeO+-H2 adducts and monitor along the potential energy surface, but is prob- 
the kinetic energy release associated with its dis- ably related to the inefficiency associated with 
sociation by means of other mass spectrometric switching between surfaces of different spin 
techniques, which occurs close to the thermochemical thresh- 

Let us summarize the discussion: in the ICR, old [14]. This curve crossing may exhibit an 
GIB, and SIFT experiments the reactivity of ther- entirely different energy or temperature depen- 
malized FeO ÷ cations is probed (Table 1). Over- dence which is currently not clear, due to the 
all, the rate constant of kD2 = (2.5 ___ 1.0) x 10 -12 lack of an appropriate theoretical description 
cm 3 s -~ measured in the GIB experiment is some- for the temperature dependence of two-state reac- 
what lower, but within experimental error of the tivity for transition-metal containing species. 
SIFT data (kD2 = (4.2 _+ 1.3) x 10 -12 cm 3 s-l), 
while slightly out of the error margins of the 
corrected ICR value ( k D 2  --  (6.9 _ 2.8) x 10-12). 4. Reactions of  FeO ÷ with CH4 
Thus, ICR and GIB experiments can be brought 
to reasonable agreement with the SIFT results. The second reaction we want to examine in 

more detail is that of FeO ÷ with CH 4. Here, 
3.3. Consequences for the mechanism of beside the rate constant, comparison of the dif- 
reaction 1 ferent product channels that evolve must also be 

examined. The instrumental deviations of the rate 
The convergence of the experimental data for constants of reaction 2 are similar to that for 
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reaction 1, hence, the discussion focuses on the times, i.e. 6 min. at a C H 4  pressure of 1.8 x 
effects of internal energy, mass resolution, and 10 -8 mbar until complete conversion of FeO +, 
overall pressure on the measured branching ratios neither Fe ÷ nor FeOH ÷ form the corresponding 
of the different products (Eq. (2a), (2b) and (2c)). adduct ions with CH4,  which therefore obviously 

demand termolecular stabilization. 
FeO ÷ + C H  4 ---* Fe ÷ + CH3OH (2a) Fig. 4 shows the energy dependence of reac- 

tion 2 as obtained with the GIB instrument. Simi- 
FeO + + C H  4 ~ FeOH ÷ + CH3 (2b) lar to reaction 1, in the beginning the efficiencies 

for the formation of FeOH ÷ and Fe ÷ decrease 
FeO ÷ + CH4 ~ FeCH~ + H20 (2c) with increasing energy, thus, displaying a nega- 

tive temperature dependence, which is again 
4.1. Results typical for an exothermic ion-molecule reaction 

with a significant kinetic bottleneck. Then at a 
In the earlier ICR experiments [6,18], a rate threshold of ca. 0.6 eV, the reaction efficiency 

constant of kCH 4 = 2.0 x 1 0  -10 cm 3 s -1 was begins to rise again, and the Fe ÷ channel becomes 
reported for the reaction of FeO ÷ with CH4.  m o r e  and more favored. In the low-energy 
Further, three different reaction products were regime, the branching ratio between reactions 
obtained in ICR, with FeOH ÷ predominating 2a and 2b is strongly energy dependent in favor 
over formation of Fe ÷ (2a:2b = 41:57), and a of FeOH + (Fig. 4). At the lowest energy 
minor pathway (2%) leading to the formation of (0.04 eV), the GIB measurements lead t o  k c H  4 

FeCH~ concomitant with water as neutral pro- = (2.8 ___ 1.8) x 10 -11 c m  3 s -1. There is some 
duct (2c). For [D2]- and [D4]-methane as reac- experimental indication that this lowest energy 
tants, the labeled ions FeCHD ÷ and FeCD~ are data point is too low. Indeed, if the cross sections 
formed, though in even smaller amounts ( < 1%). for both product channels are extrapolated from 
At the time these experiments were made, the the data between 0.08 and 1.0 eV using a power 
Berlin ICR was not fully calibrated and kCH 4 

was simply determined relative to the rate for . . . . . . . . . . . . . . .  , . . . . . . . .  f 
formation of FeO ÷ from Fe ÷ and N 2 0  ( r e a c t i o n  10-10 FeO++ CH4 . ~  
4) using the rate constant reported by Kappes and FeOH ÷ J Y t  
Staley [20], which later turned out [4] to be too 
high by a factor of two (see above). • • o~,~Jo. ~ # 

Repetition of the ICR measurements and re- 3 10 "11 0 • @@ 

calibration of the rate constant as outlined ~ o Fe÷ # 

3 above for the reaction 1 leads to a revised rate 
c o n s t a n t  kcH 4 = (8.5 ~ 2.6) x 1 0  -11 cm 3 s -1. Care- 8 ~ 10_12 . o e© 
ful examination of the branching ratio between -~ o oo 
reactions 2a and 2b fully confirms the previous a: oo 

000 00"73 
results and leads to Fe+:FeOH + = (39 _+ 4):(61 +_ o o 
4) under ICR conditions. The formation of 10 -13 . . . . . .  o 
FeCH~ was also observed in the low-percent 0.1 1.0 10 
regime (high resolution: mexp = 69.9505895 Mean RelativeEnergy(eV) 

amu, mcalc = 69.9505893 amu, m/Am -- 3.5 x Fig. 4. GIB results for the variation of the rate constants kcH , for the 

108), but the signal was too low in intensity t o  reaction of FeO ÷ with CH4 to form FeOH ÷ + CH~ (closed circles) 
and Fe ÷ + CH3OH (open circles) as a function of kinetic energy in 

allow for precise quantification of the reaction the center-of-mass frame. For the sake of clarity, other products at 

kinetics (see below). Even at long reaction higher collision energies (e.g. FeOCH]) are omitted. 
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law (although this is not a rigorous expectation), even upon careful inspection the formation of 
the rate constants for FeOH ÷ and Fe ÷ are found to cationic iron carbene, FeCH~, is not observed 
be 6.2 and 3.4 x 1 0  -11 c m  3 s -1, for a total rate within the experimental accuracy either at low 
constant of 9.6 x 10 -11 c m  3 s -1. This is most or at higher collision energies. A conservative 
conservatively viewed as an upper limit to the upper limit to the cross section for FeCH~ is 
true rate constant, but it agrees nicely with the 0.2 x 1 0  -16 cm 2, or < 0.2% of the products at 
ICR measurement. At thermal energies, the thermal energies. 
branching ratio of Fe÷:FeOH + = 29:71 is Under SIFT conditions, the decay of FeO + is 
obtained, but the extrapolated values yield perfectly linear over almost three orders of mag- 
36:64, again in somewhat better agreement with nitude (Fig. 5), and FeOH ÷ and Fe ÷ are formed as 
the ICR results. In contrast to the ICR results, ionic products; again, formation of FeCH~ 

1000 
V V ~ 7  V 

V 

~ PeU -~ FeOH(CH4)+ 

100 ~ [] 

=~ FeOH + 

= [ 

D n 

10 I • 

0 1 2 3 4 5 

C H  4 Flow/(1018 molecule s 4) 

Fig. 5. SIFT data for the reaction of FeO + with CH4 at 294 -+ 3 K in helium buffer gas at a total pressure of 0.47 -+ 0.01 mbar in the SIFT 
apparatus. The solid lines represent a fit of the experimental data to the solution of the set of differential equations for reactions 2a and 2b as well 
as the subsequent association of CH4 to FeOH + to yield (CH4)FeOH +. 
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according to Eq. (2) is not observed in this is similar for reactions 1 and 2 indicates that 
experiment. The corresponding absolute rate underestimation of the rate constants in the GIB 
constant for the reaction of FeO ÷ with CH4 apparatus due to a kinetic energy release is in fact 
amounts to kcH 4 = (7.4 ----- 2.2) x 10 -tl cm 3 s -1, negligible, considering that reaction 2 is much 
which is again significantly lower than the pre- less exothermic than reaction 1. 
viously published ICR value, but in good agree- Despite this reasonable agreement in terms of 
ment with the revised value obtained after re- rate constants, the branching ratios for reactions 
calibration of the ICR data (see above). Further, 2a and 2b are similar in ICR and GIB (39:61 and 
under the relatively high pressure of helium, 29:71 respectively), but strikingly different in the 
FeOH ÷ undergoes rapid association with another SIFT measurements (81:19). Although one may 
CH 4 molecule to yield (CHa)FeOH ÷, while clus- again argue about the possible effects of internal 
tering of Fe ÷ with CH4 is almost negligible under energies in the different machines, we have 
SIFT conditions [43]. Adduct formation of FeO ÷ demonstrated for reaction 1 that these are minor 
itself seems to be too slow to compete with oxi- and cannot explain the observed discrepancies. 
dation of CH4, although the (CH4)FeO ÷ ion has Further, though the energy dependence of the 
been characterized as a stable species in chemical 
ionization mass spectrometry [7]. Notably, the 10.0 
branching ratio between reactions 2a and 2b is 
quite different in the SIFT experiment in that 8.o 
formation of Fe ÷ prevails over that of FeOH + . . . .  
(and (CHa)FeOH+), i.e., Fe+:FeOH ÷ = 82:18. +~ _~ 6.0+~ 
This qualitative difference from the ICR and ~ ~ . . . . . . . .  ~ I  . . . . .  ~ " ~ 1 . ~  4.0 

GIB results turns out to be independent of the ~ ~ m 
CH4 flow, and within the pressure regime studied := 2.o 
(0.40-0.60 mbar), the helium pressure in the flow ~: + 
tube does practically not at all affect the branch- ~ 
ing ratio (Fig. 6). ~- 0.6 © + 

4.2. Discussion ~ 0.4 < ] ~_~ 

Consistent with the findings for reaction 1, the o.2 ~ . . . .  ~ ~ ~ ~ I 
previous ICR measurement [6] leads to a rate 
constant for reaction 2 which is too high when 

0.0 , , , - -  
compared to the SIFT results. Upon re-calibra- 0.30 0.35 0.40 0.45 
tion of the ICR both experiments are brought to P/Torr 
agreement with each other; also the GIB value, 
though somewhat lower, is almost within the Fig. 6. Measured helium-pressure dependence of the branching ratio 

for the production of FeOH ÷ and Fe ÷ from the reaction of FeO ÷ with 
error bars of the SIFT data. The comparison of CH4 under SIFT conditions. The dashed lines represent least-square 

the data for reactions 1 and 2 (Table 3) shows the fits to the data. The solid error bars represent standard deviations 

internal consistencies of the three methods in that from the mean and the individual error bars represent an estimation 
of the absolute error in each single determination. The secondary 

the relative reactivities of hydrogen and methane product-ion signal of FeOH(CH4) ÷ has been added to the primary- 

(ku2/kcH ~) t o w a r d s  FeO ÷ a r e  s i m i l a r  i n  t h e s e  ion signal of FeOH ÷ to take into account the further reaction of this 

instruments, though the absolute rate constants ion. The straight lines represent the mean, the solid error bars repre- 
sent the standard deviation from the mean and the individual error 

differ slightly. However, the finding that the bars represent the absolute error in the determination of the branch- 

deviation of the GIB to the ICR and SIFT data ing ratio. 
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Table3 methanol. Further, formation of Fe÷(6D) is 
Rate constants (in 10 -H cm 3 s -1) for the reactions of FeO + wi th  slightly exothermic (Mar R -- - 9 + 2 kcal mo1-1) 
hydrogen (kn2) and methane (kcn4), branching ratios between Fe + 

while that of FeOH + is almost thermoneutral and FeOH* in the reaction with methane, and relative reactivities of 
HE and CH4 in the ICR, GIB, and SIFT experiments (AH O = - 2 + 3 kcal mol-1) [44]. Because the 

insertion intermediate 2 and the product complex 
kH 2 kcH,, Fe÷:FeOH ÷ kcHJkH2 

3 represent stable species in the gas phase [7] and 
ICR 1,0 _+ 0.4 8.5 _+ 2.6 39:61 8.5 the excess energy is small when these are formed 
GIB 0.35 _+ 0.10 a 2.8 _+ 0.8 29:71 8.0 
SIFT 0.88 _+ 0.26 7.4 _+ 2.2 81:19 8.4 v i a  r e a c t i o n  2, their lifetimes w i l l  b e  consider- 

able. Therefore, 2 and 3 may experience colli- a The GIB value for the reaction of DE was converted to that for 
H2, assuming that the kinetic isotope effect is negligible, sional cooling in the SIFT apparatus before 

dissociating into the products, even though cool- 
branching ratio is significant, extrapolation of the ing is not efficient enough to allow for formation 
GIB data (Fig. 4) to even lower energies renders of stable 3. As a consequence, the reactive inter- 
it unreasonable that a slight further decrease of mediates are partially quenched in favor of the 
the collision energy should reverse the branching low-energy channel 2. In contrast, ICR and GIB 
ratio in favor of Fe ÷ formation, as it is observed in measurements are performed under strict single- 
the SIFT experiments, collision conditions, such that stabilization of the 

A more probable explanation for the different intermediates after surmounting TS 1/2 is practi- 
branching ratios becomes apparent upon inspec- cally impossible. This reasoning accounts well 
tion of the potential-energy surface for reaction 2 for the fact that the rate constants are similar in 
(Fig. 7): after formation of the encounter com- all three experimental set-ups, while the branch- 
plex 1, the rate-determining step of reaction 2 ing ratios differ significantly, simply as a result of 
does probably correspond to a C-H bond activa- the higher operating pressures in SIFT mass spec- 
tion of methane across the Fe÷-O bond via the trometry as compared to ICR and GIB. Hence, 
transition structure TS 1/2 to yield the insertion we expect that at even higher pressures also 2 
intermediate 2 (together with a spin-flip). This and/or 3 should be observed as products of 
species can then either directly dissociate to reaction 2. 
FeOH ÷ + CH~ (reaction 2b) or undergoes another Finally, the discrepancy concerning the obser- 
rearrangement via TS 2/3 to the product complex vation of reaction 2c should briefly be discussed. 
3, which eventually dissociates to Fe ÷ and Experimentally, FeCH~ was only observed under 

E 

FeO+ + CH4 FeOH + + C H ~  
TS 1/2 

[CHaOH • Fe +] 
3 

Fig. 7. Qualitative potential-energy surface for the formation of  FeOH ÷ and Fe* in the reaction of  FeO* with CH4. No details related to the spin 
multiplicity of  the surfaces are included, and there should be two cmwe crossings as indicated in Fig. ]; for further details, see [3,7,13]b,[14]. 
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ICR conditions, and the accurate mass determi- same intrinsic reactivity for FeO ÷ towards hydro- 
nation leaves no doubt about its formation from gen and methane in the gas phase. The previously 
FeO ÷. Though one may argue that due to the low apparent deviations in the rate constants can be 
mass resolution of the quadrupole analyzers used traced back to experimental uncertainties as well 
in GIB and SIFT, the FeCH~ product might have as erroneous calibrations, and the rate constants 
been overlooked in the feet of the incident FeO ÷ nicely converge to the SIFT results, which pro- 
beam, we carefully searched for reaction 2c in vide absolute rate constants. Moreover, the three 
these instruments and the upper limit for the techniques supplement each other and lead to a 
branching ratio to yield FeCH~ amounts to uniform description of reactions 1 and 2. Despite 
< 0.2% in both instruments. In fact, there exist this agreement, even more accurate methods to 
two uncertainties with respect to the origin of this determine rate constants are needed to provide, 
product in the ICR experiments, and these are e.g., more precise intermolecular kinetic isotope 
due to the very low efficiency of reaction 2c: to effects which would then allow for an analysis of 
begin with, at the low operating pressures of the the reaction mechanisms in more detail. As far as 
ICR experiments interferences due to back- ion temperatures are concerned, all methods can 
ground contaminants may become important provide thermal data, but while thermalization is 
[45], because several hydrocarbons, e.g., ethene inherent to the SIFT technique and straightfor- 
[46], react with FeO ÷ to yield FeCH~. In fact, at ward for GIB conditions, if a flow tube source 
very long reaction times some minor products is used several precautions have to be taken into 
were observed which indicate the presence of account in ICR experiments. Ion thermalization 
small amounts of background hydrocarbons, has to be verified carefully for each reactant ion. 
e.g., ca. 1% FeC3H~ while trapping FeO ÷ for 6 Moreover, even though thermalization can be 
min in 1.8 x 10 -8 mbar methane (i.e. > 99.5% achieved by the use of pulsed-valves, no general- 
conversion of FeO+). Moreover, the FeCH~ sig- ization is warranted, because quenching of 
nal is too weak in intensity to allow for a precise excited ions may be too ineffective to be per- 
analysis of the reaction kinetics of its formation, formed in ICR. 
Due to these uncertainties, the formation of While the experimentally measured rate con- 
FeCH~ as a genuine product of the reaction of stants can be brought into harmony, the branch- 
FeO + with a methane molecule under ICR con- ing ratios for reaction 2 cannot. Instead, the 
ditions cannot be warranted, although its forma- analysis of the experiments indicates an influence 
tion would be exothermic ( z ~ t H ° R  = - 7 kcal of the operating pressure on the product distribu- 
mo1-1) and also chemically feasible [6,7]. tions after the rate-determining transition struc- 

ture has been achieved, such that the low-energy 
pathways have a higher propensity in the SIFT 

5. Conclusions experiments. While it is obvious that overall 
pressure may effect rate constants for termolecu- 

Reliable kinetic data for ion-molecule reac- lar stabilization, it was not envisaged that pres- 
tions are of fundamental relevance for the devel- sure also may change branching ratios of 
opment of gas-phase chemistry in general. In bimolecular gas-phase reactions which have 
particular, reactions of FeO ÷ have implications rate constants independent of pressure. This par- 
for systems in the condensed phase, in which ticular finding has implications for the use of gas- 
iron-oxo moieties are involved as catalytically phase data in the kinetic modeling of chemical 
active species for C-H and C-C bond activation, systems (e.g. interstellar clouds, planetary iono- 
Here, we have demonstrated that three entirely spheres, atmospheres etc.) in which physical con- 
different experimental techniques reveal the ditions can be very different from laboratory 
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