
MECHANISTIC AND THERMOCHEMICAL STUDIES OF THE 

REACTIONS OF TRANSITION METAL IONS AND URANIUM 

IONS WITH SMALL MOLECULES IN THE GAS PHASE 

Thesis by 

Peter B. Armentrout 

In Partial Fulfillment of the Requirements 

for the Degree of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena, California 

1980 

(Submitted December 14, 1979) 



ii 

For Mary Ann 



iii 

It is a great pleasure to thank Jack Beauchamp, my advisor, 

for his contribution to my scientific development both in the past and, 

I hope , in the future. I have enjoyed our collaboration. 

It is always difficult to thank everyone for everything. Friends 

should know who they are and need no special mention. Many members 

of both the machine and electronics shops have been helpful. I wish 

Joyce Lundsteds speedy return. Henriette Wymar deserves special 

thanks for typing this thesis. 

I thank my family for always providing me with support. 

Mary Ann, of course, played a small part in my life during these last 

four years. I hope to thank her soon. 

Finally, I thank the California Institute of Technology for pro

viding the financial support for my graduate studies. 



iv 

Abstract 
~ 

An ion beam apparatus is employed to study the reactions of 

metal ions with small molecules. The experiments yield reaction 

cross sections as a function of ion kinetic energy. Simple models 

are developed in Chapters IV and VI to interpret the energy dependent 

cross sections for endothermic reactions. Analysis of reaction 

thresholds using these models yields thermochemical data of interest. 

Chapter I is a brief introduction to these topics. 

Chapter II describes the reactions of u+ and uo+ with 0 2 , CO, 

CO2 , COS, C~ and D20. Results are in good accord with literature 

thermochemistry except for the exothermic reactions of uo+ with 

CO2 and COS to yield uo; where an energy barrier is observed. In 

Chapter III, the collision induced dissociation of uo+ and uo; 

impacting on Ar is studied. 

Chapters IV, V and VIII report experiments of metal ions, Ba+ 

Ni+ and Co+, respectiveiy, reacting with hydrogen. Interpretation of 

reaction thresholds for production of the metal hydride yields metal 

hydrogen bond energies. A large energy dependent isotope effect is 

observed in the reaction of Ni+ with HD (Chapter V). 

In Chapters VI-VIII, results for reactions of Co+ with organic 

molecules are presented. Chapter VI concerns the formation of CocH; 

by reaction of co+ with ethene, cyclopropane and ethylene oxide. The 

bond energy of the cobalt carbene ion is derived. Chapters VII and 

VIII discuss the reactions of' Co+ with alkanes. The emphasis in 

Chapter VII is the ion beam instrument as a probe of the potential 
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energy surface of complex organometallic reactions. Chapter VIII is 

a comprehensive thermochemical and mechanistic study of the inter

actions of Co+ with saturated hydrocarbons. Several bond energies 

between co+ and hydrocarbons are derived and a general mechanism 

for the reactions proposed. 
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The last decade has seen the techniques of molecular beam 

scattering increasingly applied to reactive chemical systems. 1 The 

result has been a significant expansion in the number and types of 

reagent species studied. 2, 3 The rather wide classes of metal atoms 

and metal ions, however, have received comparatively little attention. 

Examples of the former include Mg, Ca, Sr, Ba; 4 Al; 5, 6 Sc, Y, La; 7' 8 

Ti;6' 9 v;1° Ta;6 Sn;11 Hg12 and U. 13, 14, 15 Studies of the reactions 

of metal ions using beam techniques are even rarer, being confined to 

Al+, 16, 17 cs+, 18 and u+. 19 Included among these is published work 

of the author. 17 , 19 The interest in such systems is clear. The fields 

of organometallic chemistry, surface chemistry and catalysis may all 

benefit from the fundamental information beam techniques can provide. 

A major reason for the lack of investigation of metal systems is 

that the reactions of such species are typically endothermic. 16- 19 

Due to the inherently low reaction cross sections of such processes, 

accurate experimental data are difficult to obtain. As a consequence, 

the theory needed to interpret experiments on endothermic reactions 

has been slow to develop. 20 An underlying theme in the following 

chapters is elucidation of the behavior of cross sections for endothermic 

reactions as a function of the relative energy. Of particular interest 

is the extraction of thermochemical data by determining the energy 

threshold for reaction. 

An outline for the ensuing chapters would follow the precept that 

an understanding of simple, well-characterized systems must precede 

examination of complex systems previously unstudied. Thus, the 
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reactions of uranium ions and uranium oxide ions are discussed first 

(Chapters II and III) because the thermochemistry of molecules con

taining this element is well established. Chapter II examines both the 

exothermic and endothermic reactions of u+ and uo+ with several 

small molecules. Good agreement with literature thermochemistry is 

seen for the exothermic reactions with the exception of uo+ reacting 

with CO2 or COS to yield uo;. Here, a significant energy barrier to 

reaction is observed. Reasons for this anomalous result, one of the 

few ion-molecule reactions to exhibit such behavior, 21 , 22 are 

discussed. The endothermic reaction of u+ with CO yielding uc+ and 

uo+ is interpreted using a simple model which gives thresholds in 

agreement with literature values. Chapter III discusses a particular 

type of endothermic reaction, collision induced dissociation (CID), 

for which theory is available. This theory is used to interpret the 

cross sections for CID of uo+ and uo: impacting on Ar. Good 

agreement between the energy thresholds for reaction and the known 

bond energies of uo+ and uo; is obtained. A decrease is observed in 

the CID cross section for both species at higher energies, 20-80 ev. 

The next two chapters report investigations of the reactions of 

Ba+ and Ni+ with hydrogen to form metal hydrides. Although the 

thermochemistry of these systems is unknown, the fact that the 

processes involve only three particles allows detailed analysis of the 

results. In Chapter IV, the impulsive model of Mahan, Ruska and 

Winn23 is extended to include endothermic reactions. The model is 

used to predict the variation in reaction cross section as a function of 
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relative kinetic energy. The prediction is compared to the experi

mental results for the reaction Ba +(D2 , D)BaD+ and found to account 

for the behavior observed. Interpretation of the energy threshold for 

reaction allows the bond energy of BaD+ to be derived. 

In Chapter V, the reactions of Ni+ with isomeric hydrogen, H2 , 

HD and D2 , are examined. Using the model of the previous chapter, 

the energy thresholds for these reactions are obtained and yield bond 

energies for NiH+ and NiD+ which are found to be consistent with one 

another. Deviations from the model at high energies are observed and 

discussed. Total reaction cross sections for all three systems are 

seen to have comparable magnitudes. Although reaction of Ni+ with 

HD yields both NiH+ and NiD+, a large energy dependent isotope 

effect is observed. Reasons for this effect are discussed. 

Chapters VI-VIII investigate the reactions of Co+ with a variety 

of organic molecules. The increased complexity of these systems 

requires a somewhat different form for the reaction cross section for 

endothermic processes than that used earlier. A generalized form 

which includes the result of Chapter IV is proposed and discussed in 

Chapter VI. Experiments described in this Chapter and Chapter VITI 

are used to test this model. The proposed form is found capable of 

fitting the experimental excitation function. More important, the 

thermochemistry derived from the interpretation of reaction thresholds 

agrees with that obtained by other means. 

Chapter VI presents the reactions of Co+ with ethene, cyclo

propane and ethylene oxide all leading to formation of CoCH;. 
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The thermochemistry derived from these experiments is internally 

consistent and yields the cobalt carbene ion bond energy. In Chapters 

VII and VIII, the reactions of Co+ with saturated hydrocarbons are 

investigated. The emphasis in Chapter VII is on the ion beam technique 

as a probe of the potential energy surface of complex reactions. In 

Chapter VIII, a comprehensive study is made of the thermochemistry 

and reactivity of Co+ with alkanes. A reaction mechanism capable of 

explaining the observed results is proposed and comparisons made 

between these gas phase studies and solution phase studies of related 

systems. 
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Abstract 
~ 

An ion-beam apparatus has been employed to investigate the 

reactions of uranium ions and uranium monoxide ions with 0 2, CO, 

CO2, COS, CS2 and D2O. Reaction cross sections as a function of ion 

kinetic energy are determined and compared to simple models for 

exothermic and endothermic reactions. With two exceptions, all exo

thermic reactions exhibit large cross sections which decrease with 

increasing kinetic energy. Although expected to be exothermic, the 

reactions of uo+ with CO2 and COS to form uot exhibit substantial 

energy barriers. Uranium ions react with CO to yield both uo+ and 

uc+ in endothermic processes. The thresholds for these reactions 

agree well with literature thermochemistry. 
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Introduction 
~ 

Intrinsic interest in uranium relates to the unusual properties 

and technological importance of this element and its compounds. 

Uranium atoms undergo associative ionization reactions, such as 

U + 0 - uo+ + e (1) 

with a number of atomic and molecular species [1, 21, demonstrating 

the propensity of uranium to form strong bonds. The proton affinity 

of the uranium atom, 238 ± 4 kcal/mole, is unusually high, exceeding 

that of many organic bases [3, 41. The electron affinity of uranium 

hexafluoride, ~ 5 eV, is among the highest of any species determined 

[5, 6]. studies of the formation and reactions of ionic species con

taining uranium provide important chemical and thermodynamic data 

relating to both ions and neutrals. In a previous study, we examined 

the endothermic reactions of uranium ions with nitrogen, hydrogen, 

and methane [ 4 l. In the present paper, the reactions of uranium ions 

and uranium monoxide ions with 0 2 , CO, CO2 , COS, CS2 and D20 are 

investigated. 

There appear to be only two other previous investigations of the 

reactions of atomic uranium ions and none of the reactions of uranium 

monoxide ions. Moreland, Rokop and Stevens [7] observed formation 

of UH+ and un+ from endothermic reactions between u+ and H2 , 0 2 , 

H20, D20, and H2S but report no other products. The reaction of 

uranium ions with oxygen and nitrogen has been studied by Johnsen and 

Biondi [81. They find the reaction with oxygen to be exothermic and 
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report a room temperature rate constant of 8. 5 (-1, +4) x 

10
-10 3 -1 -1 cm molecule s . 

The energetics of the uranium oxides and their ions are 

reasonably well established. Other uranium containing diatomics 

and triatomics have not been as extensively studied. The known 

thermochemistry of such species, neutrals and ions, is given in 

Table I. For completeness, several molecules not examined in the 

present study are also included. 

The ion beam apparatus shown in Fig. 1 is a highly modified 

version (9] of an instrument previously described [ 4] . Ions from a 

surface ionization source are accelerated and focused into a 60 ° 

sector magnet easily capable of resolving uranium ions and the 

uranium oxides. This mass selected beam is decelerated and focused 

into a collision chamber containing the reactant gas. Product ions 

scattered in the forward direction are focused into a quadrupole mass 

filter and detected using a Channeltron electron multiplier operated in 

a pulse counting mode. Ion intensities are corrected for the mass 

discrimination of the quadrupole. 

The ion source, previously described [ 4], comprises a stainless 

steel oven mounted on a U-shaped repeller plate surrounding a rhenium 

ionization filament. For these experiments the oven is loaded with 

UF4 • Resistive heating of the filament vaporizes the UF4 which is 

directed at the filament. There it dissociates and the resulting uranium 

is ionized [10]. When this source is first operated, enough residual 
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Table I 

Thermochemical data of uranium containing ions and neutrals 

Species (M) 6 Hf 298 (M) Ionization Potential (M) 6Hf 298 (M1 
' ' 

(kcal/ mol) (eV) (kcal/mol) 

u 125. 0± 3a 6.187 ± 0. 002b 268 ± 3 

UH 253 ± 6c 

UC 187.6±6.2 d 6.2±0.5 e 330 ± 18 

UN 111 ± 7f 7.0±0.6 272 ± 7C 

uo 8. 9 ± 3a 5.72±0.06g 141 ± 4 

us 57±5h,i 6.3±0.5 h 202 ± 16 

< 5.8 ± O.lj < 191±7 

UO2 
-105. 4 ± 3a 5.5±0.lg 21 ± 5 

USO < 114 ± gk 

US2 
6 ± 7h, i < 7. 3 ± 1.2 < 175 ± 21k 

UOH 89-158k 

UO3 -189. 6 ± 3a 10.6±0.1 
f_ 55 ± 5 

(a) S. D. Gabelnick, "Ion Reactor Safety and Physical Property studies," 

Annual Report, July 1973-June 1974 , Chem. Eng. Div. , Argonne 

Natl. Lab., ANL-8120. 

(b)G. S. Jones, I. Itzan, C. T. Pike, R.H. LevyandL. Levin, 

J. Quant. Electron. QE-12, 111 (1976). 

(c)Ref. 4. 

(d) S. K. Gupta and K. A. Gingerich, J. Chem. Phys. 71 (1979) 3072. 

(e) K. A. Gingerich, J. Chem. Phys. 50 (1969) 2255. Corrected for 
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(footnotes to Table I continued) 

improved IP (U) given above. 

(1) K. A. Gingerich, J. Chem. Phys. 47 (1967) 2192. 

(g) Ref. 11. These values are in good agreement with those of Ref. l. 

(h) D~ (US) = 133. 8 ± 2. 3 kcal/mo!. n: (U~) = 252 ± 4 kcal/mol. 

E. D. Cater, E. G. Rauk and R. J. Thorn, J. Chem. Phys. 44 

(1966) 3106. 

(i) .6.H; 298 (S) = 66.29 ± 0.01; Ref. 17. 
' 

(j) IP (US) ~ D0 (US). W. L. Fite, Private Communication. 

D0 (US) = 5.8 ± 0.1 eV. Ref. h. 

(k) This study. 

(J.) E. G. Rauh and R. J. Ackermann, J. Chem. Phys. 60 (1974) 1396. 
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FIG. 1. Schematic drawing of the ion-beam apparatus. 
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oxygen (from either air or water) is present that both uo+ and uo; 

are formed preferentially since they have lower ionization potentials 

than U. This is the source for the uo+ in these studies. After several 

hours of operation, the source produces nearly pure uranium ions. 

At the operating temperature of the filament, several low-lying 

electronic states of u+ [11 l and uo+ [1 l can be populated. No attempt 

is made in the present work to account for the presence of excited 

states. 

The energy of the ion beam is taken nominally as the difference 

in potential between the collision chamber and the center of the 

filament, the latter being determined by a resistive divider. This 

energy is verified by use of a retarding field energy analyzer [12]. 

Agreement is always within 0. 3 eV. The energy width of the u+ and 

uo+ beams is determined using the energy analyzer to be 0. 7 eV 

(FWHM). This introduces a negligible uncertainty in the interaction 

energy. No specific account of this effect is taken in the treatment 

below. 

A more severe problem concerning the actual energy of inter

action is the effect of thermal motion of the reactant gas. For exo

thermic reactions, this has little noticeable effect; but for endothermic 

reactions, this energy distribution effectively broadens the threshold 

region. To account for this effect, a proposed excitation function is 

convoluted with this distribution before comparison with the data using 

the procedure outlined by Chantry [131. 

Reaction cross sections are calculated using 
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(2) 

which relates the total reaction cross section, a, the length of the 

interaction region, 1 ( = 5 mm), and the number density of the target 

gas, n, to the measured intensities of the reactant ion and the sum of 

the product ions, IR and Ip, respectively. In reactions having more 

than one product, the cross section for a specific product is 

:..i·-'!'" :-

a. = aI. /~I-
1 1 1 

( 3) 

where 'lli = Ip. The greatest uncertainty in these measurements is 

the ion detection efficiency. In these experiments which involve a 

heavy incident particle on a light target molecule, the appreciable 

center of mass velocity results in all products scattered primarily in 

the forward direction in the laboratory frame. At the lowest energies, 

< 10 eV in the laboratory frame, a potential of 0. 5 eV is placed across 

the specially designed collision chamber [14 l to extract low energy 

ions. This voltage increases the uncertainty in the interaction energy. 

The general method for obtaining excitation functions is to 

measure the ion intensities for the complete range of energies at a 

constant pressure. Pressures for these experiments are in the range 

1-10 x 10-3 Torr. The cross sections calculated from these measure

ments are verified at several energies by varying the pressure. This 

ensures that eqs. 2 and 3 are obeyed for the experimental conditions. 

This procedure also easily reveals those product ions which are due to 

more than one collision [151. In general, pressures are kept low 

enough that more than one collision is unlikely. 
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Results and Discussion 

The reactions of uranium ions and uranium oxide ions examined 

in the present study are listed in Tables II and III. Included are heats 

of reaction calculated from the available thermochemical data 

summarized in Table I. Specific results for each neutral reactant 

are discussed in detail below, and reaction cross sections are given 

as a function of relative kinetic energy. Included for comparison are 

the cross sections predicted using the Langevin-Gioumousis-stevenson 

(LGS) model for ion-molecule reactions [16]. In its simplest form, 

the LGS cross section at a collision energy E is 

1 

a(E) = TT e(2a/E)"z (4) 

where e is the electronic chanrge and a is the rotationally averaged 

polarizability of the neutral reactant. Table IV lists the value of a 

used for species examined in this study. 

Reactions with 0 2 

Experimental results for the reactions 

and 

are shown in Figs. 2 and 3, respectively. Both processes are 

expected to be exothermic, Tables II and III, and indeed, the data 

reveal no barrier to reaction. The experimental results shown in 

( 5) 

( 6) 



Table II 

Reactions of uranium ions 

Reaction 

+ 
+ -CUO +C u + co 

uc+ + o 

20 

.6Hr 298 (kcal/mol)a 
' 

-67 ± 7 

-59 ± 7 

18 ± 8 

-59 ± 19b 

-39 ± 12 

-39 ± 24b 

-69 ± 7C 

35 ± 7C 

<Od 

70 ± 7 

148 ± 21 

(a) Calculated using values given in Table I for uranium containing 

species. For all other species, values are from Ref. 17. 

(b) .6Hf 298 (US+) = 202 ± 16 kcal/mol, Table I. 
' 

(c) Calculated using values for H20, H2 and H. 

( d) This study. 



Table ill 

Reactions of uranium oxide ions 

Reaction 

uo + + 02 -- uo: + 0 

uo+ + co2 -- uo; + co 

+ 
+ ~USO +CO 

uo + cos + 
UO2 + CS 

+ 
.i. _s- USO + CS 

uo · +cs2 L + 
us + cos 

21 

6Hr 298 a (kcal/mo!) 
' 

-61 ± 9 

-52 ± 9 

<Ob 

-32 ± 14 

<Ob 

0 ± 20c 

-'32 ± gd 

< Ob 

(a) Calculated using values given in Table I for uranium containing 

species. For all other species, values are from Ref. 17. 

(b) This study. 

(c) ~H~ 298 (US+) = 202 ±' 16 kcal/mol, Table I. 
' 

(d) Calculated using values for H2O and H2 • 
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Table IV 

Average polarizabilities and dipole moments of neutral reactants. 

Species 
CJ. µ 

P olarizability Dipole Moment 
(10-25 cm

3
) (De bye) 

16.0a ob 

co 19.5a 0.1b,d 

26.5a ob 

56.9c 0. 709d 

87.4a ob 

14. 5b b d 1. 84 , 1. 94 

(a) J. 0. Hirschfelder, C. F. Curtiss and R. B. Bird, "Molecular 

Theory of Gases and Liquids," Wiley, New York, 1967, Table 13. 2-3. 

(b) E. W. Rothe and R. B. Bernstein, J. Che!n. Phys. 31 (1959) 1619. 

( c) Calculated using Table 13. 2-2 in Ref. (a). 

(d) C. H. Townes and A. L. Schawlow, "Microwave Spectroscopy", 

Dover, New York, 1975, Appendix VI. 
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FIG. 2. Variation in cross section for reaction (5) as a function 

of kinetic energy in the center of mass frame (lower scale) 

and the laboratoi:y frame (upper scale). The dashed line 

shows the cross section predicted using the LGS model. 

The arrow marks the bond dissociation energy of 0 2 , 

5. 16 eV. The slopes of the straight line portions of the 

experimental cross section are also given. 
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FIG. 3. Variation in cross section for reaction (6) as a function 

of kinetic energy in the center of mass frame (lower scale) 

and the laboratory frame (upper scale). The dashed line 

shows the cross section predicted using the LGS model. 

The arrow marks the bond dissociation energy of 0 2 , 

5. 16 eV. The slopes of the straight line portions of the 

experimental cross section are also given. 
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Figs. 2 and 3 represent typical behavior for cross sections of exo

thermic ion-molecule reactions as a function of kinetic energy. Also 

observed in the u+ -02 system is the formation of small amounts of 

uot produced in sequential bimolecular reactions. No uot was 

observed in either system. 

To compare these results for reaction (5) with the rate constant 

obtained by Johnsen and Biondi, k = 8. 5 x 10-10 cm3 molecule-1 s-1 [81, 

the cross section must be averaged over a Maxwell Boltzmann distri-
1 

but ion of energies. Assuming that the cross section varies as E-4 , 

. . . -10 3 -1 -1 Fig. 2, the rate constant obtained 1s 5. 6 x 10 cm molecule s , 

in good agreement considering the differing methods. 

Reaction of u+ with CO 

Reaction of uranium ions with carbon monoxide yields two 

products, 
+ 

+ -CUO +C u + co • + 
UC + 0. 

(7) 

(8) 

Both these processes are calculated to be endothermic, Table II, and 

both exhibit an energy threshold, Fig. 4. The background at low 

energies for the uo+ product is apparently due to a contribution from 

reaction at higher energies outside the collision chamber. For the 

uc+ product, the background is primarily the result of insufficient 

resolution from the more intense uo+ product. Both excitation 

functions peak at about the bond dissociation energy of CO, 11. 14 eV 

[17], and fall off approximately as E-3 at higher energies. 
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FIG. 4. Variation in cross section for reactions 7 and 8 as a 

function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale). 

The prediction of the LGS model is off scale. Arrows 

mark the thermodynamic threshold for reaction (7), 

E
0 

(UO+) = 3. 0 eV, and for reaction (8), E
0 

(UC+) = 

6. 4 ev, and the bond dissociation energy of CO, 

11.14 eV. The solid curves are the fits to the data 

given in the text convoluted as discussed. 
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In the threshold region, < 11 eV, the data are fit using an energy

dependent cross section of the form 

(9) 

In this equation, which has been considered in detail elsewhere [18], 

E 0 is the threshold energy, a0 is an effective cross section independent 

of energy, and n is a variable parameter. When n equals 2, the data 

are fit exceptionally well using the literature values for E
0

, 3. 0 eV for 

uo+ and 6. 4 eV for uc+, along with a
0 

(UO+) = 8. 6 A 2 and a
0 

(UC+) = 

1. 9 },/. By requiring that Q\E) vary as E-3 beginning at D
0 

(CO) and 

convoluting as described above, the curves plotted in Fig. 4 are 

obtained. It is interesting to note that the fit to the cross section for 

uo+ is noticeably poorer above E
0 

(UC+). This is a rather surprising 

result since it implies that formation of the two products is closely 

coupled. Ordinarily, these reactions would have been expected to be 

direct at the elevated kinetic energies necessary for reaction. 

Reactions with CO2 

Uranium ions react with CO2 to form both UO+ and uot, 

+ -Cuo++co 
U + CO2 + 

UO2 + C 

(10) 

(11) 

in an exothermic and endothermic process, respectively, Table II. 

The results are shown in Fig. 5. It was verified in particular that the 

uo; product is formed in a single bimolecular encounter. The peak in 

the cross section for this product occurs approximately at the thermo-
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FIG. 5. Variation in cross section for reactions (10) and (11) as 

a function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale). 

The dashed line shows the cross section predicted using 

the LGS model. The arrows mark the bond dissociation 

energy of CO2 , D0 (OC-O) = 5. 52 eV, and the energy 

required for dissociation to uo+ + C + 0 at 8. 5 eV. 

The slopes of the straight line portions of the experimental 

cross section$ are also given. 
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dynamic threshold for dissociation to uo+ + 0 + C, 8.5 eV. Because 

reaction (11) is only a minor process in this system, it was difficult to 

obtain data of sufficient quality to analyze accurately. However, the 

threshold for this reaction appears to be well above that given in Table 

II, o. a ± o. 4 ev. 
The reaction of uranium oxide ions with CO2 , 

uo + + co2 - uo; + co (12) 

is calculated to be exothermic by 2. 3 eV, Table III. The behavior of 

the cross section, Fig. 6, however, is more characteristic of an endo

thermic reaction which suggests a substantial energy barrier. The data 

are fit using eq. (9) with a0 = 7.9 'A.2, E0 = 1.3 ± 0.1 eV, n = 2 and by 

requiring a(E) vary as E-2 beginning at 8. 9 eV. The curve obtained, 

convoluted as described above, is plotted in Fig. 6. The background 

at the lowest energies is again attributed to reaction at higher energies 

outside the collision chamber. 

The reasons for this anomalous behavior are unclear. One 

possibility, however, is that the ground state reactants and products 

are not on the same potential energy surface. This is suggested by the 

fact that ground state CO2 ( 
1
L;) dissociates to CO (X

1
L) + 0( 

1
D) rather 

than to ground state O( 3P) [ 19 l . Because of the many possible states 

of uo+ and uo; [11, it is difficult to detail the states involved in 

reaction (12). However, uo; has been observed to undergo collision

induced dissociation with a threshold at the thermodynamic limit (20] . 

This implies dissociation of uo; is to ground state uo+ + O ( 3P). 

Thus, in transferring an oxygen atom from CO to uo+, a potential 
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FIG. 6. Variation in cross section for reaction (12) as a function of 

kinetic energy in the center of mass frame (lower scale) and 

the laboratory frame (upper scale). The long dashed line 

shows the cross section predicted using the LGS model. The 

arrows mark the threshold energy determined empirically, 

1. 3 eV, and the bond dissociation energy of CO2 , D
0 

(OC-0) = 

5. 52 eV. The solid curve is the fit to the data given in the 

text and convoluted as discussed. The short dashed line 

gives the unconvoluted curve in the threshold region. 
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barrier of up to 1. 97 eV [21], the excitation energy of the O ( 1D) state, 

might be imagined. 

It is interesting that an analogous result was obtained for the 

reaction 

U + CO2 - UO + CO (13) 

in crossed neutral beam. studies. Although reaction (13) is exothermic 

by 2.1 eV, the cross section at thermal energies is exceptionally low 

( ::5 1 A 2) compared to that of other oxidants (NO, S02 , 0 2 , and NO2) 

[221. It was noted that no correlation between cross sections and • 

reaction exothermixity or electronic state of the reactants could be 

drawn. A proper explanation would have to also account for the fact 

that process (10), which is the ionic analog of reaction (13), does not 

exhibit a barrier to reaction. 

Reactions with COS 

Uranium ions react with carbonyl sulfide to yield both us+ and · 

+ -[us++ co u + cos 
uo+ + cs 

(14) 

(15) 

as shown in Fig. 7. The reactions are both observed and predicted to 

be exothermic (Table II). Also observed are the products, uso+ and 

us;, formed in approximately a 2.7:1.0 ratio at 0.2 eV (CM). 

Pressure dependence measurements establish that these ions are 

higher order products formed from reactions of the products of 

processes (14) and (15), 
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FIG. 7. Variation in cross section for reactions (14) and (15) as a 

function of kinetic energy in the center of mass frame (lower 

scale) and the laboratory frame (upper scale). The dashed 

line shows the cross section predicted using the LGS model. 

The arrows mark the bond dissociation energies, 
0 0 D (OC-S) = 3. 2 eV and D (SC-O) = 6. 4 eV. The slopes of 

the straight line portions of the experll:1ental cross sections 

are given as well as the total reaction cross section for the 

system, aTot. 
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-cus:+co 
us++ ocs + 

USO + CS 

uo+ + ocs - uso+ + co. 

(16) 

(17) 

(18) 

The product uo; may also be formed in a secondary encounter but is 

obscured by the primary us+ product. 

The branching ratio for the interaction of uranium ions with COS 

can be explained qualitatively by two observations. First, formation 

of us+, reaction (14) is favored thermodynamically by about 20 kcal/mo!, 

Table II, over formation of uo+ in reaction (15). Second, carbonyl 

sulfide has a permanent dipole moment of 0. 709 Debye, Table IV, with 

the oxygen end being most electronegative. Thus, a positive ion will 

preferentially interact with the oxygen at low enough energies to allow 

reorientation of the COS molecule. Apparently, these two effects 

cancel one another at the lowest energies observed and vary differently 

with kinetic energy to yield an energy-dependent branching ratio. At 

higher energies, the us+ product falls off at a lower energy than uo+. 

This is explained by noting that the threshold for us+ product 

dissociation, 3. 2 eV [17], is lower than that for uo+ dissociation, 

6. 4 eV [171, where the thresholds correspond to the bond energy of the 

appropriate bond. 

The reactions of uranium oxide ions with COS also yields two 

products 

+ 
+ -CUSO +CO 

uo + cos + 
U02 + CS . 

(19) 

(20) 
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The results are shown in Fig. 8. The observation that reaction (19) is 

exothermic puts an upper limit on the heat of formation of uso+ of 

134 ± 4 kcal/mol. Reaction (20), in analogy with process (12), exhibits 

an energy barrier even though exothermic by 1. 4 eV, Table m. 
Interestingly, no such barrier is observed for the abstraction of a 

sulfur atom, reaction (19). Overall conservation of spin does not seem 

to be a factor since both CO and CS have 1:~:;+ ground states [191. One 

possibility, in accord with the discussion of process (12), is that the 

difference in reactivity is a result of the lower energy difference 
3 1 

between the P ground state and D excited state of sulfur, 1. 15 eV, 

compared to oxygen, 1. 97 eV [21 l. 

Reactions with CS2 

Cross section data for the processes 

(21) 

and 

(22) 

are shown in Fig. 9. The former reaction is calculated to be exo

thermic, Table II, as observed. The latter reaction, also seen to be 

exothermic, establishes that ~H;298 (USO+) < 114 ± 9 kcal/mo!, 

Table I. Also observed in the interaction of u+ with C~ was the 

secondary process, 

(23) 

The observation of us; at low pressures suggests that process (23) 
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FIG. 8. Variation in cross section for reactions (19) and (20) as a 

function of kinetic energy in the center of mass frame (lower 

scale) and the laboratory frame (upper scale). The dashed 

line shows the cross section predicted using the LGS model. 

The arrows mark the bond dissociation energies, 
0 0 

D (OC-S) = 3. 2 ev and D (SC-O) = 6. 4 ev. 
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FIG. 9. Variation in cross section for reactions (21) and (33) as 

a function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale, 

approximate). The dashed line shows the cross section 

predicted for both systems using the LGS model. The arrow 
0 

marks the bond dissociation energy, D (SC-S) = 4. 0 eV. 

The slopes of the straight line portions of the experimental 

cross sections are also given. 
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exhibits the large cross section characteristic of an exothermic 

process. If this is the case, then an upper limit of 1 75 ± 21 kcal/mol 

is established for t.Hf 298 (US:), Table I. 
' 

It was of particular interest to see if uranium oxide ions would 

exchange atoms with carbondisulfide 

(24) 

No evidence of this reaction was observed. As·suming this to be a 

consequence of the thermodynamics involved, the heat of formation for 

the uranium monosulfide ion must be greater than 202 ± 4 kcal/mol, in 

reasonable agreement with the literature values, Table I. 

Reactions with D20 

Uranium ions react with water to yield both uranium oxide ions 

and deuterated uranium oxide, 

(25) 

D20 was used as the reactant to facilitate resolution of the products. 

The results are shown in Fig. 10. Toe product, UD+, which should be 

formed in a process endothermic by 2. 3 eV, was not examined. This 

process has been prP-viously investigated by Moreland, Rokop and 

Stevens [71. 

The behavior of the cross sections for the u+ -D20 system is 

rather complex although not unique [231. We can imagine that the 

reaction takes place with the mechanism 



46 

FIG. 10. Variation in cross section for reactions (25) and (26) as a 

function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale). The 

dashed line shows the cross section predicted using the 

LGS model. The arrows pointing up mark the thermo

dynamic thresholds for production of uo+ + 2D, 1. 5 eV, 

and of u+ + OD + D, 5. 2 eV. The arrows pointing down 

mark the thresholds for production of if + O + D2 , 5. 1 eV, 

and u+ + 0 + 2D, 9. 6 eV. 
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u++no- u+1111on - n-u+-on - uon++n 2 2 

+ 

It seems likely that both products proceed through a common inter

mediate, DU+OD. Since the UO+ product predominates at the lowest 

bond energies, this I'eac~ton pathway is probably preferred thermo

dynamically. However, the bond fission process yielding uon+ should 

have a higher frequency factor [24] and thus competes more effectively 

as the energy is raised. At still higher energies, a new mechanism 

corresponding to a direct reaction having a small energy barrier, 

:S 10 kcal/mol, is proposed to account for the increase in UOD+ 

formation. The peak of the cross section for UOD+ at higher energies 

correlates well with the threshold for dissociation to uo+ and D, 

1. 5 eV, rather than to u+ + OD, 5. 2 eV. The cross section for uo+ 

also increases in this region, peaking at about the energy for 

dissociation to u+ + 0 + D2 , 5 .1 eV. 
0 + Since reaction (26) is exothermic, AHf 298 (UOH ) must be less 

' 
than 158 ± 3 kcal/ mol, neglecting zero point energy differences. If we 

also assume that the heat of reaction for process 26 is greater than 

that for process 25, as seems likely, then AH0f 298 (UOH+) > 
' 

89 ± 10 kcal/ mol. From these limits, a proton affinity of uranium 

monoxide can be calculated to be between 218 ± 7 kcal/mol and 

287 ± 14 kcal/mol. This seems reasonable when compared to the 

proton affinity of uranium, 238 ± 5 kcal/ mol [3, 4]. 
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The reactions 

(27) 

(28) 

were not studied extensively, however, it was established that both 

reactions are exothermic. Formed in approximately equal amounts at 

the lowest energies, ~ 0.1 eV (CM), the predominant product at higher 

energies is UO2D+. Following the analysis used above, the exo

thermicity of reaction (28) requires t.Hf 298 (UO2D+) < 30 ± 4 kcal/mol. 
' 

A lower limit on the proton affinity of UO2 is then 232 ± 7 kcal/ mol. 

Conclusion 
~ 

Several general observations can be made about the reactions 

investigated in the present study. The general behavior of the cross 

sections as a function of energy is quite similar for the various 

systems. For exothermic reactions, the cross sections decrease 
I 

slowly with energy, as E-4 to E-1
, at the lowest energies. At higher 

energies, the dependence is stronger, varying as E-1 to E-3
• A depen

dence of E-5
•
5

, predicted by Bates, Cook and Smith for energies 

~ 100 eV (Lab) (251, is not observed. For endothermic reactions and 

reactions with a barrier, the cross section rises rapidly to a peak and 

falls off very much like the high energy portion of the exothermic 

reactions. The peak in the endothermic reactions and the break in the 

linear portions of the cross sections for exothermic reactions correlate 

reasonably well with the bond dissociation energy of the neutral bond 

broken during reaction. Since this energy is the thermodynamic 
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threshold for product dissociation, the sharp decrease in cross section 

at higher energies seems attributable to formation of product with 

sufficient internal energy to decompose. 

While generally within an order of magnitude of the absolute 

cross sections measured, the Langevin-Gioumousis-Stevenson (LGS) 

model predictions are not in consistent quantitative accord with the 

present experiments. At low energies, the cross sections rarely 
1 1 

follow the E-a law but vary as E-~ to E-1
. The unrestricted use of 

this model has been criticized by Henchman [261 and the present 

results are another case where inadequacies are exhibited. 

It is of interest to speculate, however, on the reasons for the 

failure of the LGS model. In several instances, elaboration of the 

,LGS model to include quadrupole [261, induced quadrupole and dis

persion effects [27] may result in reasonable quantitative agreement. 

Certainly, for the reactions with COS and H2O, interactions involving 

the permanent dipoles of these molecules should be considered [281. 

The large differences in reactivity exhibited by u+ versus uo+ for the 

same reactant gas, e.g., Fig. 9, may simply be a consequence of a 

steric factor. Namely, uranium oxide ions react preferentially when 

the uranium end approaches the reactant molecule. 

Examination of crude potential energy surfaces for several of 

the reactions is also enlightening. Reaction coordinate energy diagrams 

are shown in Fig. 11 for the reactions of u+ and uo+ with 0 2 , 

processes (5) and (6). While the exothermicities of the reactions are 

similar, 2. 9 eV and 2. 6 eV, respectively, the potential wells corre

sponding to the reaction intermediates differ greatly. Such a 
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FIG. 11. Qualitative reaction coordinate diagrams for the reactions 

of (a) u+ with 0 2 and (b) the reaction of uo+ with 0 2 • 
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deep well as that for uo; should greatly influence the reaction 

dynamics and may explain the rather large cross section observed 

for reaction (5), Fig. 2. The surface for reaction (6) is more typical 

and indeed the behavior shown in Fig. 3 is substantially more like the 

LGS prediction. 

~ 
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CHAPTER III 

COLLISION-INDUCED DISSOCIATION OF uo+ AND uo; 
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Abstract 
~ 

Collision-induced dissociation (CID) of uranium monoxide ion 

and uranium dioxide ions impacting on argon has been studied. The 

CID cross section for production of u+ and uo+, respectively, has 

been measured at relative kinetic energies ranging from threshold to 

70 eV. No appreciable amounts of other products were observed. 

The thresholds observed in these studies agree within experimental 

error with the bond dissociation energies of uranium monoxide ion, 

D
0
°(u+-O) = 8.0 eV, and.uranium dioxide ion, D~(ou+-0) = 7.7 eV. 

The CID cross section for uo+ reaches a maximum at about 20 eV 

and falls off as E-
4 

at higher energies, where E is the relative kinetic 

energy. In the uo: system, the maximum cross section occurs at 

about 14 eV beyond which it decreases as E-
2

•
0

• 
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Introduction 
~ 

Collision-induced dissociation (CID) at low kinetic energies 

(less than a kilovolt) has been examined both theoretically [1, 2, 3b] 

and experimentally [3-8]. The form for the CID cross section derived 

from statistical considerations has been shown to give good agreement 

with experimental results for energies up to 1 eV above 

threshold [1, 31. In this paper, the CID of uo+ and uo; impacting on 

argon is studied. CID cross sections are obtained at relative kinetic 

energies ranging from threshold to 70 eV for the reactions 

+ + UO + Ar - U + 0 + Ar (1) 

and 

+ + U02 + Ar - UO + 0 + Ar . (2) 

~ 

The ion beam apparatus shown in Fig. 1 is a highly modified 

version [9] of an instrument previously described [101. Ions from a 

surface ionization source are accelerated and focused into a 60° 

sector magnet which can easily resolve uranium ions and the uranium 

oxide ions. This mass selected beam is decelerated and focused into a 

collision chamber, maintained at a field free interaction region, 

containing the reactant gas. Pressure of the gas, measured using an 

MKS Baratron 90Hl , is 6-10 x 10-
3 

Torr for these experiments. 

Product ions scattered in the forward direction are focused into a 

quadrupole mass filter and detected using a Channeltron electron 
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Fig. 1. Schematic diagram of the ion-beam apparatus. 
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multiplier operated in a pulse counting mode. 

The uo+ and uot ions are obtained by making a slurry of uranyl 

acetate, UOiC2H3O2) 2 • 2H2O, in nitric acid. This slurry is put in a 

coil of rhenium wire. By resistively heating this coil to an estimated 

1500° K, large amounts of uot, UO+ and u+ are produced with uot 

predominating. At higher filament temperature, the main ion produced 

is uo+. It is expected that several low-lying electronic states of uo+ 

and uo; exist [11 l which may be thermally populated at the tempera

ture of the ionizing filament. No attempt is made in the present work 

to account for the presence of excited states. 

The energy of the ion beam is taken nominally as the difference 

in potential between the collision chamber and the center of the filament, 

the latter being determined by a resistive divider. This energy is 

verified by use of a retarding field energy analyzer. Agreement is 

always within 0. 3 eV. The energy width of the uo+ and uot beams is 

estimated as 0. 7 eV (FWHM). In the center of mass frame, this 

introduces a negligible uncertainty of± 0. 05 eV in the interaction 

energy. 

A more severe problem concerning the actual energy of inter

action is the effect of thermal motion of the reactant gas. Using the 

analysis of Chantry [121, we can calculate that the distribution of the 

relative kinetic energy at a nominal energy E due to this effect has a 
1 

full width at half-maximum of approximately O. 5 E"z eV for the present 

experiments. This energy distribution prevents observation of any 

sharp features in the excitation function, including threshold. To 

account for this effect, the proposed excitation function is convoluted 
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with the distribution before comparison with the data using the proce

dure outlined by Chantry [12]. 

The CID cross section is calculated using 

( 3) 

which relates the cross section, a, the length of the interaction region, 

.e. (= 5 mm), and the density of the target gas, n, to the measured 

intensities of the product and reactant ions, 1p and IR, respectively. 

The greatest uncertainty in these measurements is the ion detection 

efficiency. In our apparatus, if reaction of an on-axis ion occurs in 

the entrance aperture (1. 0 mm diameter) it will exit the chamber if 

the laboratory scattering angle is less than 8. 5 ° ( exit aperture, 

1. 5 mm diameter). Approximate calculations show the maximum 

laboratory scattering angle of the uranium containing products to be 

on the order of 8 ° at several hundred eV and smaller near threshold. 

This efficient detection is the consequence of the appreciable center of 

mass velocity which requires the heavy products be scattered in the 

forward direction in the laboratory frame. Other product ions 

however, may not be efficiently collected. 

Results and Discussion 

The only significant product observed for dissociation of uo+ 

impacting on argon is the uranium ion, reaction 1. The excitation 

function measured is shown in Fig. 2. Likwise, uranium oxide ions 

formed in process 2 are the only appreciable products observed for 

the uot-Ar system. The results are shown in Fig. 3. Both CID 
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Fig. 2. Variation in cross section for reaction 1 with kinetic energy 

in the center of mass frame (lower scale) and laboratory 

frame (upper scale). The arrow labeled, E
0

, shows the 

thermodynamic threshold for the process, 8. 0 eV. Other 

arrows indicate thresholds for alternate reactions of uo+ 

with Ar listed in Table I. The curve below 19 eV is the fit 

to the data given inthe text and convoluted as discussed. 

The rest of the curve is an approximate fit to the data which 

varies as E-4 above 27 eV. 
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Fig. 3. Variation in cross section for reaction 2 with kinetic energy 

in the center of mass frame (lower scale) and laboratory 

frame (upper scale). The arrow labeled, E0 , shows the 

thermodynamic threshold for the process, 7. 7 eV. Other 

arrows indicate thresholds for alternate reactions of uo; 
with Ar listed in Table I. The curve below 14 eV (dashed 

line) is the fit to the data given in the text and convoluted as 

disucssed. The full line includes an approximate contri

bution from sequential bimolecular collisions having a 

threshold at 3. 6 eV (one half 7. 2 eV) and a value for 

A = O. 15 $/. The curve given above 14 eV is an approximate 

fit to the data which varies as E-z,s above 18 eV. 
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processes have thresholds located approximately at the dissociation 

energy of the bond being broken (Table I). The cross sections rise 

until an energy about twice that of threshold and then fall slowly with 

increasing energy. It is of interest to note tm t the absolute cross 

section for CID of uo; is approximately twice that of uo+. Classical 

arguments [3, 13] demonstrate that collisions between an argon atom 

and the uranium end of uo+ transfer little energy (6E / E = 0. 036) while 

collision with the oxygen end results in efficient energy transfer 

(6E / E = 0. 89). Thus, twice as many orientations lead to efficient 

energy transfer for uo; as for uo+. 

Statistical theory [2, 31 has shown that the cross section for CID 

should have the form 

( 4) 

where E is the initial relative kinetic energy, E O is the threshold for 

dissociation, and ET is the total energy available for reaction including 

any internal energy of the reactants, Er The coefficient, A, can 

generally depend on both E and E1. An attempt was made to determine 

the dependence of A on E1 by varying the ionizing filament temperature. 

However, the range of temperatures which produces a usable ion beam 

is too narrow to give meaningful results. In the following analysis, A 

will be assumed to be a constant , the dependence on E being absorbed 

by variations in n. 

As suggested by Rebick and Levine [2c], the parameters of eq. 4 

may be determined without prior assumption by plotting aE/f d(aE) / dE] 
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vs. E. This gives a straight line with a slope of 1/n and an energy 

axis intercept of E~ = (E
0

. - E1). For the uo+ system, we obtain 
, o2 (1-n) 

n = 1.2 ± 0.1, E0 = 7.9 ± 0.3 eVandA = 0.47 <\ eV . For the 

uo; system, we find n = 1.1 ± 0.1, E~ = 7. 2 ± 0. 3 eV and 

A = 1. 65 A 2 
ev(l-n). These functions, convoluted as discussed above 

are plotted in the low energy regions of Figs. 2 and 3. The values 

for E~ differ from the appropriate bond dissociation energies, 

0 + 0 + ) D0 (U -0) = 8.0 ± 0.3 eV and D0 (OU -0 = 7.7 ± 0.4 eV, by 0.1 and 

0. 5 eV, respectively. Since at a filament temperature of 1500° K, 

kT ~ 0.13 eV, many vibrational, rotational, and electronic states are 

populated, it seems reasonable that the observed CID threshold is 

lower than the thermodynamic limit. The more pronounced effect in 

the case of uo;, could simply be due to the fact that the triatomic has 

more internal degrees of freedom than uo+. 

The values for n obtained are lower than the typical range of 

1. 5 to 3 [3, 51. This may reflect the fact that data are considered 

which are outside the energy range where eq. 4 is supposed to apply 

(~ 1 eV above threshold). Higher values of n would give higher 

apparent internal energies. However, this could be compensated for 

by a dependence of A on Er 

Previous examinations of CID at low energies have seldom con

sidered energies significantly above threshold. An exception is the 

study by Piper et al. [ 141. They found the cross sections for 

dissociation to ion-pairs of CsBr by Ar and Xe and NaBr by Ar 

remained approximately constant at high energies. This behavior 

contrasts with the marked decrease in CID cross sections as a 
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function of energy seen in the systems studied here. Other studies [5] 

have observed an apparent peak in the CID cross section but the data 

are not reported at energies very much higher than where the peak 

occurs. Several possible explanations for the decrease in cross 

section suggest themselves. Experimentally, excessive scattering 

at the higher energies could reduce the efficiency of collecting product 

ions. As discussed above, however, calculations suggest that this 

would not account for the dramatic decrease in cross section observed. 

Another explanation is that alternate reaction pathvrays become 

the predominant dissociation channels. Some of these alternate 

processes are listed in Table I with their thermodynamic thresholds. 

These thresholds, indicated on Figs. 2 and 3, are in the right energy 

region to possibly account for the decrease in cross section. Although 

no appreciable amounts of other products are observed, as noted 

above, the detection efficiency of these ions is suspect. 

A third explanation_ involves the influence of chattering collisions. 

In this type of event, an argon atom collides with the oxygen end of 

uo+ or uot. The relatively light oxygen atom can then rebound back 

and forth between the uranium and argon atoms eventually transferring 

energy back to translational energy of Ar. Theoretical studies [15, 16] 

indicate that such events can greatly affect the energy transferred 

during collision. Indeed, they suggest the energy transfer efficiency 

will peak for appropriate mass combinations. It is pertinent to note 

that such multiple collision events are not as likely in the systems 

studied by Piper et al. [14] as in the systems examined here. 
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Table I 

Thermochemistry of reactions of uo+ and uo; with Ar 

Reactiona 

uo+ + Ar - + U + 0 + Ar 

- UC+ Ar+ 

--+ U + c+ + Ar 

--+ U+O+Ar+ 

uc: + Ar --+ UC++ 0 + Ar 

--+ UC2 + Ar+ 

--+ u+ + 0 2 + Ar 

--+ UO + o+ + Ar 

--+ u+ + 20 + Ar 

--+ UC+ 0 + Ar+ 

--+ U + 0 + o+ + Ar 

- U + 20 + Ar+ 

aAll reactions are for ground state species only. 

hvalues derived using Table II. 

&Ir(eV)b 

8.0±0.3 

10. 04 ± 0. 06 

15 . 4±0.3 

17.'3 ± 0.3 • 

7. 7 ± o. 4 

10. 3 ± 0. 1 

10.7±0.4 

15.6±0.4 

15.8 ± 0.4 

17.8±0.5 

23.2±0.4 

25. 3 ± o. 4 
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Table II 

Thermochemical Data 

Species 

u 
uo 

Ar 

0 

6Hf 0 
' (kcal/mo!) 

123. 4 ± 3a 

7. 9 ± 3a 

-106. 4 ± 3a 

58.983 ± 0.024 

0 

Ionization Potential 

(eV) 

6.187 ± 0.002b 

5.72 ± 0.06c 

C 5.5±0.1 

13.618e 

15.759e 

as. D. Gabelnick, "Ion Reactor Safety and Physical Property 

Studies," Annual Report, July 1973-1974, Chemical Engineering 

Division, Argonne National Laboratory, ANL-8120. 

bG. S. Jones, I. Itzan, C. T. Pike, R.H. Levy and L. Levin, 

J. Quantum Electron. QE-12 (1976) 111. 

cJ. B. Mann, J. Chem. Phys. 40 (1964) 1632. 

dJANAF Tables, Phys. Chem. Ref. Data, 4 (1975) 1. 

e C. E. Moore, Natl. Stand. Ref. Data Ser., Natl. Bur. Stand. 

NSRDS-NBS 34 (1970). 



73 

~ 

This research was supported by the United states Department 

of Energy. 



74 

References 
~ 

[l] T. F. Moran and D. C. Fullerton, J. Chem. Phys. 54 (1971) 

5231. 

[2] (a) R. D. Levine, Chem. Phys. Lett. 11 (1971) 109. 

(b) R. D. Levine, Chem. Phys. Lett. 11 (1971) 552. 

( c) C. Rebick and R. D. Levine, J. Chem. Phys. 58 (1973) 3942. 

[31 (a) E. K. Parks, N. J. HansenandS. Wexler, J. Chem. Phys. 

58 (1973) 5489. 

(b) E. K. Parks, A. Wagner and W. Wexler, J. Chem. Phys. 

58 (1973) 5502. 

(c) E. K. Parks, J. P. Kuhry and S. Wexler, J. Chem. Phys. 

67 (1977) 3014. 

(d) S. H. Sheen, G. Dimoplon, E. K. Parks and S. Wexler, 

J. Chem. Phys. 68 (1978) 4950. 

[41 R. W. Rozett and W. S. Koski, J. Chem. Phys. 49 (1968) 2691. 

(5] (a) T. 0. TiernanandR. E. Marcotte, J. Chem. Phys. 53 (1970) 

2107. 

(b) C. Lifshitz, R. L. C. Wu, T. 0. Tiernan and D. T. Ter

williger, J. Chem. Phys. 68 (1978) 247. 

[61 M. H. Cheng, M. Chiang, E. A.Gislason, B. H. Mahan, C. W. 

Tsao and A. S. Werner, J. Chem. Phys. 52 (1970) 5518. 

[7] F. P. Tully, Y. T. Lee and R. S. Berry, Chem. Phys. Lett. 9 

(1971) 80. 

[8] E. Herbst, K. A. Mulholland, R. L. Champion and L. D. 

Doverspike, J. Chem. Phys. 67 (1977) 5074. 

[9] P. B. Armentrout and J. L. Beauchamp, J. Chem. Phys. submitted. 



75 

References ( continued) 
~ 

[10] P. B. Armentrout, R. V. Hodges and J. L. Beauchamp, J. 

Chem. Phys. 66 (1977) 4683. 

[lll W. L. Fite, H. H. LoandP. Irving, J. Chem. Phys. 60(1974) 

1236. 

[12] P. J. Chantry, J. Chem. Phys. 55 (1971) 2746. 

[13] R. D. Levine and R. B. Bernstein, 11Molecular Reaction 

Dynamics" (Oxford, New York, 1974) p. 136. 

[14] L. G. Piper, L. Hellemans, J. Sloan and J. Ross, J. Chem. 

Phys. 57 (1972) 4742. 

[15] J. D. Kelley and M. Wolfsberg, J. Chem. Phys. 44 (1966) 324; 

53 (1970) 2967. 

[16] D. Secrest, J. Chem. Phys. 51 (1969) 421. 



76 

CHAPTER IV 

EXPERWENTAL AND THEORETICAL STUDIES OF THE 

REACTION Ba +(D2 , D)BaD+: SEQUENTIAL WPULSE 

MODEL FOR ENOOTHERM:IC REACTIONS 
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California Institute of Technology, Pasadena, California 91125, USA 

(Received ) 

Abstract 
~ 

The sequential impulse model for direct reactions of Mahan, 

Ruska and Winn (J. Chem. Phys., 65 (1976) 3888) is extended to 

include endothermic reactions. The model is outlined and used to 

predict the variation in cross section with kinetic energy for heavy 

atom-light homonuclear diatom reactions. The results are found to 

agree well with experi~ental data for the reaction Ba +(D2 , D)BaD+. 

The bond dissociation energy of Ban+, 2. 5 ± O. 1 eV, and the proton 

affinity of Ba, 250 ± 3 kcal/ mol, are derived. 
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Introduction 
~ 

A large body of bimolecular reactions have been shown to 

proceed by short-lived direct interactions. This is especially true 

at higher energies where interaction times become much shorter than 

typical rotational periods. It has been fruitful to examine such 

reactions in the light of simple models. While not expected to fully 

account for all features of a reaction, such models often allow a good 

qualitative understanding of the process. The sequential impulse 

model of Bates, Cook and Smith [1] has been refined by Suplinskas and 

George [2, 3] and shown to accurately portray the reaction of Ar+ 

with D2 • Gillen, Mahan, and Winn [ 41 have used a version of this 

model to interpret the reaction of o+ wth D2 and HD at higher 

energies. In each of these cases, the reactions examined were exo

thermic or thermoneutral and calculations were performed using a 

trajectory approach. 

Endothermic reactions have received less attention in the past 

because of the experimental difficulties involved (small cross sections). 

Phase space theory [5,61 has been applied with success to the reaction 

c+(H2 , H)CH+; however, only for about 0. 2 eV above threshold [7, 8] . 

Transition state theory has also been employed to interpret endo

thermic thresholds [9, 1 0] . Previously, in our laboratories, the endo

thermic reactions of u+ with N2 , D2 and CD4 were examined [11]. 

Reaction cross sections as a function of kinetic energy were measured 

anrl analyzed using a linear threshold law. 

In this paper, the approach used by Mahan, Ruska and Winn [12] 
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(MRW) to deduce product distributions and cross sections for thermo

neutral atom-diatom processes is extended to include endothermic 

reactions. The model is outlined and used to predict the variation in 

cross section -with kinetic energy for heavy atom-light homonuclear 

diatom reactions. The results are compared with experimental data 

for the reaction Ba +(D2 , D)BaD+. By fitting the theoretical excitation 

function to the data, the bond dissociation energy, D0(Ba + -D) = 

2. 5 ± 0.1 eV, is derived. From this, the proton affinity of the barium 

atom is calculated to be 250 ± 3 kcal/mol. 

~ 

The ion beam apparatus has been previously described [1_1 l and 

is shown schematically in Fig. 1. Ions from a surface ionization 

source are focused into a collision chamber containing the reactant gas. 

Ions scattered in the forward direction are collected and focused into 

an EA! Quad 250B quadrupole mass spectrometer for mass analysis 

and detection. Resolution of the quadrupole is sufficient to separate 

BaD+ (but not BaH+) from Ba+, thus dictating use of D2 as the neutral 

reactant. 

The barium ions source is simply BaF2 powder held in a rhenium 

wire coil. Resistively heating the wire causes the BaF 2 to undergo 

dissociation and surface ionization. At the estimated temperature of 

the ionization filament, 1600° K, it is calculated that 96% of the beam 

is Ba+( 2S1 ) and that excited states Ba+( 2D} comprise less than 
2 

4% of the beam. Attenuation experiments [131 show no appreciable 

concentrations of e-xcited ·states. 
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Fig. 1. Schematic diagram of the ion beam apparatus. 
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The energy of the beam is taken nominally to be the difference 

in potential between the collision chamber and the center of the 

filament, the latter determined by a resistive divider. The spread in 

ion energies is estimated to be 0. 7 eV FWHM. As this is only 

0. 02 eV in the center of mass frame, no specific account of this 

distribution was taken. The collision chamber is maintained as a 

field free interaction region. Use of an extraction field did not alter 

product yields. This verifies calculations which show that the large 

mass of the ionic reactants and products compared to the neutrals 

involved results in efficient product ion collection. 

The temperature of the collision chamber, as measured by 

thermistor, is approximately 400° K under these operating conditions. 

Since the capacitance manometer head used to monitor reactant gas 

pressure is at room temperature, a thermal transpiration correction 

was applied to the measured pressure. Additionally, the thermal 

motion of the gas in the chamber broadens the interaction energy 

distribution. We account for this effect by convoluting a proposed 

excitation function with the thermal energy distribution using the 

method outlined by Chantry [141. 

Absolute cross sections are calculated using 

(1) 

which relates the cross section, a, the length of the interaction region, 

f. ( = 5 mm), and the density of the target gas, n, to the measured 

reactant and product ion intensities, I(Ba +) and I(BaDi, respectively. 

Relative cross sections as a function of energy were very reproducible. 
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We estimate that the absolute cross sections reported are accurate to 

a factor of two. 

Our approach to the analysis of endothermic reactions is an 

extension of the sequential impulse model outlined by MRW. To 

facilitate comparison, the same terminology shall be used here. It is 

important to note that all present results reduce to those of MRW as 

the endothermicity of the reaction goes to zero. For reaction of an 

atom, particle 1, with a diatom [2, 3l 

[ll +[2,31- [1,21 + [31 (2) 

the endot:hermicity, E0 , is equal to D0[2, 3] - D0[1, 21, the difference 

between the bond dissociation energies of the reactant and product 

molecules. We consider all atoms to interact pairwise and as hard 

spheres. The essential features of the model are detailed below. 

Particle 1 having mass A and velocity~ in the laboratory 

frame moves toward molecule [2, 31 (having masses B and C, 

respectively) which is at rest. For simplicity, [2, 31 is taken to be 

in its ground vibrational and rotational state. Particles 1 and 2 

interact in an impulsive elastic collision about their center of mass, 

the 1-2 centroid, located at Yl A/ (A + B), Fig. 2. The relative velocity 

vector of 1 and 2 is thus rotated by an angle x1 about their center of 

mass. The new laboratory velocity of particle 1, Yi_ (the prime 

denotes one collision has occurred), lies somewhere on a sphere of 

radius V1 B/(A + B) center.ed at the 1-2 centroid. The corresponding 
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Fig. 2. A velocity vector diagram for the sequential 

impulse model for endothermic reactions. 
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laboratory velocity of 2 lies somewhere on a sphere of radius 

V1 A/ (A • B) also centered at the 1-2 centroid. The magnitude of yi_ is 

V I - 2 A V • (&) 
z - A +B i sm 2 • 

The center of mass of the diatom, 2-3, now lies on a sphere 

( called the centroid sphere) of radius 

(3) 

( 4) 

whose center is at a distance R from the laboratory origin along Y.t, 
Fig. 2. Depending on the orientation of 2-3 relative to v;, a second 

.,.,_,.,. 

collision may occur. If so, it is taken to be elastic and rotates the 

2-3 relative velocity vector through an angle X2 about the 2-3 centroid, 

Fig. 2. The laboratory velocity of particle 3 after this second 

collision ( denoted by a second prime) is 

V" = 2( -1L) V' sin( X2
) = 4R sin( Xi) sin( X2

) 
3 B +C 2 2 2 2 • 

If the orientation of 2-3 is such that no collision takes place, then 

X2 = 0, the velocities remain unchanged. 

Until this point, the discussion is identical to that of MRW. 

(5) 

We now require that for reaction to occur, the relative energy in the 

2-3 diatom must exceed the endot:hermicity, E 0 • This is a 

necessary condition for reaction but perhaps not a sufficient condition 

because orientational and steric factors not considered may reduce 

the probability of reaction. It is also not a unique condition since 
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"removal'' of the energy E
0 

at this point is somewhat arbitrary. 

Other possibilities include removing the energy as the reactants 

approach or as the products recede or making the initial collision 

inelastic. These alternate conditions were explored but did not yield 

the familiar form for the cross section obtained in the next section, 

eq. 16. 

Having made the requirement stated above, the relative energy 

of particles 2 and 3 must now be reduced by E 0 to conserve energy. 

In effect, a third "event" has now occurred such that the magnitude of 

u;", the final velocity of particle 3 in the 2-3 center of mass system, .....,.... 

is 
1 

u;" = 2R [ sin
2 

( ; 1 ) - E1/El 2 ( 6) 

but the direction of this vector is unchanged from ~, Fig. 2. The 

magnitude of the velocity, ~", is related to eq. 6 by a mass factor, 

C/B, and has the opposite direction. The quantity, E1 , is the effective 

threshold for reaction and is specified by 

/ 
2 . 2 

E1 = E0 4 cos f3 sin f3 (7) 

where cos
2 

{3 = AC/(A +B)(B +C). The mass factor in the denominator 

of eq. 7 is well knovm as the fraction of energy transferred from 

translation to vibration for a collinear atom-diatom collision in the 

limit of a loose oscillator (16] . 

We now require (as in MRW) that the relative energy in the 1-2 

system not exceed D0 (1-2), that is, that the diatomic product be stable. 
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This is determined simply by noting whether the tip of S" lies in a 

stability zone with limits set by the conditions that the internal energy 

of the product 1-2 have a value between zero and D0 (1-2). These 

limits, expressed as values of the translational exoergicity, Q, are 

spheres with their origins at the center of mass and radii of 

(8) 

and 
l 

Qmin = V CM[(l - D/ E) / cos
2 

BJ2 (9) 

where YcM = ~A/ M, D = D0(2-3), and M = A+B+C. 

To facilitate the determination of the stability of the product, 

it is useful to find the maximum and minimum values of v;", the 

velocity of particle 3 after reaction occurs at a given laboratory angle, 

E, Fig. 2. The result is 

(10) 

which describes a figure lmown as a limacon of Pascal. As E0 

approaches zero or as E approaches infinity, the limacon degenerates 

to a cardioid (as in MRW). A series of these curves is shown in 

Fig. 3. The three-dimensional maximum surface is generated by 

rotation of the limacon about the Yi._ vector. A corresponding surface 

also exists which describes the limiting values for the velocity of the 

product [1, 2]. 

It can be shown that the scattering limacon, given by eq. 10, and 
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The limiting surface, given by eq. 10, for the atomic 

product from reaction 2 for a case where A= 12, B = C = 1 

at a variety of collision energies in units of E1 , the 

effective endothermicity of the reaction. The x's mark 

the position of e O given by eq. 11. 
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the maximum stability sphere, given by eq. 8, scale with one another 

as the energy is increased. Indeed, the limacon and sphere are 

tangent along a circle defined by the barycentric angle 00 (Fig. 3) 

given by 

ABCM + 2A
2
C

2 
- M

2
B

2 
- AC(A +B)(B +C)E0 /E cos eo = ___________ __. ___ ....,_ ~-..___,_.____ 

1 
(11 ). 

2AC[AC(A + B) (B + C) (1 - E0 /E) 12 

Thus, [l, 2] is located at a laboratory angle e L such that 

This circle, whose plane is perpendicular to Y-l, defines the location 

of all products having no internal energy. Since the scattering limacon 

lies wholly within the maximum stability sphere, eq. 8, velocities of 

stable products have as a maximum the limacon, eq. 10, and as a 

minimum the stability sphere, given by eq. 9, Qmin' 

Calculation of Reaction Cross Section 

To find the reaction cross section at a given energy, o-(E), we 

need to consider all possible collision events. In general, o-(E) is 

given by 

(13) 

where a12 = 7rd~2 , d12 being the sum of the hard sphere radii of 

particles 1 and 2, P1 is the probability the collision between 1 and 2 

transfers an energy greater than E1 to the diatom, and P 2 is the 
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probability that a product molecule, (1, 2] is stable. Calculation of 

a (E) is simplified by considering three energy regions: region I, 

E < E1 ; region II, E1 < E < D; and region ill, E > D. In region I, 

a (E) equals zero. Insufficient energy is available for reaction to 

occur. Regions II and ill are examined below. 

Region II, E1 < E < D 

Calculation of a (E) is considerably simplified for this energy 

region by noting that all products formed are stable. This is apparent 

since as noted above all scattering occurs within the maximum 

stability sphere defined by Q
0 

and, at these energies, the minimum 

stability sphere has a radius of zero ( eq. 9). Thus, the value of P 2 

is unity and we need only calculate P 1 • 

The probability, Pi, can be expressed in terms of the position of 

v; which depends on the initial scattering angle Xi• We know reaction 
.,.,_,,__ 

does not occur unless u;" is greater than or equal to zero. From 

eq. 7, this requires that x1 exceeds a minimum value given by 

(14) 

Since the distribution of~ vectors is uniform about the 1-2 centroid, 

(15) 

integrated over ¢' (the azimuthal angle) from Oto 2rr and over x1 from 

x1 to rr. The result is P 1 = 1 - E1/E which yields for region II, 

(16) 
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This is the classical line-of-centers hard sphere cross section [161, as 

might be expected. 

At this point, it is fruitful to calculate the partitioning of this 

reaction cross section into components resulting from a two collision 

sequence, P 22 , and those where only a single collision occurs, P 21 • 

Here, the sum of P 21 and P 22 equals P 2 which is unity in Region II. 

Following the treatment of MRW, we find 

(17) 

where C'.½3 is the sum of the hard sphere radii of particles 2 and 3, r 0 

is the equilibrium bond length of the diatom and y is the azimuthal 

scattering angle for particles 2-3, Fig. 4. Integrating over y from 

0 to 21T and X2 from O to 7T, we obtain 

1 

o [ 2/22] P 22 = 1 - ( 1 - ct;3 r o) /2 ' (18) 

and thus 

(19) 

Region III, ·E > D 

Once the energy exceeds the bond energy of the diatom, collision 

sequences in which particle 3 ends within the minimum stability sphere 

must be excluded. The geometry is shown in Fig. 5. The integration 

must be performed carefully because there will be values of E and X1 

for which no intersection of the second collision scattering sphere and 
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Fig. 4. The geometry of a sequential impulse collision. The 2-3 

bond axis makes an angle a with the velocity vector V~. 

The impact parameter for the second collision is b = r 
O 

sin a 

where r 
O 

is the equilibi um 2-3 bond distance. (From Ref. 

12.) 
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Fig. 5. A velocity vector diagram showing the portion of scattering 

events (marked by a long dashed line) which lead to product 

instability for a particular energy and initial scattering 

angle Xi- In three-dimensional space, both the Qmin and 

u;" circles are spheres. 
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the Qmin sphere will occur as well as regions where the scattering 

sphere is entirely within or outside the minimum stability sphere. 

The general procedure is to solve for P 22 by integrating eq. 17. The 

result, which is dependent on Xi and E1 is integrated over x1 , eq. 15, 

and multiplied by a12 • This cross section when added to the result from 

a similar treatment of P 21 yields a (E). 

Heavy atom - light diatom limit 

Examination of a reaction where A » B, C exposes several 

features of the collision processes. In this limit, the energy at which 

single collision events result in product dissociation is simply 

(20) 

This energy is substantially less than that predicted by "spectator" 
2 

stripping [11, 17], Es= D/sin (3. It is also of interest to note that 

"knockout" processes where A hits B and reacts with the trailing C 

atom also result in product dissociation at Es. When 

A » B = C, the geometry of the two-collision process takes a 

symmetric and simpler form. Consequently, the evaluation of a (E) 

in Region III is more tractable. 

Results and Discussion 

Experimental and theoretical results for the reaction 

Ba +(D2 , D)BaD+ are shown in Fig. 6. The theoretical curve is 

obtained by empirically determining a 12 , ~ 3 and E0 • The values for 

a12 , 0. 98 A2
, and E

0
, 2. 1 ± 0.1 eV, are evaluated by fitting the data 
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Fig. 6. Variation in experimental cross section with energy in the 

center of mass frame (lower scale) and laboratory frame 

(upper scale). The short dashed curve gives the cross 

section calculated for two-collision events (see text). The 

long dashed curve is the total cross section calculated with 

includes both one- and two-collision ev-ents. This calculated 

curve is convoluted as discussed in the text to yield the 

solid line. Arrows mark the bond dissociation energy of 

D2 , 4. 60 eV; the energy above which one-collision events 

lead to product dissociation, 7. 0 eV, and the energy that 

the spectator stripping model predicts for product instability, 

9 .1 eV. 
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below the bond dissociation energy of D2 , 4. 60 eV [181, with the function 

a1z(l - E1 /E) convoluted as discussed above [14). The value of dz3 , 

which determines the fractions of one- and two-collision events, is 

evaluated by fitting the two-collision cross section to the data at the 

higher energies where one-collision events all lead to product 

dissociation. The fit shown is obtained with dz3 = r 
O 

such that exactly 

half the events are two-collision events and half are one-collision 

events. The one-collision events have a sharp onset for product 

dissociation at 7. 0 eV. This fall-off is also convoluted with the 

thermal motion of the target gas to yield the solid curve shown in 

Fig. 6. For comparison, the energy for product dissociation predicted 

by the spectator stripping model, 9. 1 eV, is also shown. 

As BaD;, having only three valence electrons, is not expected 

to be strongly bound, reaction at energies much above thermal will 

probably proceed via a direct mechanism rather than by complex 

formation. While a 12 is_ smaller than might be expected a priori, we 

have not taken into account steric restrictions on the initial collision 

nor have we included all types of multiple collision sequences 

(chattering). These considerations would lead to a lower value of a 12 

than that calculated using known atomic radii. 

Using the measured endothermicity of the reaction Ba +(D2 , D)BaD+, 

we can calculate several thermochemical values of interest. The bond 

dissociation energy of the barium deuteride, D0(Ba + -D), is found to be 

2. 5 ± 0.1 eV. This is substantially stronger than the bond energy of 

the isoelectronic CsH, D0 (CsH) = 1. 8 ± 0. 3 eV [20 l. Combined with the 

bond energy for neutral BaH, ~ 1. 8 eV [21], we can put an upper 
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limit on the ionization potential of BaH, IP(BaH) S 4. 5 eV. 

The proton affinity of barium can be fotmd using the relation 

PA(Ba) = IP(H) - IP(Ba) + D0(Ba + -H) . 

Making a zero point energy correction of 0. 05 eV in D0(Ba + -D), we 

find the proton affinity to be 250 ± 3 kcal/mo! [ 21] . This is easily 

one of the highest proton affinities of all atomic species for which 

reasonable thermochemical data are available [11 l. It is substantially 

higher than that of the strongest organic monodentate bases such as 

NMe3 and PMe3 (221, and comparable to the basicity of the alkali 

hydroxides (23]. 

~ 
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Abstract 
~ 

An ion beam apparatus is employed to study the reaction of Ni+ 

with H2 , HD, and D2 as a function of kinetic energy. These reactions 

lead to the endothermic formation of NiH\ NiH+ and NiD+, and NiD+, 

respectively. Interpretation of the threshold for these processes 

yields the average bond energies, D0 (Ni+ -H) = 1. 86 ± 0. 09 eV and 

D0 (Ni+ -D) = 1. 90 ± 0.14 eV. The total reaction cross sections for all 

three systems are similar; however, a striking isotope effect is 

observed for Ni+ reacting with HD. The dependence of the cross 

sections on relative kinetic energy is discussed in terms of simple 

models for reaction. 
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Introduction 
~ 

Metal hydrides are of increasing interest because of their 

importance in catalysis, the photochemical generation of H2 [21, the 

storage of hydrogen by interstitial alloys (31, and organometallic 

chemistry [ 4 l. Matrix isolation techniques [51, shock tubes [61, and 

more conventional means [71 have been used to obtain a variety of 

spectroscopic information on diatomic metal hydrides. However, 

spectroscopy is generally not useful in determining the bond dissocia

tion energies of such species [71. The present study is a continuation 

of our efforts to investigate the chemistry of metal hydrides in the gas 

phase (8, 9, 10]. Using an ion beam apparatus, we have examined the 

endothermic reactions of nickel ions with hydrogen and its isotopic 

variants. Interpretation of the threshold for these reactions yields the 

bond energy for the nickel hydride ion. A striking isotope effect is 

observed in the reaction between Ni+ and HD which produces both Nill+ 

and NiD+. Conversely, . no isotope effect is seen in comparing the total 

reaction cross sections of H2 , HD, and D2 • 

The ion beam apparatus shown in Fig. 1 is a highly modified 

version of an instrument previously described (81. Ions from a 

surface ionization source are accelerated and focused into a 60° sector 

magnet for mass separation. The ion beam mass selector provides 

unit mass resolution to greater than 100 m/z. All present results 

were performed with the 58Ni isotope. This mass selected beam is 
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FIG. 1. Schematic drawing of ion-beam apparatus. 
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decelerated and focused into a collision chamber containing the reactant 

gas. The pressure of the gas, measured using an MKS Baratron 

Model 90Hl capacitance manometer, is in the range of 1-7x 10-3 Torr 

for the present experiments. Product ions scattered in the forward 

direction are focused into a quadrupole mass filter, and detected using 

a Channeltron electron multiplier. Phase sensitive detection is 

accomplished by modulating the voltage on the final lens element and 

directing the output of the multiplier to a PAR HR-8 lock-in amplifier, 

referenced to the modulating frequency. 

The ion source, previously described [81, is comprised of a 

tubular stainless steel oven attached to the side of a U-shaped repeller 

plate which surrounds a rhenium ionization filament. For these 

experiments, the oven is loaded with NiC¼· 6H20. The filament 

generates sufficient heat to dehydrate the nickel complex and vaporize 

the NiC¼. This vapor is directed at the filament where dissociation 

and ionization of the resulting Ni takes place. This method of ioniza

tion minimizes the production of excited metal ion states. It is 

estimated that at the filament temperature used, ~ 2500°K, over 98% 

of the Ni+ ions produced are in the 2D ground state manifold. 

Attenuation experiments [11 l indicate only a single component in the 

beam. 

The energy of the ion beam is taken nominally as the difference 

in potential between the collision chamber and the center of the filament, 

the latter being determined by a resistive divider. This energy is 

checked by use of a retarding field energy analyzer. Agreement was 



111 

always within O. 3 eV. The energy width of the Ni+ beam was also thus 

obtained and determined to be O. 7 eV (FWHM). In the center of mass 

frame, this introduces an uncertainty of± 0. 03 eV and ± 0. 05 eV for 

the reactions with H2 and D2 , respectively. No specific account of the 

energy distribution of the ion beam is taken in the treatment below. 

A more severe problem concerning the actual energy of inter

action is the effect of the thermal motion of the reactant gas. Chantry 

(121 has shown that the distribution of the relative kinetic energy at an 

energy E due to this effect has a full width at half-maximum of 

1 

W 1 = (11.1 y k TE) 2 

2 
(1) 

where T is the temperature of the target gas and y = m/(m + M), m and 

M being the masses of the incident particle and target gas. Thus 
1 

W 1 ~ 0. 5 E2 eV for the present experiments. This energy distribution 
2 

effectively broadens any sharp features in the excitation function in-

cluding threshold. To account for this effect, the proposed excitation 

function is convoluted with this distribution before comparison with the 

data using the method outlined by Chantry (121. 

Reaction cross sections are calculated using 

(2) 

which the total reaction cross section, a, the length of the interaction 

region, I ( = 5 mm), and the number density of the target gas, n, to the 

measured intensities of the reactant ion and the product ion, IR and Ip, 

respectively. In the case of HD where two products are observed, the 
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cross section for a specific product is 

a. = aI. /I 
1 1 p ( 3) 

where Ip = ~ ii and the subscript i can refer to either NiH+ or NiD+. 

The greatest uncertainty in such measurements is the ion detection 

efficiency. Calculation on the maximum scattering angle expected in 

reactive collisions of the present study indicate all product ions should 

be collected. This is a consequence of the appreciable center of mass 

velocity which requires the heavy product be scattered forward in the 

laboratory frame. 

The HD and D2 were used as obtained from Stohler Isotopes. 

The purity of the HD was checked by mass spectrometry and found 

to be about 96% HD with 2% each of H2 and D2 • 

Results 
~ 

Reaction of Ni+ with H2 and D2 

Cross sections measured for the reaction of nickel ions with H2 

and with D2 , shown in Figs. 2 and 3, respectively, are superimposable 

within experimental error. Qualitatively, these excitation functions 

are easily understood. The cross section for reaction to form NiH(D)+ 

NiH(Dt rises rapidly from threshold. The thresholds for the two 

systems should be the same except for small differences due to zero 

point energy effects. At the bond dissociation energy of the neutral 

reactant, D, the three-body reaction channel 

( 4) 
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FIG. 2. Variation in cross section for the reaction of Ni+ with H2 as 

a function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale) 

Arrows indicate threshold for reaction, E0 = 2. 60 eV, the 

bond energy of H2 , D = 4. 5 eV, the effective stripping limit 

(see text), Es= 5. 0 eV, and the spectator stripping limit, 

8. 9 eV. The dotted line is the calculated two-collision 

contribution to the cross section. The dashed line is the 

total cross section in the threshold region calculated using 

eq. 5 and parameters in Table I. The solid line is the 

calculated total cross section described in the text convoluted 

with the energy spread due to the thermal motion of the 

reactant gas. 
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FIG. 3. Variation in cross section for the reaction of Ni+ with D2 as 

a function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale). 

Arrows indicate threshold for reaction, E
0 

= 2. 80 eV, the 

bond energy of D2 , D = 4. 60 eV, the effective stripping limit 

(see text), Es= 5. 0 eV, and the spectator stripping limit, 

8. 9 eV. The dotted line is the calculated two-collision 

contribution to the cross section. The dashed line is the 

total cross section in the threshold region calculated using 

eq. 5 and parameters in Table I. The solid line is the 

calculated total cross section described in the text convoluted 

with the energy spread due to the thermal motion of the 

reactant gas. 
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becomes energetically accessible. The result is formation of Ni.H(D)+ 

which has sufficient energy to dissociate. As the kinetic energy 

increases, the fraction of unstable product increases and the cross 

sect ion drops. 

We can attempt to quantify this behavior by using a simple model 

previously proposed [9, 13 l. The sequential impulse model for endo

thermic reactions examines the reaction A(BC, C)AB classically. All 

atoms are assumed to interact pairwise in hard sphere collisions. 

The model shows that the total cross section is composed of contri

butions from two types of collision events. The first type is a two

collision event where A hits B and then B hits C. Significant energy 

may be transferred to the neutral product in this sequence. Conse

quently, stable AB product may be produced even at very high collision 

energies. The second type of collision event is the stripping collision. 

Here, A hits B but no secondary collision occurs. However, consider

ation of the endothermicity of the reaction requires momentum be 

transferred to C in the bond breaking process. This differs somewhat 

from the ideal spectator stripping limit where it is assumed no 

momentum is transferred to the product C regardless of reaction 

thermochemistry [14]. 

This model predicts that at energies below D, the bond dissoci

ation energy of BC, the total energy-dependent reaction cross section 

is given by 

(5) 
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where a 0 is the hard sphere cross section for A-B collisions and E
0 

is 

the threshold energy taken equal to the difference between the bond 

energies of the reactant and product diatoms. At energies above D, 

two collision events begint to produce unstable product. The fraction 

of stable product decreases with increasing energy but does persist to 

high energies. Stripping events have a sharp energy cut-off above 

which the diatomic product is unstable. This energy is defined by 

(6) 

2 
where cos .B = m A me / m AB mBC and m refers to the mass of the 

appropriate species. In the spectator limit, this cut-off energy is 

just D/ sin
2 

{3. 

Fitting eq. (5) to the data in the threshold regions, convoluted as 

discussed above, the parameters given in Table I are obtained. The 

fits are shown in Figs. 2 and 3. Using D0 (H2) = 4. 52 eV and 

D0 (D2) = 4. 60 eV [ 15 l, bond dissociation energies for NiH+ 

1. 92 ± 0.12 eV and for Nill+ 1. 80 ± 0.15 eV are derived. Representing 

the cross section parameter as 

(7) 

where r refers to the hard sphere radius ofthe appropriate species and 

taking rH = 0. 25 A [161, we can derive an experimental hard sphere 

radius for Ni+, rNi ~ 1. 0 A. This value may be compared favorably 

with the covalent radius of Ni, 1. 2 A [171, and the ionic radius of 

Ni
2
+, o. 7 A [181. 
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Table I 

Parameters used to fit the threshold region of reaction of Ni+ with H2 , 

HD and D2 using eq. 5. 

Reaction 

r--NiH+ + D 
Ni++ HD • ·, 

l_NiD+ +H 

Ni+ + D2 - NiD+ + D 

Threshold Energy 

E0 (eV) 

2.60±0.1 

2.75 ± 0.1 

2.55±0.1 

2.80±0.1 

Cross Section 
0 2 

a0 (A) 

4.09 

4.02 

1.02 

4.87 
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The sequential impulse model does not accurately portray the 

cross section behavior at higher energies. Its failure is demon

strated by noting that the rapid decrease in cross section occurs at 

lower energies than that predicted by eq. 6, Es ~ 6. 3 eV. Neglect of 

product rotational energy which can contribute to dissociation [19 l may 

be the source of this failure. To compensate, Es is treated as a 

variable parameter. The data are best fit for both the H2 and D2 systems 

when Es = 5. 0 eV. Including a contribution of approximately 10% due 

to two collision events which account for product formed at high 

energies, the complete fits, convoluted as discussed, are shown in 

Figs. 2 and 3. 

The experimental results for the interaction of nickel ions and 

HD are shown in Fig. 4. As can be seen a substantial isotope 

effect is observed, Fig. 5. In the threshold region, approximately 

four times as much NiH+ is produced as NiD+. As the kinetic energy 

is raised further, the ratio of hydride to deuteride product goes 

through a maximum and then returns to a value of about four. 

The total reaction cross section in the threshold region is quite 

comparable to that of the H2 and D2 systems. Again interpreting the 

energy thresholds using eq. 5, the parameters given in Table I are 

obtained. The bond energies derived, using D
0 

(HD) = 4. 55 eV [81, are 

1. 80 ± 0. 12 eV for NiH+ and 2. 00 ± 0.13 eV for NiD+. These values 

are in reasonable agreement with those obtained from the H2 and D2 

systems. Table II lists the average bond energies for NiH+ and NiD+ 
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FIG. 4. Variation in cross section for the reactions of Ni+ with HD 

as a function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale). 

Arrows indicate thresholds for reaction, E
0 

(Nill+) = 2. 55 eV 

and E0 (NiH+) = 2. 75 eV, the bond energy of HD, D = 4. 55 eV, 

the effective stripping limits (see text) for NiD+, Es= 5. 5 eV, 

and for NiH+, Es = 8. 5 eV , and the spectator stripping 

limits, 6. 7 eV and 13. 2 eV, respectively. The dashed lines 

are the reaction cross sections for the products calculated 

using eq. 5 and parameters in Table I. The solid lines are 

the calculated cross sections described in the text convoluted 

with the energy spread due to the thermal motion of the 

reactant gas. 
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FIG. 5. Isotope effect observed in the reaction of Ni+ with HD as a 

function of relative kinetic energy. Arrows mark same 

energies described in Fig. 4. Below 4 eV, the solid curve 

and dashed curve correspond to the convoluted and uncon

voluted fits plotted in Fig. 4. 
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Table II 

Thermochemistry of nickel and cobalt hydrides and their ions. 

All values in eV. 

Metal (M) Ionizationa Bond Energy Ionization Bond Energy 
Potential (M-H) 

Ni (H) 

(D) 

Co 

(a) Ref. 27. 

(b) Ref. 26. 

( c) This study. 

(d) Ref. 28. 

(e) Ref. 10. 

(M) 

7.63 2.1 ± 0.4 

7.87 

d 2.6 ± 0.3 

1.7±0.5 

Potential (M+ -H) 
(MH) 

7.9±0.3 b 1. 86 ± 0. 09 C 

8.4 ± 0.4 

1. 90 ± 0.14 C 

7. 3 ± 0. 3 e 2.25±0.17 e 
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determined in this study. 

It may be noted that the impulse model discussed above predicts 

that the energy at which product is first observed, an effective 

threshold, is 

(8) 

2 2 
In the H2 and D2 systems, the values of 4cos f3 sin {3 are very nearly 

unity (within 0.1 %); but for HD, the value for both products is 0. 90. 

Correcting the experimental thresholds by this factor, we obtain 

D0 (NiH+) = 2. 07 eV and D0 (NiD+) = 2. 32 eV. These values do not 

agree as well with the bond energies derived in the H2 and D2 systems 

as the uncorrected energies. 

Qualitatively, the behavior of the excitation functions at high 

energies, E > D, is a direct consequence of the difference in mass 

involved. Examination of the ideal spectator stripping model is 

elucidating. For the present case where mNi » mH, mD, the center 

of mass before and after collision is situated on the nickel atom. 

By definition, after reaction has occurred, the free atom has zero 

velocity in the laboratory frame. In the center of mass frame, its 

velocity is equal to the center of mass velocity regardless of its mass. 

If the free atom is deuterium, twice as much energy is in translation 

as if the free atom is hydrogen. Since energy conservation requires 

the difference be in internal modes, the Nill+ product is generally 

formed with more internal energy than the NiH+ product at the same 

relative kinetic energy. This effect is quantified using eq. 6 which 

predicts substantial product dissociation at Es(NiH+) = 8. 5 eV and 



127 

Es(NiD+) = 5. 5 eV. As in the systems with H2 and D2 , product 

dissociation occurs predominantly at lower energies than those 

calculated. 

As before, only small amounts of product persist to the highest 

energies, indicating small contributions from 2 collision events. 

We can fit the NiD+ cross section using eq. 5 with a cut-off at 4. 6 eV. 

However, no such simple fit can be obtained for the cross section of 

NiH+ which decreases approximately as E-3 between 5 and 7. 5 eV and 

as E-
7 

between 7. 5 eV and 11 eV. The fit shown is a 10% contribution 

from one-collision events with a cut-off at the predicted energy of 

8. 5 eV and a 90% contribution from two-collision events where the 

H-D collision occurs head-on exclusively. 

"While consideration of product stability qualitatively describes 

the energy dependence of the ratio a(NiH+)/a(NiD+), the explanation 

for a 4:1 ratio in the threshold region and at the highest energies is 

still unclear. Certainly, this ratio is highly suggestive of a mass 

effect since it equals the inverse of the square of the mass ratio. 

One simple suggestion is that since the center of mass of HD is 

displaced from the center of the bond, the effective area the H atom 

can present to an incoming nickel ion is four times that of the D atom. 

In essence, collision with the hydrogen end of the molecule can occur 

at larger impact parameter than with the deuterium end. Another 

possible explanation concerns orientation effects based on the dis

placement of the center of polarizability from the center of mass [201. 

This displacement tends to orient the HD molecule with the hydrogen 
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end towards the incoming ion. However, at the energies necessary 

for reaction to occur, reorientation is slow compared with collision 

times. Consequently, it is not expected that this effect can account 

for the isotope effect observed. 

Discussion 
~ 

It is of interest to compare the present results with those for the 

reaction of c+ with H2 , HD, and D2 • Here, too, the total cross 

sections for reaction with H2 and D2 were comparable [21 l. However, 

the isotope ratio, cr(CH+) / a(CD+), in the HD system was approximately 

0. 65 from threshold, ~O. 4 eV, to 8 eV [22]. Since the intermediate 

CH1 is a very stable species, -4 eV compared to c+ + H2 [231, the 

formation of a long-lived complex is likely and will greatly influence 

the reaction dynamics [24 l. While the nickel dihydride ion, Nillt, 

has been observed in field ionization experiments [25 l, the present 

results, assuming D0 (HNi+ -H) ~ D0 (Ni+ -H), suggest this species will 

not be stable with respect to Ni+ + H2 by about 0. 8 eV. This implies 

a barrier to reductive elimination of H2 from Nill;. Speculation on the 

potential energy surface for the nickel ion-hydrogen system is shown 

in Fig. 6. Thus, even though a well may exist along the reaction 

coordinate, at the energies necessary for reaction, it is likely the 

reaction is direct. Indeed, the isotope effect observed in the Ni+ -HD 

system suggests this is the case since formation of HNiD+ species 

should tend to produce equal amounts of Nill+ and NiD+ products. 

In other studies in our laboratories, the ionization potential of 

nickel hydride, IP(Nill), has been estimated as 7. 9 ± 0. 3 eV. Using 
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FIG. 6. Approximate potential energy diagram for the Ni+ -H2 system. 

The solid line shows the curve for a perpendicular approach 

of Ni+ to H2 and the dashed line shows that for a collinear 

approach. 
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D
0 
(NiH) = IP(NiH) - IP(Ni) + D0 (Ni+ -H) (9) 

where IP(Ni) = 7. 63 eV [27], the bond dissociation energy of nickel 

hydride neutral is found to be 2.1 ± 0. 4 eV in reasonable agreement 

with Gaydon's value of 2. 6 ± O. 3 eV [28]. The proton affinity of the 

nickel atom can be calculated from 

PA(Ni) = IP(H) - IP(Ni) + D0 (Ni+ -H) . 

The value obtained, 180 ± 3 kcal/mo!, is comparable to those for 

other transition metals, PA(Co) = 184 ± 4 kcal/mo! [101 and 

PA(Fe) < 203 kcal/mo! [29], but well below those of such strong 

(10) 

atomic bases as Ba, 250 ± 3 kcal/mo! [9], and U, 238 ± 4 kcal/mo! [8] . 

Comparison of the bond energies for the nickel and cobalt hydride 

ions and neutrals is shown in Table IT. Of particular note is the fact 

that while NiH has a stronger bond than NiH+, the opposite is the case 

for cobalt. Examination of the states of the metals suggests possible 

reasons for this behavior. Calculations have shown that the nickel 

atom and hydrogen atom form a bond by pairing a Ni 4s orbital with 

the H ls [30]. However, the ground states of Ni and Co have s
2 ct8 and 

s2d7 configurations, respectively, while Ni+ and Co+ have ct9 and d8 

configuration ground states. To excite these metals to an s1dn 

configuration requires 0. 03 eV for Ni, 0. 43 eV for Co, 1. 04 eV for 

Ni+ and 0. 42 eV for Co+ [27]. The differences in promotion energy 

would predict a NiH bond stronger than a CoH bond by 0. 4 eV, and a 

0. 6 eV difference in bond energies for the ions such that the NiH+ bond 

is the weaker. The comparison with the observed trend is good; 
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however, correlation effects and the loss of exchange energy should 

also be considered. 

~ 
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Abstract 
~ 

An ion beam apparatus is employed to study the formation of 

the cobalt carbene ion, CoCHt. This ion is produced in the 

endothermic reaction of cobalt ions with ethene and cyclo

propane and in an exothermic reaction with ethylene oxide. 

A model is proposed to account for the dependence of 

experimental cross sections on relative kinetic energy for 

the endothermic reactions. Using this model to interpret the 

experimental results, a bond dissociation energy 

D0 (Co+ -CH2 ) = 3. 7 ± 0. 3 eV is derived. 
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I. INTRODUCTION 

Transition metal carbenes have been postulated as intermediates 

in a variety of reactions, including metal alkyl decomposition, 1 olefin 

metathesis, 2 polymerization of olefins, 3 olefin homologation, 4 and 

cyclopropane formation from olefins. 5 Yet, despite their seeming 

abundance, little is known about metal carbene thermochemistry. 

Recently, ion cyclotron resonance spectroscopy was used in our 

laboratories to prepare several ionic carbenes of iron6 and 

manganese 7 in the gas phase. These studies included the first 

experimental determinations of metal carbene bond dissociation 

energies. The present investigation represents a continuation of our 

effort to characterize metal carbenes in the gas phase. Specifically, 

we have studied the endothermic reactions of Co+ with ethene, 

and with cyclopropane, 

and the exothermic reaction with ethylene oxide, 

A complete understanding of the dynamics of such reactions 

requires knowledge of the potential energy surface. Due to the 

unavailability of such detailed information, a simple surface 

(1) 

(2) 

(3) 

( 4) 
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consisting of only the reaction coordinate is often considered. The 

dynamics of chemical reactions are often dominated by the gross 

features of such a simplified surface. 8 Speculation on the reaction 

coordinate diagrams for processes 2-4 reveals important features 

which distinguish these reactions. In Fig. l(a), the example of a 

highly endothermic process, reaction 2, is given. Even though the 

binding energy of Co+ to ethene is substantial, giving rise to a 

potential well, 9 a considerable amount of energy must be provided 

to surmount the reaction barrier. At these energies, the influence 

of the well on the reaction dynamics is small, and therefore, we 

expect the reaction to be direct. The endothermicity of reaction 3, 

Fig. l(b), is much less. Based on related studies, lO the formation 

of a metallocyclobutane as a reaction intermediate is proposed. 

The well corresponding to this reaction intermediate should be of 

comparable magnitude to the heat of reaction. This situation is more 

conducive to the formation of a long-lived complex which can 

dissociate in many ways including back to reactants. Finally, we 

consider a case where the reaction is exothermic, Fig. l(c). A long

lived intermediate is again expected but now formation of products 

is much more likely. 

In the present study, a particular form for the excitation 

function of endothermic reactions is proposed. This form 

is used to analyze the dependence of the cross section for 

reaction 2 on kinetic energy of the reactant ion. Previously, the 

analyses of such processes concentrated on interpretation of the 

threshold region. In this paper, we have extended this analysis to 



140 

FIG. 1. Postulated reaction coordinate diagrams for reaction 2, 

part a, reaction 3, part b, and reaction 4, part c. The 

heats of reaction are determined in the present study. 

The scale of part a is a factor of 6 less than parts b and c. 
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include the energy region where substantial product dissociation may 

occur. 11 The proposed form for the reaction cross section is shown 

to fit the experimental results over a large energy range. The 

threshold measured for reaction 2, using this analysis, allows us to 

derive the bond dissociation energy, D 0 (Co+ -CH2 ) = 85 ± 7 kcal/mo!. 

This agrees with the upper limit for this bond energy of 92 kcal/mo! 

established by the endothermicity of reaction 3 and with the lower 

limit of 79 kcal/mo! established by the exothermicity of reaction 4. 

The agreement gives us confidence that the analysis is useful in 

obtaining accurate thermochemical data. 

II. EXPERilvfENTAL 

The ion beam apparatus shown in Fig. 2 is a highly modified 

version of an instrument previously described. 12 Ions from a surface 

ionization source are accelerated (typically to about 700 volts) and 

focused into a 60° sector magnet for mass separation. The ion beam 

mass selector provides unit mass resolution to greater than 100 m/z. 

This mass selected beam i.s decelerated and focused into a collision 

chamber containing the reactant gas. Product ions scattered in the 

forward direction are focused into a quadrupole mass filter and 

detected using a Channeltron electron multiplier operated in a pulse 

counting mode. Ion signal intensities are corrected for the mass 

discrimination of the quadrupole mass filter. 

The ion source, previously described, 12 is comprised of a 

tubular stainless steel oven attached to the side of a U-shaped repeller 

plate which surrounds a rhenium ionization filament. For these 
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FIG. 2. Schematic diagram of the ion beam apparatus. 
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experiments, the oven is loaded with CoC½ • 6H
2

0. The filament 

generates sufficient heat to dehydrate the cobalt complex and vaporize 

the CoC¼. This vapor is directed at the filament where dissociation 

and ionization of the resulting Co takes place. This method of ioniza

tion minimizes the production of excited metal ion states. It is 

estimated that at the filament temperature used, ~2500° K, 81% of the 

Co+ ions produced are in the 3 F ground state manifold and 19% are in 

the 5 F excited state manifold at 0. 42 eV. In order to observe the effects 

of an excited state, its lifetime must exceed about 10 µs, the approxi

mate flight time of the ions. An attempt was made to determine the 

presence of excited ions using an attenuation technique. 13 , 14 Only a 

single component was detected, suggesting that excited ions are absent. 

This assumes that the 3 F and 5 F. states have different total scattering 

cross sections for the collision gases used (0
2

, C
2

H
4

, and C
2

H
6

). 

The energy of the ion beam is taken nominally as the difference 

in potential between the collision chamber and the center of the 

filament, the latter being determined by a resistive divider. This 

energy is verified by use of a retarding field energy analyzer. 15 

Agreement was always within 0. 3 eV. The energy width of the Co+ 

beam was also thus obtained and determined to be 0. 7 eV (FWHM). 

In the center of mass frame, this introduces an uncertainty of± 0. 12 eV 

in the reaction with C2H4 and of± 0.15 eV with c-C3H6 and c-C2H40. 

No specific account of the energy distribution of the ion beam is taken 

in the treatment below. 

Despite attempts to make such measurements, we find the 

present apparatus is not particularly suited to accurate determinations 

of product ion energies. 15 Severe problems due to focusing effects 
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preclude an effective analysis on any ion having low intensity and a 

wide spread in kinetic energy. These effects may be accounted for if 

the ion is sufficiently intense and nearly monoenergetic (as for the 

incident ion beam). 

A more severe problem concerning the actual energy of inter

action is the effect of the thermal motion of the reactant gas. 

Chantry16 has shown that the distribution of the relative kinetic energy 

at an energy E due to this effect has a full width at half-maximum of 

1 

W 1 = (11.1 ykTE) 2 
2 

where T is the temperature of the target gas, and y = m/(m + M), 

m and M being the masses of the incident particle and target gas. 
1 
2 Thus, W 1 = 0. 44 E eV for the reactions with ethene and 

2 1 
? 

W1 = 0. 41 E- for reaction with cyclopropane or ethylene oxide. 
2 

(5) 

This energy distribution effectively broadens any sharp features in the 

excitation function, inch1ding threshold. To account for this effect, 

the proposed excitation function is convoluted with this distribution 

before comparison with the data using the method outlined by 

Chantry . 16 

Reaction cross sections for a specific product, ai, are calculated 

from 

<J. = aI./l:I. 
1 1 l 

where the sum is over all products and r. refers to a particular 
1 

(6) 

measured product ion intensity. The total reaction cross section, a, 

is evaluated using 
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(7) 

where I
0 

is the transmitted reactant ion beam intensity, n is the 

number density of the target gas, and f. is the length of the interaction 

region. The pressure of the target gas, measured using an MKS 

Baratron Model 90Hl capacitance manometer, is kept sufficiently low, 

1-5 x 10-3 Torr, that attenuation of the ion beam is minimal. The 

length of the interaction region is 5 mm, and is uncorrected for 

entrance and exit apparature effects17 (1. 0 and 1. 5 mm in diameter, 

respectively). Our experimental procedure is to take a complete 

scan of kinetic energy at a single pressure to obtain the excitation 

function. At several energies, the product yield is measured as a 

function of pressure to ensure Eqs. (6) and (7) are obeyed. This 

procedure also readily identifies products formed by more than one 

11. . t 18 co 1s10n even . 

The greatest uncertainty in measurements of reaction cross 

sections is the ion detection efficiency. In the present experiments 

which involve heavy projectile and light target species, efficient 

detection is assisted by the appreciable center of mass velocity which 

tends to scatter all products in the forward direction in the laboratory 

frame. At laboratory energies below about 10 eV, a small field of 

0. 5 V is placed across the specially designed collision chamber12 

to extract low energy ions. This field introduces an additional 

uncertainty in the energy of interaction. Relative cross sections are 

well reproduced and we estimate that the absolute cross sections 

reported are accurate to a factor of two. 
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III. THEORETICAL 

A key problem in obtaining information from measurements such 

as those made in the present study is an accurate determination of the 

true microscopic cross section for reaction, a (E). It has been shown 

that direct deconvolution of the phenomenological cross section 

measured does not yield a unique reaction cross section independent of 

the experimental energy distributions. 19 Thus, a choice for the form 

of a (E) must be made and eventually shown to be consistent with the 

data by averaging over the experimental conditions (as above). 16 

This choice, however, is not an easy one. No ab initio theory 

presently exists which derives the correct general form for particle 

transfer reactions. While trajectory calculations20 can yield a(E) for 

a given reaction, this is clearly of no general help to the experimen

talist. Simple models, 21 such as hard sphere cross sections, line of 

centers cross sections, or cross sections determined by the long-range 

portion of the interaction potential of the reactants, may be used. 

However, these are primarily useful in defining an encounter but not 

subsequent events which may or may not lead to reaction. In the past, 

workers have assumed forms for a(E) which are easy to handle 

mathematically such as step functions, 22 linear functions, 12 , 22 , 23 

and exponential functions. 24 

Another approach is to "derive" a (E) from statistical considera

tions developed for understanding reaction rates such as transition 

state theory, 25 RRKM theory, 26 and phase space theory. 27 ' 28 

However, these theories were developed such that no particular form 
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for the reaction cross section need be assumed. Consequently, 

additional assumptions are required to derive a cross section. 25 , 29 , 30 

1. Form for a (E) 

The choice we will make for the reaction cross sections is that 

it has the general form 

n 
a (E) a: ( E - Eo) 

E 
(8) 

when we refer to a direct state to state reaction. Here, the reactants 

have a total energy F and the barrier to reaction is E0 • When n = 1, 

this form reduces to the familiar line of centers model which has often 

been found to have approximately the correct shape for experimental 

cross sections. 18 Expression (8) is also familiar as the probability 

derived by Kassel 31 for one particular oscillator out of a system 

n + 1 oscillators to have an energy greater than E
0 

when the total 

system energy is E. We expect that the problem of determining 

whether sufficient energy is in a reaction coordinate of a system having 

n + 1 degrees of freedom should be related. The form of (8) can also 

be viewed as a ratio of numbers of states (in a classical approxima

tion)26 of a transition state to that of an energized molecule 25 or as 

the ratio of flux in the reaction product channel relative to the incident 

flux. 32, 33 

This latter viewpoint suggests several possible refinements 

which may become warranted as more experiments are done and com

pared with theory. The first of these refinements is to simply replace 

(8) by the ratio 
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(9) 

where N(x) is the number of quantum states of a system with an energy 

less than or equal to x, N+(E+) refers to a transition state with 

E+ = E - E
0

, and N(E), for a direct reaction, refers to the reactants. 

Now, rather than use classical approximations yielding the form in (8), 

other means of counting states, such as direct count or semiclassical 

expressions, 26 may be utilized. These may be more accurate 

especially near reaction threshold. It can also be noted that 

expression (9), using a classical approximation, may yield 

(10) 

such that n and m are not equal. This could be the case, for instance, 

if a tight transition state were involved. 34 

The second refinement is the extension to reactions which may 

proceed via long-lived complex formation. The cross section for 

reaction is now related to 

aa(E) cc [NCl'(E)/2: Na(E)] (11) 
Ci 

where the sum if over all decomposition paths, designated by a, of the 

complex (including back to reactants). 34 The expressions (9) and (11) 

can be identified with the reaction probabilities of Miller's unified 

statistical theory 33 and thus may be extended to intermediate cases 

between direct and complex mechanisms. 
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2. Influence of product dissociation on the form for a (E) 

The possibility of product dissociation can hav~ a profound 

influence on the cross section observed for product formation. The 

thermodynamic threshold for such dissociation is simply the dissoci

ation energy of the bond broken during reaction. However, not all of 

the available energy will be in the internal modes of the appropriate 

product. We can estimate that energy assuming that the energy is 

statistically distributed among the degrees of freedom of the 

products. 34, 35 Treating the problem classically, neglecting angular 

momentum 36 and remembering that only n internal modes are "active" 

( excluding the reaction coordinate), it can be shown that the probability 

of an energy greater than Ev is in internal modes of the products at a 

total available energy (E - E0 ) is just 

(12) 

We now assume the product ion dissociates if its internal energy 

exceeds its bond dissociation energy, D. We define the parameter a 

as the average fraction of internal energy Ev in the ionic fragment. 

The dissociation probability (i.e., the probability aEv ~ D) becomes 

If the neutral product is monatomic, a equals unity, 37 and if poly

atomic, 0 < a < 1. 

(13) 
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3. Expression to be used for a(E) 

If we recognize that expression (8) is the reaction probability, 

P, the final result for a (E) is given by 

bm 
a(E) = 21T f Pbdb 

0 

where b is the collision impact parameter and bm is the maximum 

value of b for which reaction occurs. 21 Thus, we find 

(14) 

(15) 

The value of a
0 

may be determined by assuming one of two simple 

models: one based on the long range intermolecular potential of the 

reactants 38 and the hard sphere model. 21 The long range inter

molecular potential is given by -C /rs where r is the distance between 

reactants. For the specific case of ion-molecule reactions, (s = 4, 

C = a/2, a is the polarizability of the neutral reactant), the result is 

1 

a0 = 7re(2a/E) 2
• (16) 

This should only be the case until E = 2a/ct4 where d is the hard 

sphere radius. 8 Above this energy, usually less than 1 eV, a0 = ,rd2, 

the hard sphere model result. 

Summarizing, the form for the reaction cross section below E0 

is zero. For E0 < E < E0 + D/a, a(E) is given by 

a(E) (17) 
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For E > E
0 

+ D/a, the cross section is the product of Eqs. (13) and 

(17) or simply 

(18) 

4. Application to experiment 

For the reactions in the present study, the total energy E is taken 

equal to the relative translational energy since under our experimental 

conditions this energy is much greater than the internal energy of the 

reactants. We also assume that there is no barrier for reverse reaction 

(i.e., the transition state is loose). Consequently, E
0 

represents the 

energy difference between products and reactants. We use Eqs. (17) and 

(18) to fit the data treating a
0

, E 0 , n and a as variable parameters. 

[Note that D = D0 (neutral reactant bond) - E
0

• 1 Determination of 

these parameters is aided by several techniques of analysis. First, 

n can be determined from a log-log plot of a vs. E since the slope of 

this plot at high energies (after product dissociation commences) is -n. 

In general, we restrict ourselves to integral and half-integral values 

of n. Knowing n, a
0 

and E
0 

may be determined by plotting a i / n E vs. 

E for low energies which gives a slope of a
0 
i / n and an energy axis 

intercept of E0 • The parameter a is determined by fitting the high 

side of the excitation function. An alternate means of assessing n and 

E0 is to plot a/[E(oa/oE)] vs. E for low energies which gives an 

energy axis intercept of E0 and a slope of 1/nE
0

• Having determined 

n and approximate values of a0 and E
0

, we convolute this starting 

function as discussed above and adjust these parameters until a good 
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fit is obtained. We also assess how sensitive the fit is to the value 

of n which fits the best. Often, within experimental error, several 

sets of parameters fit the data equally well. This, then is how the 

errors in E
0 

are determined. 

IV. RESULTS 
~ 

Cobalt ions react with ethene to yield two products, CoH+, 

reaction 1, and CoCH;, reaction 2. Variation of cross section with 

relative kinetic energy is shown in Figs. 3 and 4, respectively. The 

background at low energies in Fig. 3 is apparently due to a contri

bution from reaction at higher energies outside the collision chamber. 

The theoretical fit shown in Fig. 3 is obtained using only Eq. (17) with 

n = 2, o-
0 

= 1. 81 A 2, and E
0 

= 2. 5 eV. An equally good fit is obtained 

with n as low as 1. 5 and as high as 3. 0 giving threshold energies from 

2. 9 eV to 2. 0 eV. The sharp rise in cross section at~ 18 eV in 

Fig. 3 is possibly an indication of a new product channel, perhaps due 

to formation of electronically excited CoH+ or C2H3 • 

The data shown in Fig. 4 for reaction 2 are best fit using n = 5, 

a 0 = 18. 6 A.2 , E
0 

= 3. 8 eV and a = O. 80. The data a.re also fit reasonably 

well if n = 6 or 4 corresponding to thresholds of 3. 5 eV and 4.1 eV, 

respectively. The background at low energies is believed to be much 

less than for process 1 since here reaction occurs over a much 

narrower energy range. 



155 

FIG. 3. Variation in experimental cross section with relative kinetic 

energy in the center of mass frame (lower scale) and the 

laboratory frame (upper scale) for reaction 1. Arrows 

indicate the threshold energy for reaction 2. 5 eV, and the 

lower limit on the H-C2H3 bond energy, 4. 68 eV. The curve 

is the fit to the data given in the text convoluted as discussed. 
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FIG. 4. Variation in experimental cross section with relative kinetic 

energy in the center of mass frame (lower scale) and the 

laboratory frame (upper scale) for reaction 2. Arrows 

indicate the threshold energy for reaction, 3. 8 eV. arid the 

carbon-carbon bond energy of ethene, 7. 47 eV. The curve 

is the fit to the data given in the text convoluted as discussed. 
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While other products are also observed, the primary reaction of 

cobalt ions and cyclopropane is formation of the metal carbene ion, 

reaction 3. A crude energy analysis gives the laboratory energy of 

this product as 1. 54 ± 0~ 80 eV when ELab(Co+) = 3. 70 ± 0. 75 eV, and 

as O. 83 ± 0. 43 eV when ELab(Co +) = 1. 5 ± O. 75 eV. In both cases, 

these energies are sufficiently low to suggest the CocH; ion has the 

velocity of the center of mass, rather than a velocity resulting from 

a c.irect reaction. The former possibility corresponds to CocH; 

energies of 1. 56 eV and 0. 63 eV, respectively, while a spectator 

stripping model 39 predicts 3. 0 eV and 1. 2 eV. This observation 

conforms with the notion that a long-lived intermediate, a metallo

cyclobutane, is formed. 

The excitation function shown in Fig. 5 cannot be fit using Eq. 

( 1 7). This may be due to the influence of the long-lived intermediate, 

especially since metallocyclobutanes have been postulated as inter

mediates in the isomerization of cyclopropanes to alkenes. 40 In our 

particular case, rearrangement of cyclopropane to propene 

(19) 

is exothermic by 7. 8 kcal/mol. 41 In our experiment, we have no 

means of monitoring such a reaction. The influence this possibility 

may have on the cross section for reaction 3 is unknown. The fit 

shown in Fig. 5 utilizes expression (10) for the reaction probability. 
0 2 1-

The parameters used are n = 3. 5, m = 5. 0, a
0 

= 46. 3 A. (eV)2, 
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FIG. 5. Variation in experimental cross section with relative kinetic 

energy in the center of mass frame (lower scale) and the 

la~oratory frame ( upper scale) for reaction 3. Arrows 

indicate the reaction threshold at 0. 5 eV and the energy 

needed to produce methylene and ethene from cyclopropane, 

4. 0 eV. The curve is the fit to the data given in the text 

convoluted as discussed. The inflection point at about 6 eV 

marks the energy at which product dissociation begins 

according to the model outlined in the text. 
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E
0 

= 0. 5 eV and a = 0. 60. 

Ot + + + + her products noted are CoC
2

H
4

, CoC
2

H
2

, CoC
3

H
4

, C
3

H
5

, and 

the adduct, CoC 3H;. All but the latter are formed in highly endo

thermic reactions. Since they cumulatively account for less than 10% 

of the product yield, no good excitation function data could be obtained 

for them. The adduct is a collisionally stabilized complex as estab

lished by the pressure dependence of its cross section. 

The reaction of cobalt ions with ethylene oxide forms a variety 

of products, Fig. 6. All of these find analogy with the products 

observed in the cyclopropane system. For present purposes, however, 

we need only consider the cross section for formation of CocH;. It is 

observed to decrease monotonically with increasing energy and is 

considerably larger than the cross sections measured in the other two 

systems. This clearly indicates that reaction 4 is exothermic. The 

other major product of an exothermic reaction in this system is Coco+ 

which probably results from the rearrangement of ethylene oxide to 

acetaldehyde followed by decomposition of the latter species. 42 The 

same product is observed in the reaction of Co+ with acetaldehyde, 

where the carbene product is not detected. 43 

V. DISCUSSION 
~ 

The test of any model is, of course, whether it explains what is 

observed. It can be seen that for our proposed cross section this is 

true not just at threshold but throughout the energy range. A more 
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FIG. 6. Variation in experimental cross section with relative kinetic 

energy in the center of mass frame (lower scale) and the 

laboratory frame ( upper scale) for react ion of Co+ with 

ethylene oxide. Lines through the data are drawn as an 

aid to the reader and have no theoretical significance. 
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severe test, however, is that the parameters used in obtaining these 

fits be physically meaningful. This is especially true of E0 since we 

would like to extract thermochemical information from our experi

ments. The thermochemical data inferred from this study are summa

rized in Table I. The cobalt hydride dissociation energy of > 2. 2 ± 

0. 3 eV (the limit is due to the poorly known C-H bond energy of ethene) 

compares well with the value 2. 3 ± 0. 2 eV determined from the endo

thermic reaction of co+ with hydrogen. 44 The agreement between the 

thermochemical data measured for reactions 2, 3 and 4 is also good. 

The observation that a straightforward interpretation of the data for 

reaction 2 yields a bond energy which agrees with limits established by 

reactions 3 and 4 gives us confidence that this method is a useful 

means for interpreting the data. While the bond energy derived from 

reaction 3 is in good accord, 3. 5 ± 0. 3 eV, the interpretation of this 

reaction was not straightforward. We therefore choose the result from 

reaction 2, D0 (Co+ -CH2 ) = 3. 7 ± 0. 3 eV, as the best value. This 

bond energy is in the same range as limits by other experimental means 

for D
0 

(Mn+ -CH2) of 4. 0 to 4. 3 eV and D0 [(CO) 5Mn + -CH2 l = 3. 3 eV. 7 

Values for the other parameters used to interpret the experi

mental results also seem reasonable. Certainly, the effective cross 

sections, a0 are on the order of hard sphere interactions. The 

assumption that such hard sphere cross sections will remain nearly 

constant over the energy range examined should be good. 45 The 

observation that the a0 's used to interpret reactions 1 and 2 are 

different is consistent with our assumption that these reactions are 

direct and do not proceed through a common intermediate. The 
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TABLE I. Thermochemical data. 

Species ~ ~ 298 (kcal/ mol) 
' 

CH2 92. 4 ± 1. 0 

C2H4 12. 54± 0. 07 

c-C3H6 12. 73 ± 0. 14 

CH2O - 25. 95 ± 0. 12 

c- C2H4O -12. 58 ± 0. 15 

D0

2913 (kcal/mo!) 

H-C2H3 > 108 ± 2 

Co+-H 52 ± 4 

> 50 ± 10 

Co+ -CH2 85 ± 7 

< 9 2 ± 1 (81 ± 7) 

> 79 ± 1 

Reference 

a 

b 

C 

C 

b 

d 

e 

This work (Reaction 1) f 

This work (Reaction 2) f 

Ti1is work (Reaction 3) f 

This work (Reaction 4) 

a JANAF Thermochemical Tables, 1975 Supplement, J. Phys. Chem. Ref. 

Data 4 (1975) . 
"" 

b JANAF Thermochemical Tables, Natl. Stand. Ref. Data Ser. Natl. 

Bur. Stand. 37 (1971) . 
""" 

c J. D. Cox and G. Pilcher, "Thermochemistry of Organic and Organo

metallic Compounds," Academic Press, New York, 1970. 

dD. M. Golden and S. W. Benson, Chem. Rev. 69, 125 (1969), 
""" 

eReference 44. 

fCalculated from the difference between the dissociation energy of the 
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TABLE I. (Footnotes continued) 

neutral bond broken and the measured endothermicity (listed in text). 



168 

inclusion of the long-range ion-induced dipole interaction into a
0 

(Eq. (16)) coold help explain the behavior observed for reaction 3 at 

the lowest energies. 

The values for paramter a can be understood qualitatively by 

noting whether the product ion or neutral is likely to have lower 

vibrational frequencies and thus a higher density of states. For 

reaction 2, the ionic product would be expected to have lower energy 

modes and a is correspondingly found to be high, 0. 8. The vibrational 

frequency of CoH+ is undoubtedly much higher than those of C2H3 • 

Consequently, little excitation of this ionic product would be predicted. 

Since the cross section for production of CoH+, reaction 1, is observed 

to increase monotonically from threshold, we take the value of a to be 

quite low. In reaction 3, both the ionic and neutral products have two 

heavy atoms. Therefore, it should be an intermediate case, and 

indeed, a is found to be 0. 6. 

The identification .of expression (8) as a ratio of numbers of 

states in a classical approximation suggests that n should correspond 

to the degrees of freedom of the reactants, collision complex or 

products. The values of n used above are generally much less than the 

total number of oscillators involved. This is perhaps to be expected 

since for a direct process, it is not clear whether any mixing of energy 

among modes should occur. However, this extreme assumption seems 

unrealistic. While not expected to be completely statistical, extensive 

energy may flow between strongly coupled modes of a collision com

plex, however short-lived. It should be cautioned that regarding n as 

related to the degrees of freedom is only true in the limit of a classical 
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approximation. It was observed in the early applications of expression 

(8) to unimolecular decomposition rates that n + 1 was often half the 

total number of oscillators. 46 More sophisticated treatments for the 

numbers of states has led to the conclusion that all oscillators are, 

in fact, active. Whether this will also be the case for direct endo

thermic bimolecular reactions, a system well removed from an 

equilibrium situation, will require further study. 

V. CONCLUSION 
~ 

A form has been proposed for the energy dependence of 

reaction cross sections which draws extensively from ideas formulated 

to examine reaction rates. Utilization of his form gives good 

agreement with data for endothermic bimolecular reactions including 

the energy region where product dissociation affects the observed 

cross section. Values of the parameters used to fit the data seem 

reasonable. Most important, energy thresholds for the reactions 

observed are substantiated by thermochemical data from other sources. 

This means of interpretation has allowed us to determine the bond 

energy for the cobalt carbene ion, D0 (Co+ -CH2 ) = 3. 7 ± 0. 3 eV. 

The cobalt carbene ion b.ond is significantly stronger than the 

cobalt methyl ion bond, D0 (Co+-CH3) = 2.65 ± 0.17 eV. 44 Substantial 

1r-bonding would appear to contribute to this difference. Calculations 

on NiCH2 and NiCH3 lead to the conclusion that only a weak 1r-bond 

exists for the former species. 47 Contraction of the metal d orbitals 

due to a positive charge will likely change the 1r-bonding characteristics 

as will specifics of the electronic structure of the cobalt carbene ion. 
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Generalized valence bond considerations predict a 
3
I: ground state for 

the isoelectronic co0+ which does not correlate with ground-state 

separated species. 48 Since coupling of ground state Co+( 
3
F) with 

ground state CH2 ( 
3
B1 ) gives rise to several states which may cross 

the potential energy curves arising from higher levels of Co+ and CH2 , 

the electronic structure of CoCH; is unclear. Ab initio calculations 

on this system will be of interest now that experimental numbers are 

available. 

This research was supported by the United States Department of 

Energy. 
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CHAPTER VII 

ION BEAM STUDIES OF ORGANOMETALLIC CHEMISTRY. HIGH 

ENERGY "SAMPLING" OF REACTION INTERMEDIATES INVOLVED 

IN CARBON-CARBON BOND CLEAVAGE BY TRANSITION METALS 
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!9? B~Il;,_ ~~~~s -~ O~!l~m!?l~~c-C_!?~I!;ist_a. _!i~~ ]r;e:,[¥ 

~~~~£t!<?I;.. Int~:E?._e~~~volv .. ed _i~ 9~:~~n-£ar~~~ .. ~~~ 

fl!_a .. v~~'!.!l~ .. !.!.!.O~ ~ ~tal~.:. 

Sir: 

Chemical transformation often involves reactive intermediates 

which correspond to local minima on a complex potential energy surface. 

Ordinarily, these species are not revealed in conventional kinetic and 

mechanistic studies. One approach to the characterization of such 

intermediates is to deprive them of sufficient energy to continue to 

react by deposition or formation in a low temperature matrix.. An 

alternative method, described here, relies conversely on providing the 

intermediate with substantially more energy than needed for reaction. 

In this paper, we demonstrate the method using as examples the 

reactions of cobalt ions with alkanes. 

A generalized organometallic reaction is shown in Scheme l 

The lov. energy pathway consists of association of a metal center with 

Scheme I 

__ ~w_e~rgy pathway -~--- ....... 

M + Ase-. 
,..8-A .,..8 

M -. M-A _.MB+ AC 
'C 'c ------- ' high \ 

l energy ' pathway ' MC+AB 
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molecule ABC followed by oxidative insertion into the B-C bond, 

migration o! A to the metal, and reductive elimination of AC. As the 

energy o! the system is increased, the llietimes of the intermediates 

decrease. At sufficiently high energies, reaction pathways such as 

simple bond cleavage not accessible at thermal energies may become 

the dominant decomposition route, since these processes often have 

favorable frequency factors 1 (Scheme I). Observation of the high 

energy products, MC and AB, provide evidence for formation of the 

first intermediate. Hence, species present on the complex energy 

surface are "sampled." 

An ion beam tandem mass spectrometer2' 3 shown schematically 

in Figure 1 has been utilized in the present studies. In our experiments, 

singly charged cobalt ions are produced by thermal decomposition of 

CoC12 and surface ionization of the resulting Co on a hot (-2500° K) 

rhenium surface 4. These ions are collimated, mass and energy 

selected, and allowed to interact with the target gas in a collision 

chamber. Product ions are monitored using an in-line quadrupole 

mass filter and electron multiplier. Neutral products are not detected 

but inferred. These experiments yield reaction cross sections and 

product distributions as a function of relative kinetic energy. 

Results !or the reaction of Co+ with 2-methylpropane are shown 

in Figure 2. The behavior of the cross sections for the products 

CoC3H/ and CoC,H/ as a function of translational energy is typical of 

species formed in exothermic reactions3. In light of the discussion 

above, the observation of species such as CoH+ and CocH; at higher 
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FIG. 1. Schematic drawing of the ion beam apparatus 
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FIG. 2. Variation in experimertal cross section with relative 

kinetic energy in the center of mass frame (lower 

scale) and the laboratory frame (upper scale) for the 

interaction of cobalt ions with 2-methylpropane, 

showing (a) exothermic channels and (b) endothermic 

channels. Note change of scale. 
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energies suggests that oxidative addition of both C-H and C-C bonds are 

important reaction steps. Scheme II outlines the low energy mechanism 

proposed
6
: oxidative addition of of the three types of bonds available in 

isobutane, followed by ~-hydrogen or ~-methyl transfer to the metal 

and reductive elimination of an alkane or hydrogen molecule. 

Scheme D 

/ 

At high energies, intermediates 1 and 2 decompose to yield CoH+ and ,.. ,.. 

C4H/ while 3 gives CoCH/ and C3H/. ,.. 

Additional insights relevant to the proposed mechanisms may be 

garnered from the reaction af co+ and 2, 2-dimethylpropane. Dehydro

genation processes analogous to those proposed in Scheme II are not 

possible in this system. However, alternative reaction pathways which 

include formation of alkylidene, 4, or meta.llocyclobutane, 5, inter-
"" "" 

mediates are still accessible. We observe only CoC,H .... at low energies. 
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4 5 - -
At high energies, the predominant product is C4H/. These 

observations are consistent with a reaction mechanism 

analogous to Scheme n Since 4 and 5 would be expected to eliminate .... .... 
hydrogen, we conclude that such species are unimportant in the systems 

examined. 

In the studies detailed above, a quantitative assessment of the 

fragmentation of reaction intermediates can provide thermodynamic 

data. In the dissociation of a charged collision complex, such as 3, the -
preferred ionic product is the fragment having the lower ionization 

potential (IP) 7. The observation that the cross section for production of 

Co CH/ is always greater than that of C3H/, Figure 2, implies that 

IP(CoCH
3

) < IP(iso-C
3

H
7

) = 7. 36 e~ A similar analysis m the 

2, 2-di.methylpropane system establishes IP(CoCH
3

) >IP(tert-C,HJ = 

6. 70 e~ The behavior of the other products in Figure 2, CoH+ and 

C,H/, may also be understood using analogous considerations. 

In addition, measurement o! the thresholds for the endothermic 

processes observed at high energies provides bond energies a! the 

products. Preliminary data for the endothermic reactions of Co+ with 

hydrogen and ethane indicate that If(Co+ -H) s 52: 4 kcal/mo! and 

D,co+ -CHJ s 61±4 kcaVmot'~ Combined with the ionization potentials, 



184 

IP(CoH) = 7. 3±0. 1 eV and IP(CoCH3) = 7. 0±0. 3 eV, derived as discussed 

above! we !ind the neutral bond dissociation energies, If(CoH) = 39±6 

kcal/mol and D\CoCH3) = 41±10 kcal/mol. 

To our knov.•ledge these are the first investigations of organo

transition meta.I reactions using ion beam techniques. Such studies 

provide a wealth of thermochemical data and mechanistic insights. The 

above results provide substantial evidence for the vi.ability of a mech

anism for carbon-carbon bond cleavage of alkanes which involves direct 

insertion of a metal into the carbon-carbon bond as a first step. 

Thermochemical data indicating strong metal-carbon bonds corroborate 

this hypothesis. Further studies are underway in our laboratories to 

extend this technique to other systems. 
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Abstract ,,.. .... ,..,.,_,..__,. The gas-phase reactions of Co+ with 2-methylpropane and 

2, 2-dimethylpropane have been investigated using an ion-beam appara

tus. Significantly, the major process at near thermal energies in both 

systems is carbon-carbon bond cleavage to yield methane and propene 

or isobutene. At higher relative kinetic energies, new reaction 

products are observed. These are shown to be characteristic of the 

reactive intermediates present at low energies. This technique of 

"sampling" reactive intermediates is used to provide evidence for 

mechanisms which involve initial insertion of Co+ into both carbon

carbon and carbon-hydrogen bonds. In addition, the ability to control 

the relative kinetic energy of reactants allows the extraction of thermo

chemical data from endothermic thresholds and product distributions. 

The bond dissociation energies n°(Co+ -H) = 52±4 kcaVmol, n°(Co-H) = 
3 9± 6 kcaVm ol, n°( Co+ - CH3) = 61±4 kcaVm ol, and n°( Co- CH3) = 41± 10 

kcaVmol are obtained. 
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CHAPTER VIII 

ION-BEAM STUDIES OF THE REACTIONS OF ATOMIC COBALT 

IONS WITH ALKANES: DETERMINATION OF METAL-HYDROGEN 

AND METAL-CARBON BOND ENERGIES AND AN EXAMINATION 

OF THE MECHANISM BY WHICH TRANSITION METALS CLEAVE 

CARBON-CARBON BONDS 
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Ion-Beam Studies of the Reactions of Atomic Cobalt Ions with 

Alkanes: Determination of Metal-Hydrogen and Metal-Carbon 

Bond Energies and an Examination of the Mechanism by which 

Transition Metals Cleave Carbon-Carbon Bonds 

P. B. Armentrout and J. L. Beaucham 

Contribution No. from the Arthur Amos Noyes Laboratory 

of Chemical Physics, California Institute of Technology, 

Pasadena, California 91125. 

(Received ) 

Abstract: An ion beam apparatus is employed to study the reactions of 
~ 

singly charged cobalt positive ions with hydrogen and 1 7 alkanes. 

Reaction cross sections and product distributions as a function of 

kinetic energy are determined. Exothermic carbon-carbon bond 

cleavage reactions are observed for all alkanes but methane and ethane. 

A mechanism involving oxidative addition of C-C and C-H bonds to 

cobalt as a first step is demonstrated to account for all major reactions 

at all energies. Interpretation of several endothermic processes 

allows the extraction of thermochemical data. The bond dissociation 

energies obtained are D0 (Co + -H) = 52 ± 4 kcal/mol, D
0 
(Co-H) = 

39 ± 6 kcal/mol, D0 (Co+ -CH
3

) = 61 ± 4 kcal/mol, D
0 

(Co-CH
3

) = 
41 ± 10 kcal/mol. 
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Introduction 
~ 

A recent article1 pointed out that the "fuzzy interface between 

surface chemistry, heterogeneous catalysis, and organometallic 

chemistry" is the transition metal-organic fragment bond. Despite 

the importance of such information, little is known about the thermo

dynamics of such bonds. 2 Ab initio calculations1' 3 are one means 

of obtaining such information, but experimental numbers are needed. 

Gas phase studies using ion cyclotron resonance mass spectrometry4- 6 

have yielded thermochemical data concerning transition metal carbon 

bonds. The present study utilizes a different technique for deter

mining gas phase metal hydrogen and metal carbon bond energies 

which has been presented in brief previously. 7 Using an ion beam 

apparatus, the reactions of atomic cobalt ions with alkanes ranging in 

complexity from methane to branched octanes have been examined. 

By varying the kinetic energy at which the Co+ interacts with the 

alkanes, the potential energy surface of these systems is probed. 

This allows a variety of thermochemical information to be derived. 

In addition, the general reactivity of alkanes with Co+ is 

assessed. For all alkanes larger than ethane, exothermic cleavage 

of carbon-carbon bonds is observed. Several recent studies have 

also shown that metal atoms, 8, 9 small metal clusters, 9, lO and 

atomic metal ions5' 7 cleave hydrocarbons. We provide direct 

evidence that such reactions occur by oxidative addition of carbon

carbon bonds to the metal. Facile /3-hydrogen abstraction by the 

metal and reductive elimination of hydrogen or a hydrocarbon com-
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plete the general mechanism. The reaction of Co+ with 17 alkanes 

are shown to be consistent with such a proposal. 

~ 

The ion beam apparatus,described in detail elsewhere, 11 , 12 is 

shown schematically in Figure 1. Ions from a surface ionization 

source are mass analyzed using a 60° sector magnet which provides 

uint mass resolution to greater than 100 m/z. This mass-selected 

beam is decelerated to a selected energy and focused into a collision 

chamber containing the reactant gas. Product ions exit the chamber 

with the aid of a 0. 5 volt extraction field. 13 These ions are focused 

into a quadrupole mass filter and detected using a Channeltron 

electron multiplier operated in a pulse counting mode. Ion signal 

intensities are corrected for the mass discrimination of the quadru

pole mass filter. 

The source for cobalt ions is described in detail elsewhere .11 , 14 

Briefly, CoC½ is evaporated onto a rhenium filament where dissocia

tion and ionization of the resulting Co occurs. This method of 

ionization minimizes the production of excited metal ion states. 

It is estimated that at the filament temperature used, ~ 2500° K, 

81 % of the Co+ ions produced are in the 3 F ground state manifold and 

19% are in the 
5
F excited state manifold at 0. 42 eV. In order to 

observe the effects of an excited state, its lifetime must exceed 

about 10 µs, the approximate flight time of the ions. An attempt 

was made to directly determine the presence of excited ions using 

an attenuation technique. 15 ' 16 Only a single component was detected, 
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FIG. 1. Schematic drawing of the ion beam apparatus. 
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suggesting that excited states are absent. This assumes that the 
3

F 

and 
5
F states have different total scattering cross sections for the 

collision gases used (0
2

, C
2

H
4

, and C
2

H
6

). 

The nominal collision energy of the ion beam is taken as the 

difference in potential between the center of the collision chamber 

and the center of the filament, the latter being determined by a 

resistive divider. This collision energy is verified by use of a 

retarding field energy analyzer. 12 Agreement was always within 

0. 3 eV. Two other factors affect the actual collision energy: energy 

distribution of the Co+ beam and the thermal motion of the target gas. 

The former is determined to be 0. 7 eV (FWHM) using the retarding 

field analyzer. In the present experiments, this effect is sufficiently 

small compared to the second factor that it will be disregarded. 17 

The effect of the thermal motion of the reactant gas in ion beam 

collision chamber experiments has been discussed in detail else

where. 17' 18 The energy broadening due to this motion washes out 

any sharp features in reaction cross sections. For exothermic 

reactions, this has little effect on the observed cross sections and 

branching ratios, and consequently, we report such data without 

taking this energy distribution into account. For endothermic 

reactions, the thermal motion obscures the threshold energy for 

reactions. By convoluting a function form for the reaction cross 

section, a (E), with the thermal energy distribution, using the method 

of Chantry, 19 and fitting this new curve to the data, we take specific 

account of this factor. 
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The analysis of endothermic reactions to obtain thermochemical 

data is not a subject without controversy. Our choice for the functional 

form of the reaction cross section is discussed in detail elswhere. 14 

.This form, equation (1), has three variable parameters: a0 , an 

effective cross section; E
0

, the energy threshold for 

(1) 

reaction (taken equal to the difference in bond energies of the neutral 

reactant (bond broken) and ionic product (bond formed)); and n. 

Equation 1 is expected to apply for energies below the threshold for 

dissociation of the product ion. This threshold corresponds to the 

energy of the bond broken in the neutral reactant. Detailed treatments 

of the effect of dissociation on the observed reaction cross section 

have also been previously discussed. 14, 19 , 20 

Reaction cross sections for specific products, a i' are obtained 

using equations 2 and 3 which relate the total reaction cross section, 

(2) 

a. = al./"'£ 1. 
1 1 1 

(3) 

a, the number density of the target gas, n, and the length of the 

collision chamber, £ (5mm), to the transmitted reactant ion beam 

intensity, 1
0

, and the sum of the product ion intensities, "'£Ii. The 

pressure of the target gas, measured using an MKS Baratron Model 
. -3 

90Hl capacitance manometer, 1s kept low, < 2 x 10 Torr, to 

minimize attenuation of the beam. However, it was found with the 
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heavier alkanes that total cross sections were not accurately repro

ducible and were generally much higher than is predicted using the 

Langevin-Gioumousis-stevenson model for ion-molecule reactions. 20 

We attribute this effect to substantial loss of elastically scattered Co+ 

from the reactant beam. Relative cross sections of products 

(branching ratios) were quite reproducible and the results for the 

larger alkanes are reported in this manner. 

It is important to point out that in these experiments neutral 

products are not detected. However, except at higher energies, the 

identity of these products can usually be inferred without ambiguity. 

In addition, these experiments provide no direct structural information 

about the ionic products. However, straightforward thermochemical 

arguments can often distinguish poss~bilities for isomeric structures. 

Results and Discussion 

A wide variety of reactions result from interaction of Co+ with 

alkanes. The particular products observed are dependent on the 

kinetic energy of the interaction as well as the structure of the alkane. 

In the following section, the reactions of cobalt ions with hydrogen, 

methane, and ethane are examined first. Detailed analyses of these 

reactions, all endothermic, allow a determination of important 

thermochemical data, summarized in Table I. Next, the reactjons 

of co+ with propane, butane, 2-methylpropane and 2, 2-dimethyl

propane are presented. Results for these systems establish a general 

reaction mechanism which explains the processes observed not only 

for these alkanes but for all hydrocarbons examined. Finally, results 
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Table I. Thermochemistry of Cobalt-Hydrogen and Cobalt-Carbon 
~ 

Bonds Derived in This and Related Studies 

R D
0 

(Co+ -R) Ionization Potential D0 (Co-R) 

(kcal/mol) (eV) (kcal/mol) 

H 52 ± 4a 7. 3 ± o. 1 b 39 ± 6 

CH3 
61 ± 4a, C 7.0±0.3 d 41 ± 10 

CH2 
85 ± 7e 

aCalculated as de scribed in text. 

b Ref. 41. 

cComparison of the CoCH: product yields to that of other cobalt 

alkyl ion products suggests that larger alkyls are bonded only a little 

less strongly than CH3 to Co+. 

dRef. 38. 

eRef. 14. 
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for larger alkanes up to C
8 

species are summarized and disc;ussed. 

Reaction of Co+ with D2 

Cobalt ions react with D2 , used to facilitate mass resolution, 

to form Con+ as given in process 4. The results are shown in 

( 4) 

Figure 2. Previous studies of such metal ion-hydrogen systems1 l, 19 

have been interpreted using equation (1) with n = 1. The fit to the 

data uses equation 1 with a0 = 2. 3 '}/ and E
0 

= 2. 3 ± 0.1 eV, and is 

shown in Figure 2 both unconvoluted and convoluted as discussed 

above. The decreasing cross section at high energies is due to Con+ 

dissociation which has a thermodynamic threshold at D0 (D2 ) = 4. 60 eV. 21 

The fit shown in Figure 2 above this energy uses an analysis discussed 

in detail elsewhere. 19 

From the reaction threshold, E0 = 2. 3 ± 0.1 eV, and the D2 band 

energy, a value for D0 (co+-D) of 2.3 ± 0.14 eV is determined. 

Making a zero point energy correction of 0. 05 eV, 22 D
0 

(Co+ -H) = 

2. 25 ± 0.17 eV (52 ± 4 kcal/mol) is obtained. 23 The proton affinity 

of the cobalt atom, PA(Co), can be calculated using equation 5, in 

PA(Co) = D0 
(Co+ -H) + IP(H) - IP(Co) (5) 

which IP(x) is the ionization potential of species x. The value 

derived, 24 184 ± 4 kcal/mol, is similar to the proton affinities of Ni, 

180 ± 3 kcal/mol, 19b Fe, < 203 kcal/mol, 5c and Zn, ~ 164 kcal/mol, 25 

but substantially less than those of such strong atomic bases as Ba, 
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FIG. 2. Variation in experimental cross section for reaction 3 as 

a function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale). 

The solid line is the fit to the data described in the text. 

The dashed line is the fit in the threshold region before 

convolution. Arrows mark the threshold energy, 2. 3 eV, 

and the bond energy of D2 , 4. 6 eV. 
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250 ± 3 kcal/mol~9a and U, 238 ± 4 kcal/mol. 11 

Reaction of Co+ with Methane 

The primary reaction of co+ with CH4 is endothermic hydrogen 

abstraction, process 6. The quality of the data is insufficient to 

accurately analyze for an energy threshold. Two other products, 

CocH; and CoCHi, are also observed in this system. The cross 

sections for both ions peak at about 4 eV, but even at this energy, 

(6) 

they account for less than 10% of the reaction products. The energetic 

requirements are such that the CocH; product must be formed in 

reaction 7, calculated to be 1.1 eV endothermic26 (Table I). 

(7) 

Formation of two H atoms as the neutral products would require an 

additional 4. 5 eV. 

We postulate that both CocH; and CoCHi are formed via inter

mediate 1, produced by oxidative addition of a C-H bond to Co+ . .,..._ 

1 .,..._ 

The lowest energy reaction of 1 other than proceeding back to .,.,_ 

reactants, is rearrangement by a-hydrogen migration from carbon 

to cobalt, 27 yielding 2, which can then reductively eliminate H2 • .,..._ 
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2 

Alternatively, !. can decompose directly by breaking the cobalt 

hydrogen bond to give CoCH; or by breaking the cobalt carbon bond 

to yield CoH+. Since the Co+-CH3 bond is stronger than the Co+-H 

bond (see below), the former product is thermodynamically preferred. 

Yet, CoH+ is the predominant product at all energies examined, 

suggesting CoH+ is formed by direct hydrogen abstraction rather 

than through !_. 

Reaction of Co+ with Ethane 

Processes 8 and 9, both endothermic, are the two major 

reactions observed in the interaction of cobalt ions with ethane. 

(8) 

(9) 

The CoH+ product has a threshold which agrees qualitatively with the 

thermodynamics discussed above and a cross section of comparable 

magnitude to that of the CoCHi product. The data for reaction 9, 

shown in Figure 3, have been analyzed using equation (1). The fit 

obtained, Figure 3, uses o-0 = 14.0 A.2, n = 5, and E0 = 1.25 ±0.1 eV. 

Above the carbon-carbon bond dissociation energy of ethane, 3. 90 eV, 26 

where dissociation of the CoCHi product may occur, the fit uses an 

analysis discussed in detail elsewhere. 14 
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FIG. 3. Variation in experimental cross section for reaction 9 as 

a function of kinetic energy in the center of mass frame 

(lower scale) and the laboratory frame (upper scale). 

Arrows mark the threshold energy at 1. 25 eV and the 

carbon-carbon bond energy of ethane 3. 9 eV. The solid 

line is the fit to the data described in the text. 
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The co+-CH3 bond energy, found to be 2.65 ± 0.17 eV (61 ± 

4 kcal/mol), agrees well with the range of values determined by 

Allison and Ridge, 56-69 kcal/mol. 5c The observation that 

D0 (Co+ -CH3 ) > D0 (Co+ -H) is unexpected since most metal hydrogen 

bonds are stronger than metal carbon a bonds. The 9 kcal/mol 

difference here is attributed to the fact that a methyl group is sub

stantially more polarizable than a hydrogen atom. 28 

We have implicitly assumed above that the structure of the 

species having the formula (CoCH3)+ corresponds to a cobalt methyl 

ion. It is possible, however, that one (or more) of the hydrogens is 

actually bonded to the metal. Using the heats of formation, 

~H~(CoCHt) = 256 ±4 kcal/mol29 and .:ili~(CoCHt) = 289 ± 7 kcal/mol,14 

we can calculate that process 12 must have a. heat of reaction of 

85 ± 11 kcal/mol. Since D0 (Co+ -H) = 52 kcal/mo!, it seems unlikely 

(12) 

that a bond energy of 85 kcal/mol represents a cobalt-hydrogen bond, 

but rather a C-H bond weakened by resonance stabilization of the 

CocH; product. 30 

Minor products observed in the Co+ -ethane system are CocH; 

and CoC2Ht. The cross sections are of insufficient magnitude (less 

than 0. 2 A2
) to allow accurate analysis of thresholds. Qualitatively, 

the energy dependence of the cross section for formation of CoCHi 

is similar to that of CocH;, peaking at about 4 eV. The CoCJJt 

product exhibits the lowest apparent threshold of all the products, 

< 1 eV, and peaks at lower energies, about 3 eV. Energetic 
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requirements establish that these minor products are formed in 

reactions 13 and 14. 

(13) 

(14) 

The various processes which occur when Co+ interacts with 

ethane can now be understood and are outlined in Scheme I. The first 

step, oxidative addition of a C-H or C-C bond to co+ seems ener

getically feasible, considering the values for D0 (Co+ -CH3 ) and 

D0 (Co+ -H). The lowest energy decomposition process for 3 and 4 ...... ...... 

is a rearrangement followed by reductive elimination of H2 or CH4 • 

While 4 can only rearrange by migration of an a-hydrogen, 3 can ...... ...... 

rearrange by a-H transfer to eventually form the cobalt ethylidene 

ion, by a-Me transfer to yield the cobalt carbene ion, or by ,8-H 

transfer to form a cobalt ion ethene complex. Assuming D
0 

(CH2Co+ -H) 
0 + = D (Co -H), the energy necessary to transfer an a-hydrogen from 

the carbon of CoCHt to the metal is calculated to be 33 kcal/mol, 

which is above the approximate threshold for production of CoC2H4 +. 

The a -alkyl shift is considered an equally unfavorable process. 

Evidence presented below indicates that the ,8-H transfer, however, 

is quite facile. 4, 5 Thus, in analogy with related studies in solution,31 

we conclude that {3 -H migration dominates rearrangement of inter

mediates such as ~.. This implies that the structure of CoC2H: is a 

cobalt ion-ethene complex. At higher energies, i and 1 decompose 

by more direct routes involving fission of a metal-carbon bond. 

Such processes have higher frequency factors than rearrangement, 32 



207 

and thus are the only important reactions once energetically allowed. 

Scheme I 
~ 

HH'/co• -II c c H• H ___,. 0 24• 2 

Reaction of Co+ with neuterated Ethanes 

The magnitude and behavior as a function of energy of the cross 

section for reaction of cobalt ions with C2n 8 and CH3Cn3 are the same 

as with C
2

H
6

, within experimental error. In the reaction with CH
3

Cn
3

, 

the only cobalt methyl ion species formed are CoCH; and Coen;. 

These two products have similar cross sections (within± 20%) at all 

energies. This is also true for the cobalt carbene ion products, 

CocH; and Coen;, and the cobalt hydride ion products, CoH+ and 

Con+. The isctopic composition of the cobalt ion ethene complex 

could not be determined due to low signal intensity. 
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Reactio_n ot Co+ with Propane 

Results for the interaction of cobalt ions with propane are 

shown in Figure 4. Unlike previous data, the reaction cross sections 

are large and decrease monotonically with increasing energy. This 

indicates that reactions 15 and 16 are exothermic. Energetic require-

(15) 

(16) 

ments stipulate the neutral products indicated. This typifies the 

behavior observed for reaction of Co+ with all larger alkanes. Also 

typical is the high energy region shown in Figure 4, where endothermic 

channels yield a variety of products. 

We can understand the reactions of Co+ with propane by again 

postulating initial oxidative addition of a C-H or C-C bond to cobalt 

ions, Scheme II. The intermediates formed, 7, 8 and 9, undergo 
.,...., A, .,...., 

further reaction to yield 1Q_ and ll which reductively eliminate H2 and 

CH4 , respectively, giving the observed products. That 1, §_, or ~ 

rearrange by a-H or a-alkyl transfer is not considered likely, for 

reasons already discussed. Intermediate 8 could also rearrange by a 
A, 

Y-H transfer to the metal forming a metallocyclobutane. This process, 

discussed in greater detail below, is also considered improbable. 

While Scheme II is definitely consistent with the products 

observed at low energies, it must also be capable of explaining 

products observed at higher energies. As discussed above, once 

endothermic bond fission processes become energetically accessible, 
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FIG. 4. Variation in experimental cross section for the inter

action of Co+ with propane as a function of kinetic energy 

in the center of mass frame (lower scale) and laboratory 

frame (upper scale). 
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they become the dominant decomposition routes of intermediates such 

as 1, ~ and ~. A qualitative potential energy surface for intermediate 

~' Figure 5, exemplifies these considerations. Below about 1 eV, 

only the exothermic reaction involving rearrangement can occur. 

At higher energies, 9 can dissociate by cleavage of one of the cobalt--
" 

carbon bonds, the weakest in the complex. Formation of CoCH: and 

CoC2Ht at higher energies is taken as further evidence that oxidative 

addition of carbon-carbon bonds to Co+ occurs. Formation of these 

products would not be expected if formation of CoC2H; proceeded 

exclusively through intermediate 8, Scheme II. While /3-alkyl ,.. 

abstraction cannot be ruled out experimentally, this process is not 

required to explain the observed products. 

Scheme II 

/ 
-

-
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FIG. 5. Postulated reaction coordinate energy diagram for 

oxidative addition of the carbon-carbon bond of 

propane to cobalt ions. 
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Reaction of Co+ with n-Butane and 2-Methylpropane 

The butanes represent the smallest isomeric alkanes. In 

addition, n-butane is the first alkane to have two types of carbon

carbon bonds. Results for the interaction of Co+ with n-butane and 

2-methylpropane are shown in Figures 6 and 7, respectively. While 

the total cross sections are comparable, the product distributions are 

substantially different. Two products, CoC2H; and CoC3H~, 

corresponding to C-C bond cleavage are observed in the n-butane 

system, while only the latter product is seen in the 2-methylpropane 

case. 

The high energy products of the n-butane and 2-methylpropane 

systems are also distinct. Cobalt hydride ions and cobalt methyl ions 

dominate both systems, but cobalt ethyl ions are observed only in 

reaction with n-butane. The only alkyl ion observed in the n-butane 

system is C3H/ in rather low abundance while with 2-methylpropane, 

C3H: is more abundant and C4H/ is also observed. A mechanism 

analogous to Scheme II easily explains both the low and high energy 

results. 

The relative yield for reaction 17 is one-fifth that of reaction 18. 

Yet, since the binding energy of propene to Co+ should be greater than 

that of ethene, 33process 17 should be more exothermic than 18. 

(17) 

(18) 

This result suggests that the product distribution is determined by the 
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FIG. 6. Variation in experimental cross section for the inter

action of Co+ with butane as a function of kinetic energy 

in the center of mass frame (lower scale) and laboratory 

frame (upper scale). Part a shows exothermic channels; 

part b shows endothermic channels. Note change of scale. 
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FIG. 7. Variation in experimental cross section for the interaction 

of Co+ with 2-methylpropane as a function of kinetic energy 

in the center of mass frame (lower scale) and laboratory 

frame (upper scale). Part a shows exothermic channels; 

part b shows endothermic channels. Note change of scale. 
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initial oxidative addition since the internal C-C bond in n-butane is 

weaker than the terminal bond by about 6 kcal/mo!. 26 

Reaction of Co+ with Deuterated Butanes 

The reaction of Co+ with 1, 1, 1, 4, 4, 4-butane-d
6

, CD
3

CH
2

CH
2

CD
3

, 

was examined to further elucidate the mechanism of the alkane 

reactions. The cobalt ion ethene complex product exemplifies the 

results. Only the Co(C~2D2)+, 11, and Co(C2HD3)+, _!1, species are 

detected and in a 3:1 ratio at the lowest energies. As the collision 

energy is raised, the latter product decreases until only the former 

is observed. At the highest energies, the only cobalt ethyl ion seen 

is CoC2H2Dt. Scheme m proposes a mechanism to explain these 

results. A statistical distribution of products 12 and 13 is predicted .,.,.,... .,...._,__ 

by this mechanism to be 3:2. This is an obvious limit on the actual 

behavior since hydrogen scrambling must proceed via intermediate 14 . .,.,.,... 

As the interaction energy increases, decomposition of 14 to 12 .,..._,.,. .,.,.,... 

precludes further rearrangement. Eventually, decomposition of 15 .,.,.,... 

to CoC2H2Dt dominates the reaction. We conclude that .B-H transfer 

to and from the metal is facile. It is noted that scrambling of all ten 

hydrogens in the butane does not occur; no CoC2H;, CoC~3D+ or 

CoC2D; products are detected. This observation also provides 

evidence that ,9-alkyl transfer is unlikely, since if this were a viable 

process, formation of CoC2Ht should occur (Scheme IV). 

The cobalt propene ion and cobalt butene ion products also 

exhibit hydrogen scrambling. However, low signal intensity precluded 

obtaining data as accurate as that for the cobalt ethene ion product. 
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The predominant propene complex product is Co(C3H3D3)+, >75% at 

O. 5 eV and ~ l 00% above l ev, consistent with a mechanism like 

Scheme Ill. At higher energies, the only cobalt methyl ion observed 

is the perdeuterated species. The dehydrogenation reaction to form 

cobalt butene ion consists of loss of H2 , HD, and D2 with no discernible 

energy effect. Both CoH+ and Con+ are observed at higher energies. 

Scheme III 
~ 

• 
• • 

C03 
'cH ~~D / 2 C03, • 

11
- -z 6 • 

C • co CH CH co___. en_- co·-cH __,. /Co- __. CoCzH4 
o • 3 2 2 3 -~ 2 CD 

3 
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Reaction of Co+ with 2, 2-dimethylpropane 

The results for the reaction of co+ with 2, 2-dimethylpropane 

are shown in Fig. 8. Observation of a single low energy product, 

CoC4H:, is entirely consistent with oxidative addition of a C-C bond 

to Co+, ~-H abstraction, and reductive elimination of CH4 • Formation 

of 16, 17, and 18, which require a-H transfer, y-H transfer, and 
""' ""' ,,.._,.._ 

16 - 17 - 18 -
a-Me transfer, respectively, do not appear to occur as no CoC 5H:0 , 

formed by reductive elimination of H2 from 1§. or 17., or CoC3Ht, 

formed by reductive elimination of C2H6 from 1§., is observed. 'I his 

presumes, as seems likely, that reductive elimination is competitive 

with other decomposition reactions of 1§., 17. and 1§., including 

reverting to reactants. 

Bond Energies of CoH and CoCH 3 

As discussed above, the intermediates formed by the initial 

oxidative addition decompose at high energies by simple bond fission 

forming both cobalt alkyl ions or cobalt hydride ions and alkyl ions. 

In the dissociation of such a charged intermediate, the preferred 

ionic product is the fragment having the lower ionization potential 

(IP). 34 Thus, C3H/ is formed in lower abundance in the n-butane 

system than in the 2-methylpropane system because IP(n-C3H7 ) = 
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FIG. 8. Variation in experimental cross section for the inter

action of co+ with 2, 2-dimethylpropane as a function 

of kinetic energy in the center of mass frame (lower 

scale) and laboratory frame (upper scale). Part a 

shows exothermic channels; part b shows endothermic 

channels. Note change of scale. 
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8.16 ev36 > IP (iso-C3H7 ) = 7. 36 eV. 37 In addition, in both systems, 

the complementary product CoCH; is formed in greater yield than 

C3H/ implying IP (CoCH3 ) < 7. 36 eV. Similarly, in reaction with 

2, 2-dimethylpropane, C4H/ is the dominant product suggesting 

IP (CoCH
3

) > IP (t-C4H9
) = 6. 70 eV. 37 By applying such considerations 

to all systems investigated, the ionization potentials obtained are 
38 41,44 CoCH3 , 7.0 ± 0.3 eV, and CoH, 7.3 ± 0.1 eV, Table I. 

Using these ionization potentials and the bond energies for CoH+ 

and CoCH; given in Table I, the bond energies of the neutral CoH and 

CoCH3 species may be calculated to be 39 ± 6 kcal/ mol and 41 ± 

10 kcal/mol, respectively. The fact that these values are comparable 

lends credence to the idea that polarizability effects are responsible 

for the larger cobalt methyl ion bond energy. The values are also 

comparable to other known bond energies such as D0 (CH3 -Mn(CO)s) ~ 
29 kcal/mol, 45 D

0 
(CH3-Re(CO)s) = 53. 2 ± 2. 5 kcal/mol, 38 

D
0 

((CH3 ) 2 (1r-C 2H5)Pt-CH3 ) = 39 ± 5 kcal/mol. 46 

Reaction of co+ with Larger Alkanes, C H n 
2
(n = 5-8) n 2 + 

The product distributions of the reactions of cobalt ions with 

several large alkanes at low energy are given in Table IT. With few 

exceptions, these results may be explained by initial oxidative addition 

of a C-C or C-H bond, followed by ,8-H abstraction and reductive 

elimination of a neutral yielding a cobalt alkene ion. If sufficient 

internal energy is retained by this complex, further reaction may 

occur to yield a cobalt ion alkadiene complex. The mechanism for 

this process begins by insertion of the Co+ into an allylic C-C of C-H 
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followed again by /3-H abstraction and reductive elimination. 47 An 

example, the further reaction of Co(3-methyl-1-butene)+, is 

illustrated in Scheme V. 

Scheme V 
~ 

Qualitative trends in the product distributions are well accounted 

for by the proposed mechanism and simple thermochemical arguments. 

As discussed above, the initial oxidative addition occurs preferentially 

with the weakest bonds of the alkane. Thus, production of methane, 

resulting from insertion of co+ into terminal C-C bonds, occurs less 

frequently than the reactions from insertion into internal C-C bonds. 

Highly substituted alkenes are bound to co+ more tightly than smaller 

alkenes. 33 Thus, cleavage of the internal bond of 2-methylbutane or 

2, 2-dimethylbutane results preferentially in formation of CoC3H; and 

CoC4H;, respectively, rather than CoC2H;, even when normalized for 

the d~fferent number of J9-hydrogens. Tran sf er of secondary and 

tertiary 8-hydrogens is found to be more likely than primary 8-H 

transfer. Thus, for n-pentane (and all larger n-alkanes), products 

due to reaction 19 (secondary 8-H transfer) are more prevalent than 

those from reaction 20 (primary 8-H transfer), 
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(19) 

(20) 

even when accounting for the different numbers of the two types of 

8-hydrogens and the binding energy effect discussed above. An analysis 

of the 2, 4-dimethylpentane system indicate a similar preference for 

tertiary versus primary /3-H transfer. 

Products, starred in Table II, which cannot be explained by the 

proposed mechanism are generally minor and involve highly branched 

alkanes. Alkyl migration can explain some of these results. Skeletal 

rearrangement of the hydrocarbons may also be occurring. Another 

intriguing possibility suggested by the dehydrogenation of 2, 2, 3, 3-

tet ramethylbutane is the formation of the metallocyclopentane, ~. 

-
As the collision energy is raised, product distributions of Co+ 

reacting with larger alkanes vary as would be expected. The example 

of 2, 3-dimethylbutane, shown in Fig. 9, is typical. Cross sections for 

the ionic products, CoCaIJt2 and CoC 5Ht0 , are observed to decrease 

rapidly with increasing energies. This is presumably because the 

neutral products, H2 and CH4 , respectively, have few internal degrees 

of freedom and thus leave the cobalt alkene ion with more internal 

energy than ionic products formed in conjunction with larger neutral 

products. The cobalt alkadiene ion products, CoC 5H; and CoC4H;, 

which are the result of secondary reactions, dominate the products at 
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FIG. 9. Variation in product distribution for the interaction of 

Co+ with 2, 3-dimethylbutane as a function of kinetic 

energy in the center of mass frame (lower scale) and 

laboratory frame (upper scale). Several minor products 

are omitted for clarity. 
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intermediate energies. At the highest energies, endothermic bond 

fission processes yield the observed results. As with the butanes, 

product distributions at these energies are sensitive to the structure 

of the reactant alkane. 

A final elaboration of the general mechanism explains the 

observation of the CoC3Ht product ion, Fig. 9. In no system was any 

cobalt alkyl ion containing three or more carbons observed. We 

postulate that secondary dehydrogenation of such cobalt alkyl ions to 

yield cobalt allyl ions is a facile decomposition reaction. 

Conclusion 
~ 

The reactions of Co+ with hydrogen and alkanes comprise a 

cohesive set of experiments. The strength of cobalt hydrogen and 

cobalt carbon bonds is determined to be sufficient that oxidative 

addition of C-H and C-C bonds to Co+ is energetically feasible. 

Thus, dehydrogenation and carbon-carbon bond cleavage reactions 

are observed to occur at thermal energies with large cross sections. 

However, Co+ is not so reactive as to preclude selectivity. Product 

distributions are sensitive to alkane structure and trends can be 

explained using thermodynamic arguments. 

The present experiments indicate that a significant amount of 

chemistry may occur on a single metal center. These reactio11s may 

be viewed as a catalytic process for cracking and dehydrogenation of 

alkanes. The activation energy of these reactions is equivalent to the 

binding energy of an alkene to Co+. Thus, conversion of alkanes to 

alkenes and smaller alkanes requires about 25-40 kcal/mo!. This 
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energy is comparable to activation energies observed for hydrogen

olysis of alkanes on platinum surfaces. 48 

Extensions of the present study are many. Reaction of Co+ with 

unsaturated hydrocarbons, alkenes and cyclic compounds, will be 

presented in a forthcoming paper. Studies involving organic com

pounds containing heteroatoms are under way, as are investigations of 

the reactivity of other transition metal ions. 
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