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Abstract 

Electron impact ionization and subsequent fragmentation of volatile but stable organometallic precursor compounds is used to 
release naked CoGa+ ions to transfer into and analyse by a high resolution Fourier Transform Ion Cyclotron Resonance (FT-ICR) 
mass spectrometer. Gas-phase bimolecular reactions of CoGa+ ions with methanol, among others, yield two distinct isomers of 
(GaCHsOH)+ with significant internal excitation. Ab initio calculations using a density functional approach for CoGa+ and 
(GaCHsOH)+ complement the experimental findings. 
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1. Introduction 

The gas phase chemistry of metal ions 111 and metal 
cluster ions [2] has been the subject of growing interest. 
A large part of this interest stems from the ability of 
metal atoms and surfaces to catalyse a variety of or- 
ganic reactions, to “activate” C-H and C-C bonds. 
Insights into the details of this lowering of activation 
barriers by metals should enable a better understand- 
ing of both homogeneous and heterogeneous catalysis. 

The main emphasis thus far has been on investiga- 
tions of homonuclear transition metal clusters. These 
can be easily produced by pulsed laser vaporization in 
the presence of an inert carrier gas [3,4] or by fast atom 
bombardment (FAR) [5]. In contrast, very little is known 
about the properties and reactivity of heteronuclear 
clusters. We have pointed out, and shown experimen- 
tally some time ago, that these can also be conveniently 
generated by laser vaporization of suitable alloys of 
two separate metal targets [4]. Mixed transition metal 
dimers have recently been generated by laser vaporiza- 
tion of the desired metal in the vicinity of an ICR cell, 
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and allowing the ions to react with Fe(CO), to yield 
the ligated heteronuclear dirner ions. Ligands were 
then stripped by collision induced dissociation to ob- 
tain the bare cluster cation, whose reactions were then 
studied [6-121. Other experimental schemes relying on 
metal carbonyl precursors have been described [13,141. 

In the present study, we investigate an alternative 
approach: using a volatile, ligated heteronuclear metal 
cluster, and producing the bare dimer or cluster by 
stripping the ligands. We have investigated a variety of 
clusters containing one transition metal and one main 
group atom. Specifically, we have been successful in 
generating the CoGa+ and W,In’ cations in large 
amounts from ligated clusters specially tailored for this 
purpose. The details of the cluster ion production and 
of the reactive investigations of the CoGa+ dimers are 
described. 

The gas phase chemistry of both of the component 
metal cations, Co+ and Ga+, has been previously in- 
vestigated. The cobalt monomer cation has been stud- 
ied by guided ion beam techniques. Endothermic reac- 
tions of Co+ with H, and methane CH, were found to 
lead to hydrogen abstraction, yielding mainly CoH+ 
products. Some CoCHl and CoCH: were also found 
[15]. Another study examined exothermic ammonia as- 
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sociation to Co+ [16]. An increase in the kinetic energy 
of the cobalt cation leads to an endothermic N-H 
bond insertion reaction yielding H-Co+-NH,. In a 
high pressure flow tube experiment with electronic 
ground state Co+, the addition of up to three CH, and 
two C,H, molecules, respectively, to ground state Co+ 
was found to occur by three body association processes 
[171. Propane was found to be the smallest alkane 
molecule reacting exothermically with Co+ by activat- 
ing both the C-C and C-H bonds [18]. Exothermic 
reactions of Co+ with ethylene have been found not to 
occur [ 191. 

The association reactions of Ga+, as well as of the 
other Main Group III metal cations, Al+ and In+, with 
methanol have been investigated by high pressure flow 
tube experiments. Rate constants for the consecutive 
association up to three methanols have been deter- 
mined. The decrease in the rate constants in the order 
Al+> Ga+> In+ was interpreted as evidence for the 
decrease in bond energies in this order [20]. The (Al- 
MeOH)+ cation has been examined by ab initio calcu- 
lations. These found a bond energy of 37 kcal mol-i 
(1.6 eV) [20]. In a later ICR study, Al+ was reacted 
with methyl acetate yielding mostly (AlMeOH)+ by the 
elimination of ketene [21]. A lower limit for the (Al- 
MeOH)+ bond strength of r 38 kcal mol-‘, in fair 
agreement with the theoretical prediction, was found. 
No reaction of Ga+ with methanol was observed in 
another ICR study [22]. This might be due to the single 
collision conditions of ICR investigations preventing 
rapid collisional thermalization of otherwise metastable 
product complexes. The rare earth cations SC+, Y+, 
and Lu+, isovalent to the Group III cations, exhibit 
various reaction pathways with methanol that yield 
metal oxygen bonds, as shown in a recent ICR investi- 
gation [23]. 

Recently, a photodissociation spectroscopy study [241 
of metal-water complexes and associated ab initio 

calculations [25] have been performed. The ground 
state dissociation energy of Mg+-Hz0 was determined 
to be 1.06 eV [24]. Another ab initio calculation results 
in a bond energy for electrostatically bound acetone 
which is even higher than that for the covalently bound 
CH, [261. 

In the case of the reaction of Fe+ with methanol, 
effectively a metal insertion into the C-O bond was 
observed. FeOH+ was the only ionic reaction product 
[27]. O-H bond activation of water and methanol by 
Fe+-CH3 was also reported [28]. The ligated iron 
cation reacts with the polar methanol molecule ex- 
pelling methane. An attack of the iron at the oxygen 
atom of the methanol was suggested followed by H- 
migration from the oxygen atom to the methyl group to 
finally expel the methane, was observed to miss. 

2. Method of cluster generation 

Organometallic compounds containing a heteronu- 
clear metal core have recently been synthesized as 
single source precursors for CVD application [29]. 
These compounds fullfil certain requirements such as 
volatility and thermal stability to allow for electron 
impact ionization studies. We systematically checked 
some of these compounds to find out whether they 
fragment in part into bare metal clusters of appropri- 
ate stoichiometries. Electron impact energies were kept 
at 70 eV, whereas the vaporization temperatures were 
adjusted for each compound to obtain strong ion sig- 
nals while avoiding thermal decomposition (60-90°C). 

Initial attempts concentrated on four compounds 
containing a central iron gallium dimer. Ligands were 
chosen to shield the reactivity of the dimer effectively 
while allowing easy fragmentation by boiling off the 
ligands after electron impact (EI) ionization. Cyclopen- 
tadienyl (cp), carbonyl (CO), ethyl (Et), n-propyldi- 
methylamine (“PrNMe,), tetrahydrofurane (THF), 
chloride (Cl) and boronetetrahydride (BH,) were 
among the ligands that were used. The four com- 
pounds studied were cpFe(CO),-Ga(Et)“PrNMe, (0, 
cpFe(CO),-Ga(Cl)“PrNMe, (21, cpFe(CO),-GaCl,- 
NMe, (31, and cpFe(CO),-Ga(BH),“PrNMe, (4). The 
EI fragmentation spectra of the four compounds 
showed no occurrence of naked FeGa+. Compound 2 
resulted in some fragments where gallium was lost, but 
its propylamine ligand switched positions to the iron 
cation. Compound 3 had the highest rate of Fe-Ga 
bond cleavage. Compound 4 yielded some fragments 
containing only the gallium ligands (and their frag- 
ments). These presumably formed by strong * * * (B- 
N) * * . bonding. For all four compounds, the smallest 
fragment containing an intact Fe-Ga cluster had at 
least the cp ligand remaining on the iron. From this, 
one may conclude that the cp-Fe bond is significantly 
stronger than the Fe-Ga bond. 

Two cobalt-gallium complexes were investigated, 
(CO),Co-GaEt z(NMe,) (5) and (CO)@-GaCIZ(THF) 
(6) [30]. Both yielded rather strong CoGa+ cluster 
peaks at 128 a.m.u. The observed fragmentation pat- 
tern reveals that all of the metal ligand bonds present 
are about as strong as the cobalt-gallium bond. This 
thus must be more stable than the Fe-Ga bond in the 
above complexes. In the case of 5, two almost equally 
abundant fragments GaEtl at 127 a.m.u. and CoGaH+ 
at 129 a.m.u. obscure this mass region somehow. The 
capabilities of the FT-ICR instrument permit the isola- 
tion of the desired CoGa+ cluster by ejection of all of 
the other fragments, but at the expense of the intensity 
and unwanted if-heating. In the case of 6, the CoGa+ 
fragments are not obscured by other fragments, allow- 
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ing easy selection. The reactive investigations described 
in the following section were performed using this 
approach. 

Since we had the relatively volatile trinuclear 
[(CO),Wcpl,-In(“PrNMe,) complex (7) available, we 
also examined its fragmentation pattern. The strongest 
peak in the EI ionization spectrum is In+. It was 
ejected from the cell prior to detection of the frag- 
ments. The strongest fragment is the parent ion. Frag- 
ments result in part from the cleavage of the W-In 
bond, in part from the pairwise concerted loss of 
tungsten ligands. The naked WInW+ cluster still ex- 
hibits a considerable intensity (15% of the parent) and 
might be a linear triatomic molecule as one can con- 
clude from the fragmentation pattern. It would cer- 
tainly be possible to use it for reactive investigations. 

experiments were carried out to obtain some informa- 
tion about the ion binding and structures. Considerable 
care was taken to assure that the investigated ions were 
well thermalized (see Fig. 2). After selecting the ion of 
interest, a pulse of an inert gas was introduced via a 
piezoelectric valve. This raised the pressure to a maxi- 
mum value of lo-’ mbar. During the pressure rise of 
approximately 1 s duration, the trapped ions under- 
went about 400 collisions. Since these thermalizing 
collisions introduced some fragmentation, the remain- 
ing ion of interest was then reselected. It was then 
excited to the desired kinetic energy [33] for the actual 
CID experiment. This was performed by introducing a 
second argon gas pulse. Finally, after a suitable delay, 
the remaining ions 
analyzed. 

and their fragments were mass 

3. Experimental details 4. Results of CoGa + reactions 

The screening presented above as well as the reac- 
tive investigations presented in the following were per- 
formed by a Fourier transform ion cyclotron reso- 
nance, IT-ICR, spectrometer (Spectrospin CMS 47X) 
equipped with a superconducting 4.7 T magnet, a cylin- 
drical 60 X 60 m& ICR cell and a differentially 
pumped external electron impact ion source. The 
CoGa+ cluster was produced by electron impact ion- 
ization (30 eV) of 6 vaporized at 65°C in the external 
ion source. Cluster and fragment ions were extracted 
and transferred into the ICR cell by means of electro- 
static ion optics. The CoGa+ was obtained in 27% 
yield of the most intensive fragment peak (CO)CoGa- 
Cl,+. 

The reactions of the heteronuclear cluster cation 
CoGa+ are listed in Table 1. No reactions of CoGa+ 
with CH,, C,H,, C,H,, (C,H,),G, N,, O,, H,, CO 
and NO were detected. Typical reaction times of 10 s 
yield a lower limit for the rate constants of lo-r4 cm3 
s-r, or reaction efficiencies of less than 1 in lo5 
collisions. As noted above, the Co+ monomer does not 
undergo any exothermic reaction under single collision 
conditions with those small molecules used here either. 
No addition of methane or ethylene with elimination of 
Ga was observed. In a high pressure flow tube experi- 
ment, addition of these molecules to Co+ has been 
observed [ 171, nevertheless. 

For the reactive investigations, all ions but the de- 
sired CoGa+ were eliminated by resonant rf irradia- 
tion at their respective resonant cyclotron frequencies. 
Neutral reactants were introduced into the UHV re- 
gion uia a needle valve and maintained at a constant 
pressure of about 10-s mbar to ensure single collision 
conditions. The methanol and water reactants were 
purified by several freeze-pump-thaw cycles before use 
in order to minimize air contaminants. Variation of the 
reaction delay prior to product detection yielded tem- 
poral reaction profiles such as that displayed in Fig. 1. 
Pseudo first order kinetics were simulated numerically 
while adjusting the individual reaction rate constants 
until a satisfactory agreement was found with the ex- 
perimental findings. These relative rate constants and 
branching ratios were brought to an absolute scale by 
careful neutral reactant number density calibration as 
described elsewhere 1311. Reaction efficiencies were 
computed by comparison with collision rate constants 
from suitable theoretical predictions [32]. 

1 2 
Reaction Delay [set] 

A number of collision induced dissociation (CID) 

Fig. 1. Temporal reaction profile of the reaction of CoGa+ cluster 
with methanol at a corrected pressure of 4.9 X lo-’ mbar. Initial 
fragmentation of the kinetically and internally excited cluster ion 
leads to fragmentation in GaC and neutral Go. The Gaf signal then 
remains constant indicating that no further production and no reac- 
tion of Ga+ with methanol proceeds. 
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Reactions were observed to proceed with CH,OH, 
H,O and NH,. Dissociative attachment was the domi- 
nating process of CoGa+ exposure to ammonia leading 
mainly to (GaNH,)+ and to a small fraction of 
(CoNH,)+. The total rate constant of the reaction was 
determined to be (3.7 f 1.3) lo-” Compar- 

Computational results on CoGa and CoGa + 

Neither experimental nor theoretical information on 
CoGa and CoGa+ were available when the present 
investigations were started. Thus, we performed some 
approximate ab initti calculations by means of a stan- 
dard density functional approach (program DGAUSS) 

[341. The double-zeta split-valence plus polarization 
(DZVP) basis set of Gaussian-type orbitals incorpo- 

rated a (63321/531/41) basis at the cobalt and a 
(63321/5321/41) basis at the gallium. These basis sets 
are, however, optimized for use within the so-called 
local spin density (LSD) approximation [35]. These 
LSD-optimized Gaussian basis sets are claimed to cause 
only small basis set superposition errors (BSSE) [34]. 
Geometrical parameters as calculated by density func- 
tional approaches are quite accurate in general [34]. In 
contrast, the local density approximation tends to over- 
estimate dissociation energies by up to a factor of two 
[36]. Non-local exchange-correlation corrections (non- 
local spin density, NLSD) as applied in the present 
study help to reduce this problem 137-391. Impressive 
agreement between the corrected values and exact 
experimental and/or theoretical energies has been 
achieved for molecules involving light atoms only [34]. 
No information is available on the estimated accuracies 
when heavy atoms such as transition metals and main 
group elements are involved. 

We started performing some checking calculations 
on the AlCu heterodimer. Reliable experimental [40] 
and theoretical values [41] are available for this 
molecule. The present and previous results are summa- 
rized in Table 2. As expected, the computed equilib- 
rium bond distances agree very well whereas the bind- 
ing energies are somewhat overestimated by the den- 
sity functional approach. The non-local corrections re- 
duce the discrepancy considerably. Quite reasonable 
agreement is found on the vibrational fundamental. 
Thus, we have to retain some caution in the interpreta- 

TABLE 2. Comparison of previous and present data on AlCu 

Total energy re D, we 
(a.u.) & (eV) km-‘) 

Exp. 1401 - 2.25 292.2 
SCF-CI [411 - 1881.803007 2.371 2.06 289 
SCF-CI + R.C. a - 1896.365734 2.329 2.29 282 
LSD - 1878.798923 2.3287 3.11 n.a. 
NLSD - 1882.882198 2.3287 b 2.74 315 

a Relativistic corrections. b Geometry was optimized at the LSD 
level only. 

TABLE 1. Reactions of the CoGa+ cluster cation with some small molecules (the reaction efficiency is given with respect to the theoretical 
collision rate (ADO rate) [32]) 

Reaction 

CoGa++ CH,, CA, C,H,, (C,Hs)20, N,, 0,, H,, CO, NO 
CoGa++ NH3 -+ (GaNHs)++ Co + (CoNH,)++ Ga 
CoGa++ H,O + (GaH,O)++ Co 
CoGa++ MeOH + (GaMeOH)++ Co 

Reactive rate constant 
krns s-11 

< 10-14 
(3.7 f 1.3) x lo-la 
(2.3 f 0.9) x lo- lo 
(1.9 f 0.5) x 10-10 

Reaction 
efficiency 

- 

0.22 
0.13 
0.12 
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Fig. 3. Computed potential energy curves of CoGa and of CoGa +. The neutral CoGa is most stable in triplet configuration with low lying quintet 
and singlet excited states. The equilibrium bond lengths are similar for a11 three states. The cationic CoGa+ is weakly bound in its quartet and 
doublet states, the latter being slightly more stable. The adiabatic and vertical ionization potentials of CoGa are both computed to be about 7.88 
eV compared to 8.11 eV in Co and 6.13 eV in Ga. The experimental ionization potentials are 7.86 eV and 6.00 eV, respectively. Thus, the 
positive charge in the dimer is expected to localize preferentially on the gallium atom. 
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tion of energetic values from the LSD/NLSD calcula- 
tions whereas the geometrical parameters are believed 
to be reliable. 

With the present knowledge, we performed far more 
extensive calculations on the CoGa heterodimer and its 
cation. We not only searched for the equilibrium bond 
distance but calculated multiple off-equilibrium dis- 
tances in order to learn about the entire potential wells 
and its volumes and shapes. The results are summa- 
rized in Fig. 3 and Table 3. The neutral heterodimer 
CoGa is most stable in triplet configuration with low 
lying quintet and singlet excited states. The equilibrium 
bond lengths are similiar for all three states. The 
binding energy of the quintet state is about half those 
of the singlet and triplet states which are of compara- 
ble strength. In the homogeneous dimer Gas, the 
equilibrium bond distance is slightly larger (2.72 A [42]) 
than in CoGa and the bond is weaker (D, = 1.4 eV, 
[42]). No measurements or predictions have been pub- 
lished for Co,. 

The cationic CoGa+ molecule is weakly bound both 
in its quartet and doublet states, the latter being slightly 
more stable. The adiabatic and vertical ionization po- 
tentials of CoGa are both computed to about 7.88 eV 
to compare to 8.11 eV in Co and 6.13 eV in Ga. The 
experimental ionization potentials are 7.86 eV and 6.00 
eV, respectively [43]. Thus the positive charge in the 
dimer is expected to localize preferentially on the 
gallium atom. Also the computed potential curves dis- 
sociate towards multiple Co + Ga+ states (cf. Fig. 3) 
while the lowest Co++ Ga state is way off. 

The above data have yielded reasonable structures 
and energies for both the AlCu and the CoGa dimers 
which contain two heavy metal atoms each. A previous 
article had demonstrated the accuracy of such compu- 
tations for small organic molecules [34]. There the 
DZVP basis set was extended by p-polarization func- 
tions at the H-atoms (DZVPP). The corresponding 
Pople basis sets would be 6-31G* and 6-31G**, re- 
spectively. We compared both sets, DZVP and DZVPP, 
in the case of methanol and found minor geometrical 

TABLE 3. Computed data on CoGa and CoGa+ 

CoGa 
Triplet 
Quintet 
Singlet 

CoGa+ 
Quartet 
Doublet 

Total energy 
(au.) 

- 3307.477905 
- 3307.437957 
- 3307.382937 

- 3307.224300 
- 3307.210161 

re (A) D, (eV) 

2.50(5) 2.33 
2.40) 0.87 
2.30) 2.25 

2.70(5) 0.78 
2.48(5) 0.50 

TABLE 4. Computed parameters of (GaCH,OH)+ complexes (gee- 
metrical parameters are optimized at LSD level of theory; energies 
include non-local spin density corrections (NLSD)) 

Ga++CH,OH Ga+CH,OH CHsGa+OH 

Total energy - 2040.21923 - 2040.26671 - 2040.24183 
(a.u.) 

Relative energy 0 - 1.29 - 0.68 
(eV) 

Distances (A) 
Ga-0 
Ga-C 
c-o 
O-H 
C-H 

Angles (“1 
C-O-H 
H-C-H = 
Ga-O-C 
0-Ga-C 

Mulliken charges 
Ga 
0 
C 
H (at 0) 
H (at C) a 

a Average values. 

2.150 1.710 
1.877 

1.410 1.454 
0.977 0.985 0.987 
1.110 1.103 1.106 

108.2 110.1 _ 

107.9 110.0 110.7 
128.2 
169.4 

1 0.737 0.710 
- 0.526 - 0.568 -0.616 
- 0.551 - 0.523 - 0.557 

0.417 0.504 0.506 
0.220 0.283 0.319 

deviations which were negligible when compared to the 
(in general small) variance with respect to experimental 
values. Thus, we felt encouraged to extend the density 
functional approach to the present major product com- 
plexes while using the DZVP basis sets. 

We investigated methanol and gallium cation at very 
large distance, Ga++ CH,OH (II), gallium cation at- 
tached to methanol at the oxygen atom, Ga+CH,OH 
(91, and gallium inserted into the C-O bond of 
methanol, CH,Ga+OH (10). Geometries were opti- 
mized in each case at the LSD level of theory as was 
applied to the CoGa dimer. Final corrections for non- 
local spin density (NISD) effects have been included 
in the total energies. The results are summarized in 
Table 4. While the energies are thought to establish 
upper limits for the true binding energies, the com- 
puted geometries are believed to be of significant accu- 
racy. 

The computed binding energies with respect to des- 
orption of an intact methanol molecule favour the 
non-inserted structure 9 over the inserted structure 10 
by a factor of two. The dissociation energy of methanol 
into CH, and OH is known by the heat of formation to 
be 4.10(f0.04) eV [431. Thus, the consecutive adsorp- 
tion of a CH, unit and of an OH unit on a gallium 
cation yields an energy gain equalling this value plus 
the computed binding energy of structure 10, 0.68 eV. 
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Together both units are thus bound to the gallium by 
(at most) 4.78 eV. The stabilization energy is of course 
shared by the two bonds. 

The non-inserted complex 9 is of oxonium type 
structure. The presence of the gallium cation induces 
considerable electronic reorganization with respect to 
an isolated methanol molecule. This manifests itself in 
the analysis of Mulliken charge distributions (cf. Table 
4). The gallium cation transfers about a third of its 
nominal charge to the methanol where it is distributed 
about equally to the four hydrogen atoms. The elec- 
tronegative carbon and oxygen atoms maintain their 
negative partial charges. Thus, complexation of 
methanol with gallium cations into the oxonium struc- 
ture 9 performs by a flux of electron density from the 
peripheral hydrogen atoms through the central elec- 
trophils into the 0-Ga bond. Computed numeric val- 
ues of the partial charges are included in Table 4. 
Although the general trends are doubtlessly correct, 
the numeric values probably reveal bonds which are 
slightly more strongly polarized than actually observed 
(as e.g. in AlCu). 

6. General discussion 

In our experiments, no reactions with CH,, C,H,, 
C,H,, (C,H,),O, N,, O,, H,, CO and NO have been 

observed although it is known that cobalt cations react, 
e.g. with CH, in drift tubes [44], and with C,H, [l] or 
(C2H&0 [45]. On the other hand, little is known 
about the reactions of bare main group metal cations 
in the gas phase. 

The seemingly severe discrepancy between previous 
high pressure investigations of cobalt cations to react 
easily with non-polar hydrocarbon molecules and the 
present single collision studies of CoGa+ hetero dimers 
to refrain from such reactions is not attributed to any 
kind of gallium driven inhibition. It is believed, how- 
ever, to reflect the difference in principle, between 
multiple and three body collision induced metastable 
complex stabilization at high pressures on the one 
hand and preferential direct association and replace- 
ment processes without third bodies present on the 
other hand. 

In contrast, metastable electrostatically bound com- 
plexes of CoGa+ with polar molecules may not form 
only temporarily. These complexes stabilize without 
further collisions if the stabilization energy exceeds the 
CoGa+ dissociation energy. Then either of the metal 
atoms may expel in principle. Due to their higher 
ionization potential, neutral cobalt atoms are preferred 
to leave the complex. Observation of some CoNHl 
complexes in addition to GaNHi shows that the metal 
cation-ammonia binding energy is about equal to the 

Co t Ga++ OH + CH3 

(376.4 kJ/mol) 

Co+ +GatCHOH 

(-125.4 kJ/mol) 

Fig. 4. Relative energetics of each reaction channel with respect to AHr(Co + Ga++ CH?OH). Bold solid lines indicate previously well 
established energies, whereas plain lines indicate those which had to be evaluated in the present investigation. The GaCH; channel seems to be 
higher in energy than the GaOH+ since the latter is observed, whereas the former is not, although no exact values about the difference in energy 
can be obtained. 
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difference in ionization potential of Co and Ga (1.86 
eV). 

Water and methanol do not stabilize with Co+ while 
expelling gallium atoms because they are less strongly 
bound to the metal atoms. For a more comparative 
view on the very nature of the observed complexes, 
both the differences in the Co+-molecule and Ga+- 
molecule complexation, namely acceptor-donor inter- 
actions, have to be elucidated. This is discussed in the 
case of methanol in the following. 

Most interesting in the current context are the 
CoGa+ reactions, especially with CH,OH. The initial 
fragmentation of the cluster due to multiple collisions 
with methanol indicates that the cluster carries signifi- 
cant internal energy. In Fig. 4 the relative energetics of 
each reaction channel with respect to AH&Co + Ga+ 
+ CH,OH) are shown. Bold solid lines indicate previ- 
ously well established energies, whereas plain lines 
indicate those which had to be evaluated by the pre- 
sent investigation. The GaCH4 channel seems to be 
higher in energy than the GaOH+ since the latter is 
observed whereas the former is not, although no exact 
values about the difference in energy can be obtained. 
We determined experimentally the dissociation energy 
of Ga+-OH, D, < 3.97 eV in, albeit trivial, agreement 
with the theoretical value of 1.17 eV. The observation 
of (GaMeOH)+ indicates that D,(CoGa+) < D,(Ga- 
MeOH+). 

The two stage CID experiment (cf. Fig. 2) of CoGa+ 
+ CH,OH revealed an approximate value of the disso- 
ciation energy of the current (GaCH,OH)+ intermedi- 
ate of about 60 meV (+ 60 meV/ - 20 me% Little 
energy is necessary to split the complex, although both 
CoGa+ and (GaMeOH)+ are thought to be bound 
stronger than just 60 meV. We conclude that internal 
(vibrational) excitation of the product complex 
(GaCH,OH)+ accounts for the difference between 
theoretically predicted and experimentally observed 
energy. 

Theory reveals an excited doublet state of CoGa+, 
which may be populated in the course of electron 
impact ionization and fragmentation of the precursor 
molecule. The dissociation threshold of the doublet 
state is about 400 meV higher in energy than that of 
the quartet ground state. This value is even twice as 
high (923 meV) if the computed curves are scaled to 
the exact dissociation limits. The doublet potential well 
is entirely above the quartet threshold. Thus, doublet 
CoGa+ may well be metastable. The computed stabi- 
lization of CoGa+ in its doublet state with respect to 
the isolated atoms Co + Ga+ in their ground states of 
436 meV is an upper bound. The true value may be 
significantly lower or even negative. 

Collision with either unreactive (At-1 or reactive 

(CH,OH) partners are operative in coupling the two 
CoGa+ states and thus inducing intersystem crossing 
from the doublet state into vibrationally highly excited 
quartet levels and into direct dissociation on the quar- 
tet potential. 

In summary, Ar collisions thus lead to dissociation 
and population of hot quartet states exclusively, while 
methanol may scavenge gallium cations in part and 
may also predissociate otherwise bound CoGa+ quar- 
tet vibrational levels by virtue of the considerable stabi- 
lization energy gain in the (GaMeOH)+ complex. The 
resulting (GaMeOH)+ is vibrationally hot in itself, of 
course, since the neutral Co does not carry away all of 
the excess energy. 

(GaMeOH)+ is an ion-dipole bound complex that 
forms from CoGa+ without a significant activation 
barrier. The opposite is true for the inserted structure 
which more weakly bound and where considerable 
activation takes place. Both structures are distinguish- 
able by fragmentation patterns generated by CID ex- 
periments. GaOH+ is believed to form only from 10. 
The double CID experiments as performed yield this 
fragment only in the former CID experiments whereas 
the latter yields only Ga+ fragments. We interpret this 
finding as an initially parallel occurrence of both struc- 
tures. Thus, all of the experimental findings are very 
much in line with the theoretical predictions and vice 
versa. 

7. Conclusions 

We have shown that certain organometallic com- 
pounds may well release dinuclear metal cations upon 
electron impact ionization. This also holds for systems 
with metal bonds that are far from tight bonding. From 
this fact one can draw implications for hot wall CVD 
processes that run with such compounds. Bimetallic 
layers can thus form, for example from pure gas phase 
hetero dimers without significantly incorporating sticky 
ligands. 

The gas phase reactions such as performed yield 
strong evidence for internal excitation of the electron 
impact ionization and fragmentation generated CoGa+ 
cations. The ab ini& results suggest metastable elec- 
tronic states of doublet multiplicity to bear this excita- 
tion. Computed and optimized equilibrium geometries 
and heat of formations of the (GaMeOH)+ isomers 
provide final support for the picture presented. 
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