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Abstract 

The reactivity and thermochemistry of ionic metal atoms and clusters has been explored using guided ion 
beam mass spectrometry. With this apparatus, cross sections of ion-molecule reactions can be measured from 
thermal energies to hundreds of eV. Application to metal cluster chemistry demonstrates its utility for 
elucidating reaction dynamics and mechanisms and for determining cluster binding energies and ligand binding 
energies for both ionic and neutral species. Early results compare the largely unreactive atomic Mn+ with 
the dimer Hn

2
+. 

Introduction 

In 198J, Smalley and co-workers developed a truly universal metal cluster source by vaporizing a metal 
sample using a laser and seeding this metal in a supersonic expansion of He. l In contrast to the oven based 
technologies which have seen eminent success with the alkali metals 2 and some coinage metals,3 the laser 
vaporization technique provides a routine means of forming a cluster beam of any metal. ~any groups are now 
exploring the spectroscopy, ionization potentials and chemistry of these neutral cluster beams. 4 One partic­
ularly desirable experimental feature which this source does not incorporate, however, is the ability to 
produce size-selected clusters. One experimental approach to producing a size-selected cluster beam is to 
study ionized clusters and use mass spectrometry to isolate the desired cluster size. Such an approach has 
been utilized by several groups,S including our own. 6 ,7 

In our work, we have examined the re8ctions of metal dimer ions and contrasted their behavior with that of 
the monomer ion. Our work differs from other approaches in that we examine the reactions of these ions over 
an extended kinetic energy range. This allows us to determine such quantities as the metal-metal binding 
energy, the binding energy of ligands, and absolute cross sections and branching ratios for reactions. In 
this report, we describe studies of Hn2+ reacting with Ar, O2 , CO and C

2
H6 . 

Experimental 

The ion beam apparatus used in these experiments has been described previously.8 The production of atomic 
and dimeric manganese ions is detailed below. The ions are extracted from the source, accelerated, and 
focused into a 60· magnetic sector for mass analysis. The mass selected ion beam is decelerated to a 
selected kinetic energy and focused into an octopole ion trap which is floated at the nominal ion energy. 
The octopole guides the ions through the collision chamber containing the reactant gas. The pressure of the 
gas in the gas cell, measured by an MKS Baratron capacitance manometer, is in the range of 0.2 to 1.0 mTorr. 
This is sufficiently low that reactions due to multiple ion-molecule collisions are improbable. The octopole 
ion guide utilizes rf electric fields to trap ions in the radial direction and thus allows efficient collec­
tion of all ionic products and transmitted reactant ions. These ions are extracted from the octopole, 
focused into a quadrupole mass filter for mass analysis, and detected using a scintillation ion counter and 
standard ion counting techniques. A DEC MINC computer system controls the reaction conditions and data 
collection. 

Hn+ ions are produced in a surface ionization (SI) source. Here, HnC1
2 

is vaporized in an oven and 
directed at a rhenium filament which is resistively heated to 2200 K. The metal halide decomposes on this 
filament and metal ions are produced by surface ionization of the resulting metal atoms. If we presume that 
the metal reaches equilibrium at the filament temperature before desorption, the state distribution of the 
Hn+ beam produced by SI should have a Haxwell-Boltzmann distribution such that 99.8% of the Hn+ ions are in 
the 7S ground state. Previous studies in our lab of Hn+ indicate that this is quite accurate. 9 

. 1 bl· h d 6,7 ." + h· . . d d b 1 . .. As in our prevlous y pu lS e reports concernlng nn
2 

' t lS lon lS pro uce y e ectron lmpact lonl-
zation and fraamentation of Mn

2
(CO)10. By keeping the electron energy close to the appearance potential of 

Hn
2
+ (18.8 eVl ), the int(!rnal energy of the dimer ions is kept low (several tenths of an electron volt). 

Three variations of this source have been utilized in our laboratories. The first, used exclusively in 
references 6 and 7, is an in-line electron impact source. This source produces a reasonably intense beam of 
Hn

2
+ but suffers becaus~ th~ inlet f~r the.Hn (CO) 0 precursor heats up and decompos~s t~e precursor, pri- . 

marily to Hn(CO). Ionlzatlon of tllls radlcat pro~uces large amounts of Hn(CO)2+ \·,h,ch lS only one mass unlt 
hil'her than Mn +? To avoid this problem, the second source uses an electron beam which crosses the effusive 
vapor beam. T~is results in less decomposition (and therefore, much less ~n(CO)?+ formation) and internallv 
colder ions, as ascertained by collision induced decomposition. Det,llls of this-characterization are beluw. 
Reactions of ~ln7.+ with O?, CO and C

2
H

6 
are performed with ions produced in this fashion. Finallv, in a third 

source, we ~rodtice the dImer ions in a high pressure drift cell patterned after lllar descrihed bv Bowers and 
co-\vorkers, 1 Here, Mn

2
+ is produced by electron impact of c;n

2
(CU'10 but at one enc! of a cell which dIsll 
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contains a bath gas (usually N
2

) a t pressures of 0.1 t o 1.0 Torr. The dimer i ons und e r go nume r ous collisions 

with th e bath gas while drifting t o the o ther end of the ce ll in a weak e l ec tric field . These co llisions 
should serve to the r mal iz e the dimer i ons at the tempera tur e o f the gas cell , 300 K. After exiting the drift 
cell the i ons are gent l y extrac t ed and en ter the i on beam focussing and mass selection r egion of the apparatus 
as des c ribed above . Charac t er i zq tion of this beam is again by collision i nduced dissociat i on s tudies 
d iscus sed b e low. 

Retarding field energy a n alysis i s used t o dete r mine the nominal ene r gy zero and dis tribut i on of the i on 
b eam energy . This anal ys i s is achi eved by sweep i ng the DC bias of the oc t opole tr ap through the nominal ion 
energy zero . Becau se the r eact i on zone and this energy analysis r egion are phys i cally the same , amb i gui ties 
in t he a na l ys i s r esulting f rom con t act potentials , space charge e f fects and focussing aberrat ions a r e avoided. 
From the derivative of the r etarding curve , the true ion beam e n e r gy ze r o ca n be measur e d within 0.1 eV lab . 
The ion beam energy distribution is found to have a t ypica l HIHM of 1.0 eV lab . The effect of the therma l 
motion of the gas in the reaction cell contributes a much large r uncerta inty to the col lision energy . The 
result ant energy distribution effectively broadens any shar p fea tures in the exci t ation func tion. Both thi s 
effect and the ion beam e n e r gy distribution a r e taken into account when analyz ing the expe r imental r esul t s . 12 

Reacti on c r oss- sections , 0 , a r e calculated u s ing equation 1 which 

I ; (I + I ) e xp( - no l) 
r r p 

( 1) 

relates the effective l eng th of the inte raction region, 1 (; 8 .6 cm) , a n d the numbe r density of the target 
gas , n, t o the measured intensities of the t r a n smi tt ed reactan t ions and p r od uc t i ons , I and I. I nd ividual 
p r oduct c ross sections are calculated us ing equa tion 2 . The larges t r p 

(2) 

contribution to the uncertainty of our measu r ement of abso lu te c r oss sec tions results f r om uncert a inties i n 
the target gas density and effective cell leng th . We es tima t e these e rrors to be ±20% . 

Results a n d Discussion 

Collision induced dissociation 

6 + 
In our initial report on the co l lision induced d i ssoc i ation (CID) of Mn

2 
' r eaction 3, we fo und that 

+ + Hn
2 

+ Ar -> Mn + Mn + Ar (3) 

the kinetic ene r gy t hr eshold fo r CID depended st rongly on th e elect r on energy ( Ee) used t o form the dimer ion. 
This effect is c lea rly due to the prod uc tion of interna lly excit ed ions wh i ch therefore require l ess kinetic 
energy to dissociat e . At the lowest Ee which st ill produced a usab l e beam of Mn

2
+, '018 eV , the kin e tic 

energy threshold fo r CID was determined to be 0 . 85 ± 0 . 2 eV (20 ± 4 kcal/mol) . ~e noted that this is strict­
l ya lower limit to the true bond dissociation e n e r gy of Mn

2
+, DO (Mn

2
+), but within o ur abilities to produce 

" cold " ion s , we believed it to be fairly accurate. 

Recently , Jarrold , lIlies and Bower s 13 measured the bond energy of Mn
2
+ by pho todissoc iation. In thi s 

experimen t, the ions need not be produced without inte rnal exci tat ion since the kinetic e n e r gy release is 
directly measured . Unless there is a systematic problem with interpre tin g this da ta ( e . g . , di ssocia tion f r om 
excited states having a much larger ex tinction coefficient o r dis socia tion from an exci t ed sta t e of Mn

2
+ to 

excited a t omic states) , the pho t odissociation meas urement rathe r unambiguously det e rmine s DO ( ~ln 2 +) .2: 1.. 39 eV 
(32 kcal/mol) . The discrepancy with our va lue a lmo s t certainly li es in our ab ility t o produce dimer i ons 
with little inte rnal excitation . The fact that despite our bes t efforts we apparently r eta ined about 0. 5 eV 
of excitation may indicate that there are many l ow lying e lectronic a lly excited states which are eas ily popu­
lated by electron impact and whic h do not radia tively relax . Alternatively, if in the fr agment a tio n- i on i za­
tion of Mn

2
(CO)10 ' the CO molecule s falloff rapidly compared with the relaxa tion of the metal- metal b ond, 

then electron impact c ould produce vibrationally excited Mn
2
+ even at threshold . 

To t es t o ur a bility to produce a " co ld" b eam of i ons , Mn + was produced in two different s our ces descri bed 
above : a c ross e d electron beam source a n d a high pressure ~rift cell designed to p roduc e thermalized i ons . 
The results for CID of Mn

2
+ ions produced usin g the crossed electron b eam so urce are s hown in Figure 1 . The 

means of interpreting the data h ave been detailed previously . The c urve s hown i s described by equa tion 4 
where E is the relative translational ener gy , E

int 
i " the 

(4) 

internal energy of the system, DO is th e bond ener gy of the dissociating molecule , a nd n i s f ound t o be 0·2. 
The translational ener gy threshold, DO - E . ,is found t o b e 1.1 ± 0.2 eV . Compared with the value determined 
by photodissoc i a tion, ~1 . 39 eV, this indig~tes that there is s till a couple of tenths of an e lectron volt of 
int ernal exci tation. While the i ons are certainly not " cold " in a spec troscop i c sen se , the internal excita­
tion is r easonably under control . Very similar result s are also ob t ain ed with the high p r essure drift cell 
source . It i s somewhat mystifying that this r e sidual excitation cannot b e eliminated b y an y mean s . 
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Reaction with 02 

+ + The reactivity of Mn and ~n2 with 02 differs appreciably. Figure 2 shows the cross section for reaction 
5 and reactions 

(5) 

6-12. The thermochemistry for these reactions comes from Table 1. 

+ + 
Mn 2 + 02 -, Mn20 + ° + 0.6 eV (6) 

-> Mn+ + Mn0
2 

+ 3.0 eV (7) 

-> Mn+ + Mn + 02 - 1.4 eV (8) 

-> Mn+ + MnO + 0 - 2.8 eV (9) 

Mn+ + Mn + 20 - 6.5 eV (10) 

-> MnO+ + MnO - ~O eV (11) 

-> MnO+ + Mn + ° - 3.7 eV (12) 

Below 5 eV, the data for reaction 5 is in good agreement with a previous study of this reaction while above 
5 eV, the cross section measured here exceeds that previously reported. 14 In the data for Mn

2
+, the results 

of Fig. 2 are in good agreement with a previously published brief account 7 below 3 eV. Above 3 eV, however, 
the data shown in Fig. 2 differs appreciably from the previous data. These discrepancies are due to instru­
mental improvements made in the collection of product ions. 

It is obvious that the dimer ion is much more reactive than the atomic ion. The latter has only one re­
action channel which is substantially endothermic and reaches a maximum of only 1 x 10-16 cm2 at about 5 eV. 
Detailed analysis of this excitation function yields a threshold energy consistent with a MnO+ bond energy of 
2.80 ± 0.2 eV.15 In contrast, several reaction channels exist for reaction of Mn

2
+. While the fact that 

there are more atoms in this system makes this an expected result, the fact that reactions 6 and 7 are exo­
thermic is not expected. In fact, observation of reaction 6, in which the strong O

2 
bond (D = 5.12 eV) is 

broken while the relatively weak Mn
2
+ bond (D = 1.4 eV) is retained, is quite a surprising result. Reaction 

7, the only exothermic pathway for producing Mn+, involves extensive rearrangement of the reactants to form 
the manganese dioxide product. Reaction 11, an apparent four center exchange process, is very close to 
thermoneutral. Reaction 8, the CID process, is obvious as the rise in the Mn+ cross section beginning in the 
vicinity of 1.4 eV. Similarly, reaction 12 is indicated by the rise in the cross section for formation of 
MnO+ beginning at 3.7 eV. Reaction 9, a high energy pathway to form Mn+, is not observed directly due to the 
size of the Mn+ cross section. The fact that it occurs is evidenced by the decrease in the cross section for 
Mn20+ at the thermodynamic limit for this process. Likewise, reaction 10 can be seen as the threshold for 
the decrease in the cross section for MnO+. It is important to point out that the ability to determine the 
multitude of reaction pathways in the Mn 2+ + O2 system is a direct result of measuring the kinetic energy 
dependence of the cross sections. 

Reaction with CO 

Reaction of Mn+ with CO results in the production of MnO+ + C and MnC+ + O. B~th reactions are endother­
mic. Their threshold behavior has been analyzed to yield the bond energy for MnC of 2.2 ± 0.6 eV.15 The 
predominant reaction of Mn

2
+ with CO is the CID process which has a threshold consistent with the CID results 

above and reaches a cross section of about 8 x 10-16 cm2 • This is certainly reasonable considering that CO 
has a bond energy of 11.14 eV, 8 times larger than that of Mn +. It is then surprising that any chemistry at 
all is observed; however, Fig. 3 shows that at high energies the chemistry is rather extensive. Again we 
observe retention of the metal dimer accompanying cleavage of the reactant neutral to form both Mn

2
0+ and 

Mn2c+. Analysis of the thresholds for these reactions permits the tentative assignment of the thermo­
chemistry for these species listed in Table 1. Because of the internal energy of the Mn 2+, these bond 
energies are best viewed as upper limits but are probably reasonably accurate within the listed uncertain­
ties. Reaction of Mn + with CO also produces the ions MnC+ and MnO+. Based on the known thermochemistry of 
these species, their rormation at the observed kinetic energies, Fig. 3, must be accompanied by production of 
the bound neutral products, MnO and MnC, respectively. By examining the threshold behavior of these reaction 
channels, we can measure the bond energies of these neutral species, Table 1. The value derived for D(MnO) 
is in reasonably good agreement with the literature value, 3.7 ± 0.17 eV.16 

Reaction with C
2
H

6 

Figure 4 shows the results for reaction of Mn 2+ with ethane. The CID channel, formation of Mn+, is not 
shown but is comparable in magnitude to the cross section for Mn

2
H+ and has a lower threshold. As in the 

other reaction systems, there are prominent product channels in which the metal dimer is retained, Mn2H+ and 
Mn

2
CH

3
+. Not shown are minor channels, Mn

2
CH

2
+ and Mn 2CH+, for which this is also true. The threshold be­

havior of the various reactions has been analyzed and the thermochemistry for Mn
2
H+, Mn

2
CH

3
+, MnH and MnCH

3 
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has been derived , Table 1 . Studies of Mn+ r eac ting with H2 and ethane provide data 
These results demonstrate that reasonably complex systems of real chemical interest 
analyzed to yield extensive thermochemical and kinetic data . 

Thermochemistry 

+ + on MnH and HnCH
3 

. 
can be examined and 

The the rmo chemi ca l result s of these studies are summarized in Table 1 . Several interesting comparisons 
can be made 

Table 1: Bond Ener gies of Hanganese Speciesa 

L D(Mn-L) D(~ln+-L) + D(Mn
2 

- L) 

H <1. 4 2.06 (0 . 15) 2 . 1 (0.3) 

CH
3 

<1. 3 2 . 2 (0 . 3) 2.4 (0.3) 

C 2 . 5 (0.4) 2.2 (0 . 6) 4 . 5 (0.4) 

0 3 . 8 (0.2) 2 . 8 (0.2) 5 . 7 (0.4) 

a All values in eV . Uncerta inties in parentheses. 
From this work and relat ed st udies (refs. 9 and 15). 

between the neutral and ionic atomic Hn spec ie s and also be tween the monomeric and dimeric ion spec i es . 
First, it can be seen that th e values for D(Mn+- L) are all near l y the same. This may be the r esult of the 
electron conf i guration of Mn+ which is 4s3dS. Since the half- filled 3d shell i s very stable , it seems likely 
that only the 4s electron i s accessib le for bonding . If this is the case, then Mn+ will tend to form only a 
single bond with other species. The fact that MnO+ is s lightly st ronger may be due to ionic components of 
the bonding or to some covalen t double bond charact er . Contrast this behavior with the neutral MnL species . 
Now, the ligands which can only form single bond s , i.e . , H and methyl, have weaker bonds with Mn than with 
Mn+ while those ligands which can fo rm multiple bonds, i . e . , C and 0, bind more strongly to Mn. Since the 
electron configuration of Mn is 4s23dS , these results can be r a tionalized by assuming that in formin g a 
s ingle bond, the energy lost by disrupting the filled 4s shell of Mn is high. Therefore, the bonding to Mn 
is weaker than to Mn+ where the 4s orbital is only half - filled . However, while Mn+ cannot form multiple 
bonds due to the inaccessibility of the 3d electrons, neutral Mn can utilize both 4s electrons in the 
bonding process . 

Now , consider the monomeric and dimeric ion species. Note that the sin gl y bonding ligands , Hand CH
3

, 
have comparable bond energies fo r Mn+ and Mn + . Tl-te multiple bonding ligands, C and 0 , however, have much 
stronger bonds with the dimer ion than with ~he a tomic ion. This seems to imply that the carbon and oxygen 
atoms interact strongly with both metal atoms. Unfor tunately, these experiments cannot prov i de any structural 
information t o confirm the natur e of this strong interaction . 

Conclusion 

While ou r experiment s t o date have included only a comparison of dimer and monomer ions, it is clear from 
these studies tha t s imila r information can be obtained with larger c lusters . Indeed, if progress is to be 
made in using gas phase c lust ers as models for catalytic chemistry, this t ype of quantitative information is 
absolutely necessary and one of the primary mo tivations of such comparis ons . Ongo ing work in our laborator­
ies is directed at producin g larger clusters by seve r al techniques to carryon such studies. Because it i s 
critical t o have thermalized clusters for these thermochemical studies, all these app roaches incorporate 
supersonic expansion for cool ing . Vaporization techniques include the use of a hi gh repetition rate Cu vapor 
laser, particle beam sputtering and a DC r are gas arc . 
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Figure 1. Collision induced dissociation cross section for reaction 3 as a function of r'clative kinetic 
energy (lower scale) and laboratory energy (upper scale). The line is the theoretical fit to the data 
described in the text. The arrow indicates t1l(' threshold energy determined from this analysis. 
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Figure 2. Cross section for reaction of Mn
2
+ with 02 as a function of relative kinetic energy (lower scale) 

and laboratory energy (upper scale). Arrows indicate the threshold energies for reactions 8(1.4 eV), 
9(2.8 eV), 10(6.5 eV), and 12(3.7 eV). The dashed line shows the cross section for atomic Mn+ with 02' 
reaction 5, on the same relative kinetic energy scale. 
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