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ABSTRACT 

The reactions of Ba(6s2-
1S0) and Ba(6s5d-1D2) with water and methanol were 

studied under single collision conditions using crossed molecular beams. Reaction of 

ground state Baes) + H20 led to dominant formation of BaO + H2 at all collision 

energies studied (12-30 kcal/mol). Although the reaction Baes) + H20-. BaOH + H 

could be observed at collision energies above the endoergicity of the reaction (13 

kcal/mole), it remained a minor channel even at the highest collision energy. Electronic 

excitation of the Ba atom reactant to the metastable 1D2 state led to a large enhancement 

in reactivity, but the products were BaOH + H rather than BaO + H2• The dominance 

of BaO + H2 from ground state Baes) even at collision energies nearly equal to the 

BaeD) excitation energy of 11,395cm·1 
(- 32 kcal/mole) indicates that the observed 

reaction state specificity results from participation of different potential energy surfaces 

for reactions of ground and excited state atoms. Collisions· of Baes) and BaeD) with 

methanol led only to formation ofBaOCH3 +H. We observed no BaOH + CH3 or BaO 

+ CH4 , despite the fact that they are the more thermodynamically favorable channels. 

Although reactivity with methanol was strongly enhanced by electronic excitation of the 

incident Ba atom, no reaction was observed from Baes) or BaeD) + dimethyl ether 

(CH30CH3). These observations strongly suggest that the reactions leading to radical 

formation involve H-atom migration. 



.J..• 

r.• 

3 

I. INTRODUCTION 

By judicious choice of the electronic state of a reactant, it is possible to affect or 

perhaps even control the chemical outcome of a bimolecular reaction~ Studies using 

guided ion beams have shown that the chemistry of the various electronic states of a 

transition metal ion can change markedly due to the participation of different potential 

energy surfaces. 1 In the case of neutral species, early studies showed that 0(1D) is able 

to insert into covalent bonds, whereas the ground state oeP) atom is relatively inert 

under the same conditions. 2 More recently, the use of crossed supersonic atomic and 

molecular beams combined with laser excitation of the atomic reactant has made it 

possible to study the reaction dynamics of different electronic states of an atom as a 

function of collision energy and alignment of the excited orbital under well defined 

conditions. J-s 

In many cases, electronic excitation does not simply provide energy to drive 

endoergic reactions. Instead, the differing topologies of the potential energy surfaces will 

determine the reactivities of different states. This was demonstrated in the reaction Na • 

+ 0 2 - NaO + 0.3.4 When excited to the 4d state, sodium was found to react with O:z, 
whereas the Ss state (at nearly the same electronic energy) was unreactive. 

There has been considerable interest in the interactions between water and isolated 

metal and main group atoms in the ground and electronically excited states. 6-ts In 

addition to their importance for understanding the mechanisms of hydration, these 

interactions are intriguing because unlike most small oxygen-containing molecules, water 

and its metqyl derivatives possess only "Rydberg- like" unfilled molecular orbitals. 16
•
17 

Consequently, reactions are not expected to be initiated by long range electron transfer, 

and the well known "harpoon mechanism "5•·
18

"
20 is not generally applicable. Instead, a 

close collision is necessary to initiate a chemical reaction between the atom and molecule. 

Because Ba is divalent, its chemistry is quite rich with several possible competing 

channels. In the case of water or methanol, insertion of the Ba atom into a covalent 
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bond may occur, possibly forming HBaOH, HBaOCH3 or HOBaCH3 
6

•
7

• Decomposition 

of these intermediates would likely lead to formation of radical products BaOH or 

Ba0CH3• Alternatively, concerted oxygen atom abstraction leading to the closed shell 

molecules BaO + H2, or BaO + C~, is thermodynamically favored. 21(Table 1) 

The reactions of alkaline earth and a variety of other atoms (M) with water have 

been studied extensively by Margrave and coworkers7
•
8

•
14

•
15 using matrix isolation 

techniques and infrared spectroscopy. They found that codeposition of the reactants in 

a low temperature argon matrix led to formation of a M-OH2 adduct involving a weak 

interaction (5-10 kcal/mole) between the metal atom and oxygen in water (Table 1). An 

increased red shift in the adducts' water bending frequency for the heavier alkaline earth 

atoms has been taken as evidence that the interaction is strongest for barium7
•
9

• For 

alkaline earth and some transition metal atoms, irradiation of the matrix at wavelengths 

near the metal atomic resonance line led to formation of HMOH and MOH. However, 

in the case of some transition metal atoms, the oxygen-bonded adduct rearranged 

spontaneously in the dark to form HMOH. Ab-Initio calculations9
•
10 for the lighter 

alkaline earth atoms + water were consistent with these experimental observations. The 

oxygen bonded adduct was found to represent a small but definite well on the potential 

energy surface; a substantial potential energy barrier for insertion explained the need for 

irradiation to promote the reaction. Based on ab-Initio calculations9 and empirical bond 

energy estimates7 for alkaline earth atoms, HMOH is expected to be stable, lying about 

30 kcal/mole lower in energy than M+H20. 

Very little gas phase work on reactions of water and methanol with neutral atoms 

using crossed molecular beams has appeared. Due to the absence of long-range electron 

transfer, the reactions are expected to have small cross sections ( < 10 A2). This factor, 

together with the possibility of several competing reaction channels makes it difficult to 

obtain a full picture of the reaction dynamics. This is because many detection 

techniques22 do not have comparable sensitivities to all possible channels. However, a 

number of interesting features have been observed in gas phase reactions to date. 

r:. 
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Alcaraz and coworkers6a investigated the luminescent channels from the laser-induced 

reactions of Ba(6s6p1P1) and Ba (6a5d1D2) with H20 under single collision conditions. 

Although no chemiluminescence was observed from reaction of BaeDJ, the BaeP1) 

reaction led to BaOH(B2E+,A2ll). No Ba0(A1E+ or A' 1ll) was observed, even though 

those channels are more energetically favorable. The lack of the concerted BaO + H2 

channel was attributed to a large barrier on the potential energy surface. The 

spectroscopy of a number of radicals containing alkaline earth metals has been studied 

by Bemath23 and coworkers. Electronic excitation of the metal atom led to substantial 

enhancement of reactivity: most notably, Sr(1P1) + CH30H led to formation of Sr0CH3• 

However, the focus was on the spectroscopy of the products rather than on the reaction. 

dynamics. 

Although there have been no reports of formation of MO from single collisions 

of alkaline earth atoms with water or alcohols, such reactions are known to occur for 

other atomic species. Gole and Pace11 observed BO chemiluminescence from B + H20 

-+ BO* + H2 • Ab-initio calculations12 indicated a large potential energy barrier for this' 

reaction, which was apparently surmounted by the fast Boltzmann tail of the effusive 

atomic B beam. Liu and Parson13 studied the reactions of Y and Sc with water and 

alcohols under single collision conditions. Only the MO product was observed; either 

the hydroxide was not formed or it's LIF spectrum was outside the wavelength range 

studied. 

We have performed crossed molecular beams studies of the ·reactions of ground 

state (6s2
-

1S0) and metastable (6s5d-1D2) barium atoms with water and its alkyl 

derivatives; methanol (CH30H), and dimethyl ether (CH30CH3). In our study, products 

were detected using an electron bombardment ionizer-quadrupole mass spectrometer. 5•·24 

This, together with the measurement of angular and velocity distributions of the products 

allowed us to identify all reaction channelS, including those leading to products in the 

ground electronic state. Our work complements the chemiluminescence experiments of 

Alcaraz et al6
; the combined results allow. us to gain considerable insight into the 
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dynamics of the reactions. By changing the kinetic energy of the atomic and molecular 

beams, we compared the effect of reactant collisi~n energy to reactant electronic energy. 

We find that the reactions with water are largely state specific: at all collision energies, 

ground state Baes) reacted to form the molecular products BaO + H2 by a concerted 

mechanism. In reactions of metastable BaeD), ~owever, the products were BaOH + 
H. In reactions with CH30H, only BaOCH3 + H was observed from Baes) or BaeD), 

despite a much larger exoergicity for formation of BaOH + CH3 or BaO + CH4 (Table 

II). Dimethyl ether (CH30CH3) led to no reactive signal from ground state or 

electronically excited Ba, even at the highest collision energy, 30 kcal/mole. These 

observations suggest that the formation of radicals results from hydrogen atom migration, 

a process strongly enhanced by electronic excitation of the incident barium atom. 

H. EXPERIMENTAL 

A continuous, seeded supersonic beam of barium atoms was formed in a 

molybdenum oven source with separately heated barium reservoir and nozzle. The beam 

was skimmed by a heated (1000°C) molybdenum skimmer and collimated to -1° half 

width by a set of defining slits. Details of the apparatus5
•·24 and the atomic beam source25 

·. are available elsewhere. The molecular beam was formed by bubbling helium or 

hydrogen carrier gas through the liquid sample held in a refrigerated bath and expanding 

the mixture through a 0.005" or 0.010" diameter nozzle. A dilute mixture ( <5%) and 

high nozzle temperature (- 200°C) was necessary to eliminate dimers and larger clusters. 

The water was distilled; the methanol, dimethyl ether, t-butyl hydroperoxide, and H2
180 

were obtained from Aldrich Chemical Company. Both beams were differentially pumped 

and crossed at 90° in a liquid nitrogen cooled chamber maintained at -1xHt7 Torr. 

Reaction products were detected by a triply differentially pumped electron impact 

ionizer-quadrupole mass spectrometer that could be rotated in the plane of the atomic and 

molecular beams5
•·

24
• An important goal of the experiment was to measure relative yields 

of BaOH (m/e= 155) and BaO (m/e= 154). This is inherently difficult due to the close 

r:. 
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proximity of the mass peaks and fragmentation of BaOH to Bao+ upon electron 

bombardment ionization. Considerable effort was made to characterizing the 

fragmentation patterns of the product molecules as well as their transmission through the 

quadrupole mass filter. Fortunately, resolving these products is aided by the favorable 

kinematic relationships which confine BaO and BaOH to a very narrow scattering angle 

and lead to rather large signal levels. Also, the background count rate in the mass 

spectrometer detector is nearly zero at these heavy masses. Most importantly, the natural 

isotopic abundance of Ba is favorable-- the isotopes with masses 138, 137, and 130-136 

are 71.70%, 11.23% and 17.07% naturally abundant, respectively.26 By operating the 

mass spectrometer at a high resolution setting, it was possible to distinguish between the 
138BaOH (m/e= 155) and 138Ba0 (m/e= 154) parent ion peaks with only a minor 

contribution at m/e= 154 from 137BaOH. Fragmentation of BaOH to Bao+ upon 200 eV 

electron bombardment ionization was a factor to consider in the analysis. This 

fragmentation ratio is difficult to measure with great accuracy since there appears to be 

few clean sources of BaOH in the gas phase. The reaction of BaeD)+ t-butyl 

hydroperoxide formed both BaOH + t-butoxy radical and Ba-t-butoxide + OH. Due to 

the similar exoergicities of the reactions, and the heavier ~ecoil partner for the BaOH 

product, it was possible to monitor pure BaOH far from the Ba beam outside the angular 

range for Ba-t-butoxide. This allowed us to measure the fragmentation pattern obtaining 

a value ofBaoH+/Bao+ = 1.0 + 0.2. This ratio compares favorably with that observed 

from the product of the reaction BaeD) + H20, which we estimate to be 90-100% 

BaOH. We have no way to measure the dependence of this pattern on internal excitation 

of BaOH, but since ionization involves removal of the non-bonding radical electron26
•
27

, 

it is expected to be small. Adequate discrimination between m/e= 154 and m/e= 155 was 

checked by monitoring the BaO product (m/e=154) known to result from the Ba + ~ 

crossed beams reaction, 29
•
30 and increasing the resolution to extinguish signal observed 

at m/e=155. It has been found in other work that fragmentation of BaO to Ba+ is 

relatively insensitive to internal excitation. 5•·
31 Product time of flight distributions were 

obtained using the cross-correlation method, as described previouslf•·32• The velocity 

distributions of each beam were measured directly using a 4-slot chopper.wheel instead 



8 

of the cross correlation wheel. sa 

\ 

The metastable barium atomic beam was formed by optically pumping the BaeP-

1S) resonance upstream of the interaction region using a Coherent 699-21 ring dye laser 

operating single frequency near 553nm with Rhodamine 560 dye. sa A fraction of the 

BaeP) atoms undergo radiative decay to the metastable 1D state. Based on measurements 

described elsewheresa and using the published branching ratios33 for decay ofBaeP), the 
138Ba in the beam consisted of 45% BaeD), 15% Ba~D) and 40% Baes), with all other 

isotopes in the ground es) state. Product angular and velocity distributions were 

obtained by running parallel experiments at various detector angles with the laser on and 

off. We have not attempted to study the reactivity of BaeP) with water or its alkyl 

derivatives. 

m. RESULTS 

A. Reaction of Ba(1S) + H20 

The reactive and nonreactive scattering of BaeSo) + ~20 was studied at several 

collision energies in the. range 12-30 kcal/mole. The Newton diagram for Ba + H20 at 

a nominal collision energy of12 kcal/mole is shown in Fig. 1. The solid circle denotes 

the maximum calculated BaO velocity from the BaO + H2 reaction, and the dotted circle 

shows the maximum velocity of nonreactively scattered Ba atoms. The ~ean collision 

energy is just below the 13 kcal/mole endoergicity 'for Baes) + H20-+ BaOH + H. 

Assuming that supersonic expansion of 5% H20 in He at 200°C leads to no vibrational 

cooling, < 2% of the H20 molecules will have a quantum of symmetric bending 

excitation (1594 cm-1
).

16 At Ecou= 12 kcal/mole, only these molecules and the fastest 

velocity components of each supersonic beam could react to form BaOH + H. However, 

our experiments indicate that the dominant reaction is act\lally Baes) + H20 -+ 

BaO(X1E) + H2• A number of checks were conducted to prove that the BaO signal was 

in fact due to bimolecular collisions between Ba + H20. First, the BaO p~oduct 

intensity peaked at the center of mass laboratory angle (lSO) consistent with the known 
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masses and velocities of the Ba + H20 colliding pair (Fig 1). Contributions from 

reactions of possible contaminants, such as 0 2 or (H20)n were ruled out since the 

laboratory center-of-mass angles associated with collisions of those species with Ba is 

considerably larger. A major concern arose from our observation of tnice quantities of 

BaO in the Ba beam itself. Since the vapor pressure of BaO is extremely lowl" at the 

oven temperature, it must arise from reaction of Ba atoms in the beam with residual 

gasses (02, H20) present in the differential pumping region. This BaO impurity remains 

primarily within the atomic beam. However, we could also detect some BaO outside the 

beam due to elastic and inelastic collisions between the impurity and water in the 

molecular beam. In order to eliminate this undesirable signal, a series of experiments 

were conducted using H2
180 in the molecular beam instead of ordinary distilled water. 

Figure 2 shows the Ba180 time of flight spectra (m/e= 156) from reaction of ground state 

Ba with H2
180. The quadrupole mass spectrometer was operated at unit mass resolution-­

as expected, no signal could be observed at m/e= 156 (Ba180) under the same conditions 

when normal distilled water was used in the molecular beam. Thus, this signal must 

result from single collisions betwee~ Ba + H/80. Figure 3 shows the time of flight 

spectra recorded at Ba + (m/e= 138) under the same oonditions. At this collision energy, 

the Ba180 signal level was weak compared to the Ba signal from nonreactive scattering. 

The observed Ba signal (Fig. 3) primarily resulted from nonreactive elastic and inelastic 

collisions. The maximum velocity for this nonreactively scattered Ba is shown as a dotted 

line in the Newton diagram (Fig. 1)-- the fast and slow components of the Newton circle 

can be clearly seen in t~e Ba time-of-flight spectra (Fig. 3) at lab angles smaller than 30 

degrees. r 

Figure 4 shows the best fit translational energy distribution (P(E)) and center of 

mass angular distribution (T(O)) used in the simulation of the data in Figs. 2 and 3 (solid 

lines). A considerable amount of wide angle nonreactive Ba signal was observed at this 

collision energy. In figure 3, the minor component (dotted line) in the Ba signal near 

180JLS is the contribution from fragmentation of BaO product to Ba+ in the electron 

bombardment ionizer. This contribution was calculated using the best fit to the BaO data 
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and the measured BaO fragmentation ratio. From the relative Ba and BaO signal level, 

we estimate that the cross section for the reaction Ba(IS) + HzO - BaO + Hz is < 2A z 

at 12 kcal/mole. 

Mass scans of the product from the reaction of ground state Ba indicate that 

formation of BaO + Hz dominates at all collision energies between 12 and 30 kcal/mol. 

Raising the collision energy above the 13 kcal/mole endoergicity for formation of BaOH 

+ H opened up this channel, but the observed BaOH signal level remained substantially 

smaller than from BaO + Hz even at 30 kcal/mole, the highest collision energy studied. 

Figure 5 shows the angular distributions for the BaO and BaOH from reaction of ground 

state Ba(IS) + HzO at a collision energy of 23 kcal/mole. Due to the reaction 

endoergicity and light H-atom recoil partner, the Newton circle for the BaOH product 

is very small-- the product is constrained to appear near the center-of-mass angle and a 

substantial fraction of all reaction products enter the detector. In the case of the 

dominant BaO + Hz channel however, a smaller fraction of the BaO is collected for a 

given detector angle since the products are scattered over a much larger Newton circle. 

By monitoring both channels at the CM angle (25°), our detection sensitivity is strongly 

biased towards the minor BaOH + H channel. This differing kinematic relationship and 

the occurrence of both channels is clearly illustrated (Fig. 5). At a collision energy of 

23 kcal/mole, the width of the laboratory angular distribution observed at Bao+ is more 

than 20 degrees, whereas that for BaOH+ is -10 degrees. Time-of-flight data for the 

products from Ba(IS) + HzO reactions are shown in figures 6 and 7. The optimized 

P(E) and T(O) used to fit the data are shown in figure 8. The small contribution to the 

BaO time-of-flights from fragmentation of BaOH to Bao+ in the ionizer is shown in 

dotted lines in Fig. 7. The laboratory angular distribution for both channels peaked at 

the center of mass angle (Fig. 5). Based on the fit to the BaO time of flight profiles, 

(which are considerably broader than those for BaOH) we conclude that there is a 

substantial release of translational energy in the BaO + H2 products (Fig. 8). The best 

fit to the BaO lab angular distribution led to a CM angular distribution that was 

· approximately isotropic. It should be pointed out that due to kinematic limitations we 
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would not be able to resolve a slight forward or backscattering. It is even more difficult 

to make conclusions about the BaOH angular and velocity distribution since the data is 

more compressed due to the light H atom recoil partner. However, our data does 

indicate that the CM angular distribution cannot be strongly forward or backscattered. 

B. Reaction of Ba(1D) with H20 and D20 

Excitation of the incident Ba atom to the metastable 6s5d-1D state led to a 

dramatic increase in the observed signal level at all collision energies studied. Whereas 

the dominant product in the ground state reaction was BaO + H2, reaction of BaeD) 

leads primarily, and possibly exclusively, to formation of BaOH + H. Figure 9 shows 

the time of flight spectra obtained while monitoring BaOH+. At a collision energy of 12 

. kcal/mole, the BaOH signal level at the center-of-mass angle (18°) from BaeD) was 

approximately 20 times greater than BaO signal from Baes). The BaOH laboratory 

angular distribution is shown in· the upper panel of Fig. 10. Also shown in Fig. 10 is 

the product translational energy distribution used to calculate the angular distribution and 

TOF spectra . (Fig. 9). The very large increase in fraction of collisions leading to 

reaction can be seen in the Ba time-of-flight data (Fig 11). Upon excitation of the Ba 

atom reactant, the dominant contribution (middle peak) to the Ba signal is from 

fragmentation of BaOH reaction product to Ba+ in the ionizer. This contrasts with the 

grounp state behavior where the dominant contribution to the Ba + signal was from 

nonreactive scattering leading to a fast and slow peak (Fig. 3). The Ba time-of-flight 

data for collisions of ground and electronically excited Ba are plotted on absolute scales 

in figure 12. The large middle component which becomes dominant with the laser turned 

on (solid line) results from fragm~ntation ofBaOH in the ionizer (middle peak). The fast 

component from wide angle nonreactive scattering also increased with electronic 

excitation. 

Based on the observed BaOH+:Bao+:na+ ratio at several" detector angles, and 

• ·e;l 
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the product angular distributions, we conclude that BaOH + H results from >90% of 

all reactive encounters between BaeD) and HzO. All of the BaO signal could be 

attributed to fragmentation of BaOH in the electron bombardment ionizer. Although the 

Newton circle for BaO recoiling from Hz is considerably larger than for BaOH recoiling 

from H (Fig 5.), we were unable to see any additional BaO from naeD) + HzO which 

could be attributed to the BaO + Hz channel. After normalizing for the different Jacobian 

factors, comparison of BaOH and BaOD signal levels from BaeD) + HzO and naeD) 

+ DzO under similar beam conditions indicated that DzO is 2.0 + 0.4 times less reactive 

than HzO. 

c. Reactions of Baes), BaeD) with CH30H and CH30D. 

Three chemically distinct reaction channels, producing BaOH, BaOCH3, and BaO 

are possiblez1
•
23 from reaction of Ba atoms with methanol as shown in Table II. Since 

the reaction Baes) + CH30H- BaOCH3 +His endothermic by 16.8 kcal/mole6b, it can 

only be formed at a relatively high collision energy or from electronically excited naeo). 

Newton diagrams for reactions of ground state and electronically excited Ba + CH30H 

are shown in Fig. 13 for a nominal collision energy of 15 kcal/mole. Product angular 

distributions for reactions of Ba with methanol, shown in Fig. 14, indicate that formation 

of Ba0CH3 + H dominates in reactions of ground state and electronically excited Ba. 

As with water, large signal enhancement was seen upon electronic excitation, with the 

greatest increase (- 20X) at the lowest collision energy studied (15 kcal/mole). At this 

collision energy, the ground state reaction was only barely detectable (Fig. 14- squares), 

and it results from reaction of vibrationally excited CH30H molecules or from the fastest 

velocity tails of the beams. The expected laboratory angular range for the BaOH product 

is much larger than for Ba0CH3 due to its heavier recoil partner (CH3 instead of H- Fig 

13). However, we were unable to detect BaOH+ or BaOH daughter products (BaO+, 

Ba+, OH+) at angles outside of that seen for formation of BaOCH3 + H, even upon 

electronic excitation. The observed BaQ+ resulted primarily from fragmentation of 
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BaOCH3 in the electron bombardment ionizer, and so the angular distribution is very 

similar to that for Ba0CH3 +. The very weak BaO + contribution at small laboratory 

angles ( < 20) results from elastic scattering of BaO impurity present in the Ba beam, as 

described in section II. Based on the signal levels, we conclude that the yield of 

BaOCH3 + H is > 90% from ground state and electronically excited Ba, in spite of the 

fact that AH is much more favorable for BaOH + CH3 production, and formation of BaO 

+ CH4 is highly exoergic even from the ground state (Table II). The observed Ba + signal 

near 25° (Fig. 14) primarily results from fragmentation of Ba0CH3 in the electron 

bombardment ionizer, and the small angle Ba+ at (} < 15° results from nonreactive 

elastic and inelastic scattering. 

At the lowest collision energy studied (15 kcal/mole), ground state Ba atoms were 

found to react weakly, but only to form Ba0CH3 + H (Fig. 14, Top Figure). Spurred 

by our earlier observation of &es) + H20 - BaO + H2, a search was undertaken for 

Ba + CH30H - BaO + C~, but we failed to see any evidence for this channel from 

ground state or electronically excited Ba up to a collision energy of 30 kcal/mole. Owing 

to the reaction exoergicities and heavier recoil partners, some BaO or BaOH should have 

been observed outside of the angular range for BaOCH3 if their formation accounted for 

more than 10% of the total reaction cross section. Angular distributions for BaOCH3 

from Ba + CH30H and Ba + CH30D at Ecou=30 kcal/mole are shown in Fig. 15. A 

comparison of Figs. 14 and 15 indicates that the reactivity of Baes) does increase with 

increasing the collision energy from 15 to 30 kcal/mole. However, electronic excitation 

is far more effective in enhancing the chemical reaction. The deuterium isotope effect 

observed in the methanol reactions was similar to that seen for water, with CH30H 

having a reaction cross section approximately twice that of CH30D at the same collision 

energy. 

•· 
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No chemical reaction was observed in collisions of ground state or electronically 

excited Ba atoms with dimethyl ether (CH30CH3) at collision energies up to 30 kcal/mole 

despite long averaging for Bao+, BaOH+, and BaOCH3 +. The observed Ba + signal was 

attributed to elastic and nonreactive inelastic collisions. , . 

IV. DISCUSSION 

A. Reactions with H20. 

The most striking observation in the Ba + H20 study was the strong dependence 

of the product identity on initial electronic state of the reactant Ba atom. At collision 

energies below the 13 kcal/mole endoergicity for Baes) + H20 - · BaOH + H, the 

ground state reaction led to formation of BaO + H2• This channel was weak at 12 

kcal/mole, but increased with increasing colli~ion energy. Although the BaOH + H 

channel did appear at collision energies above its endoergicity, it remained weaker than 

the BaO + H2 channel even at 30 kcal/mole, a col.lision energy approaching the BaeD) 

excitation energy (- 32.6 kcal/mole). Electronically excited BaeD), on the other hand, 

reacted with water to form BaOH + H with a branching ratio of 0.90 - 1.0 at all 

collision energies. 

·There are two explanations for the observed product specificity. One possibility 

is that BaeD) + H20 is correlated to BaOH + H through an excited state surface, 

whereas ground state Baes) + H20 correlates to BaO + H2• Alternatively, the effect 

might be due to energetics alone: electronic excitation may simply drive the endoergic 

BaOH + H channel. In this case, the collision of BaeD) might be viewed as collisional 

quenching of electronic excitation during the encounter of the reagents with the 

vibrationally hot intermediate decaying to form BaOH + H on the ground electronic 

surface. The large excess energy above the endoergicity provided by the initial 
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electronic excitation would favor simple bond rupture from a reaction intermediate 

leading to BaOH + H rather than formation of BaO + Hz through a concerted 

mechanism having a much smaller pre-exponential factor in the rate constant. However, 

we believe that this possibility is unlikely in light of the experimental observations. 

Although BaOH + H was observed weakly from ground state Ba + HzO at collision 

energies above its endoergicity, the BaO + Hz cross section increased and remained 

dominant with increasing collision energy. If the lack of BaOH + H from the ground 

state reaction was only due to the endoergicity, then as the collision energy was raised 

substantially, we should have seen a shift towards the endoergic radical channel. Since 

the BaOH + H channel remained much weaker than BaO + Hz even at collision energies 

near the BaeD) excitation energy, arguments based on energetic considerations alone 

cannot adequately explain the change in product identity upon electronic excitation. 

We now return to the possibility that differing intrinsic features of the ground and 

excited state surfaces lead to strong preference. for different chemical products. Two 

possible mechanisms can be envisioned for the reaction Baes) + HzO - BaO + Hz. 

The reaction could be initiated by insertion of Baes) into one of the OH bonds in HzO. 

Although HBaOH is expected to be linear or slightly bent, a very low energy bending 

potential has been calculated for the analogous moleeulesinvolving lighter alkaline earth 

atoms. 7•
9 This low energy bending mode could facilitate formation of BaO . + Hz via a 

four center transition state: 

H H H H .. H 
I \ I I I 

I I 

Ba + 0 - Ba- 0 - Ba- 0 - BaO + Hz 
\ 
H 

The electron configuration for the ground state Baes) atom is 6sz - the initial 

repulsion between this. "closed shell" atom and water, as well as the need for sp or sd 

hybridization for formation of two bonds in the insertion intermediate will likely lead to 

a substantial potential energy barrier in. the entrance channel for this mechani~m. 
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Additionally, a substantial potential energy barrier at the 4-center transition state is 

expected for H2 elimination from HBaOH since it requires substantial electronic 

rearrangement. On the other hand, simple rupture of the very weak Ba-H bond in H-Ba­

OH should readily lead to BaOH + H with no barrier in excess of the Ba-H bond 

energy. Consequently, an insertion mechanism will most likely to lead to BaOH + H, 

rather than BaO + H2. Since BaO + H2 was the dominant product, insertion does not 

seem to play an important role in the ground state Baes) reaction. 

Our experimental observations, especially the large exit potential energy barrier 

leading to a high BaO + H2 product translational energy release, indicates that a 

concerted mechanism is involved in the reaction Baes) + H20 - BaO + H2 with 

abstraction of the central 0 atom from H20 and simultaneous formation of molecular H2: 

H 
I 

Ba + 0 -
\ 
H 

I 
Ba- 0 

\ 

H 

H 

- BaO + H2 

It is well known that concerted reactions are controlled by symmetry constraints'. 35 

Symmetry arguments for Ba + H20 have been discussed previously ·by Douglas and 

coworkers. 8 We first consider coplanar trajectories in ~v and c. symmetry. Approach 

of Baes) toward H20 along the C2v (CJ axis generates a surface of 1 AI e A') symmetry. 

Similarly, the asymptotic molecular product states with atoms in the same geometry as 

the reactants generate surfaces of 1A1 eA') symmetry. However, these states do not 

correlate diabatically, since the ground state of BaO is best represented as Ba2+Q2- 36; this 

product correlates to very high-lying charge transfer states of the reactants. The neutral 

reactant surface correlates to high-lying non-ionic product states. The avoided crossing 

of these two 1A1 eA') surfaces generates a substantial potential energy barrier for the 
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concerted reaction-- the presence of this barrier leads to the small reaction cross section 

and rather large translational energy release observed for the stable closed shell BaO + 
Hz products. 

The covalent-ionic curve crossing radius (RJ is often applied to reactions of alkali 

and alkaline earth atoms with oxygen and halogen containing molecules. sa,Is-zo In units 

of Angstroms, the crossing point of the ionic and covalent curves is given by:, 

R = 14.4 (A) 
X f IP(Ba) -EA (M) 

where IP(Ba) is the ionization potential of Ba, which is 5.2 eV for Baes) and 4.0 eV for 

BaeD)18
•
19

• EA(M) is the 'effective' electron affinity of the molecule (eV), often taken 

to be somewhere between the vertical and adiabatic electron affinities. All available data 

indicates that the adiabatic EA(HzO) < -2 eV37
; electron scattering experiments indicate 

that the vertical EA is near -6 eV.38 For Baes), electron transfer requires Rcou s 2 A. 
Since this distance is of the same order as a bond length, it is clear that a mechanism 

involving long range electron transfer (harpooning), followed by decay of an ionic 

intermediate is inappropriate. However, the reaction products (BaO, BaOH) are highly 

ionic, and so full electron tran~fer must ultimately occur in the reaction. Successful 

formation of BaO + Hz requires small impact parameter collisions. This is due to: 1) 

the very small Ba-0 approach· ~istance required to initiate transfer of the first valence 

electron from ground state Ba to water; and 2) the need to overcome the mechanical 

barrier associated with sufficient symmetric bending of the water molecule to facilitate 
' ( 

concerted for~ation of BaO + Hz. The molecular orbitals for HzO are: 16 
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·The lowest unoccupied orbital is 4ah which is antibonding with respect to the two 

0-H bonds and bonding with respect to H-H. Small impact parameter collisions can· 

initiate the first electron transfer into the 4a1 orbital at a Ba-0 distance of approximately 

2A. This is essentially the bond length of BaO. 36 Electron transfer into the 4a1 orbital 

at such close range with the Ba atom near the symmetry axis of H20 will favor 

symmetric bending of the water molecule and formation of BaO +Hz. The need for a 

small impact parameter collision to initiate the first electron transfer is consistent with 

the rather small ·reaction cross section seen for the ground state reaction. The second 

electron transfer required for formation of ground state Baz+oz- will occur readily as the 

Hz departs. 

It is expected that approach of Ba towards the oxygen atom in the plane of the 

water molecule near the Czv axis will most effectively lead to BaO + Hz since this 

geometry will enhance symmetric bending. Since the water molecules are randomly 

oriented however, most of the collisions involve attack of the Ba atom along trajectories 

that are not in the plane of the water molecule. In this case, the symmetry is C1 and all 

geometries lead to surfaces of A symmetry. However, a substantial barrier is still 

expected for the same reason, as in c. and C2v symmetries, and small impact parameter 

collisions will still be required for formation of BaO + Hz. 

Although the light Hz recoil partner results in compression of the BaO angular 

distribution, it is either forward-backward symmetric or nearly so. Such forward­

backward symmetry is often taken to be evidence for the existence of a collision 

· intermediate with a lifetime exceeding one rotational period (1 psec)5
•·

3941
• In most 

cases, such intermediates are associated with deep chemical wells on the potential energy 

surface. In the present case, the Ba-HzO interaction is not much stronger than a typical 

Vander Waals interaction with a binding eriergy not greater than 10 kcal/mole7• It might 

thus appear surprising that a large fraction of the colliding partners interact long enough 
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to undergo at least one half of a rotation before product formation. However, a 

concerted three-center elimination of H2 requires considerable deformation of water with 

substantial electronic rearrangement. This necessitates a closely coupled collision with 

the Ba reaching the repulsive inner wall of the Ba-H20 interaction potential before the 

initiation of electron transfer. Although the Ba-H20 interaction is not very strong, there 

likely exists entrance and exit potential energy barriers which lead to an effectively 

deeper well. Also, in the absence of significant steric effects, the CM angular 

distribution will be broad since non-coplanar trajectories are statistically dominant. 

" 
Symmetry arguments may be made for interaction of BaeD) + H20. However, 

the situation is rather more complicated. In C2v, the following surfaces are generated for 

the reacting pair: 1A., 1A11 
1A2, 

1B11 
1~. According to Douglas et al8, the lowest lying 

states are likely to be 1A1 and 1A2, the former state having the same symmetry as the 

ground state molecular products BaO + H2• But again, a substantial barrier is expected 

to be generated by the crossing of the excited state reactant and ground (or excited) state 

product surfaces; the existence of a barrier for formation of BaO + H2 (or Bao· + H~ 
/ 

on the excited state surface is consistent with the lack of enhancement of BaO formation 

upon electronic excitation in both our experiment and in that of Alcaraz, et. al. 6 

We now tum to the mechanisms expected for formation of the radical products 

BaOH + H. Our observation that this channel is promoted by electronic excitation 

rather than collision energy is good evidence that the reaction occurs much more readily 

on an excited state surface. This possibility was first suggested by Douglas and 

Margrave7 in discussion of the matrix reactions of ·alkaline earth atoms with water. In 

their experiment, irradiation of the Ba-OH2 adduct, resulting from co-condensation of Ba 

+ H20 in a matrix, near the Ba atomic resonance facilitated "insertion" of the metal 

atom into the OH bond with subsequent formation of BaOH. The question naturally 

arises as to whether the gas phase reaction of electronically excited Ba is mediated by an 
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insertion mechanism, and if so, what is the nature of the motion of the atoms during the 

process? The results of the alcohol experiments are very helpful in our understanding of 

the radical channel. We tum to those results before returning to a discussion of the 

BaeD)+ H20 reaction mechanism. 

B. Reaction with CH30H 

The reaction of ground state and electronically excited Ba with CH30H shows 

remarkable preference for formation of BaOCH3 + H. The other product channels 
. " 

BaOH + CH3 and BaO + CR.. either do not exist,· or are so weak as to be below the 

sensitivity of our experiment. We conclude that the hydrogen atom elimination channel 

accounts for between 90 and 100% of all reactive encounters in the case of ground- and 

excited state Ba + CH30H. 

Our finding that the BaO + CH4 channel was negligible from Baes or 1D) + 

methanol, whereas BaO + H2 did result from collision of Baes) with water, is not 

surprising. Formation of BaO + CH4 would probably have to be of a concerted nature 

since insertion would likely favor radical production, as outlined earlier for the Ba + 

H 20 reaction. Such a concerted reaction is less likely in the case for methanol than 

water, since it requires attack by the H atom from -OH on an sp3 hybridized carbon atom 

via a three-center transition state: 

Ba + 0 

H 
I 

\ 

I 
- BaO 

\ 

H 

- BaO +ca. 

The potential energy barrier for this process will be high, since at the transition state the 

strong O-CH3 bond has to be nearly broken to facilitate bonding between the tetravalent 
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carbon and the attacking H-atom. However, for trivalent group rnA elements such as Sc 

and Y, formation of MO + CH4 was observed by Liu and Parson13 under single collision 

conditions. They were unable to observe formation of the metal hydroxides-- either they 

were not formed or their LIF spectrum was outside the wavelength range studied. 

Upon electronic excitation, the large increase in formation of BaOCH3 + H from 

methanol is analogous to the increase in BaOH + H from water. The most obvious 
' 

explanation for the formation of Ba0CH3 + H rather than BaOH + CH3 at all collision 

energies is that the reaction is ·dominated by internal migration of the H ato-m from 0 to 

Ba within the Ba-0 bonded intermediate: 

H3C 
\ \ 

Ba + CH30H - 0 -:- Ba - 0 - Ba - BaOCH3+ H 
I \ 

H H 

It appears that a mechanism involving H-atom migration will involve substantially smaller 

potential energy barriers than alternative mechanisms leading to HOBaCH3; ie. CH3 

migration or insertion of Ba into the HO-CH3 bond. This appears to be due to the 

spherical shape of the H atom ls orbital: good orbital overlap may be maintained with 

the 0 and Ba atoms simultaneously during the H-atom migration process. This situation 

contrasts the directional nature of the sp3-hybridized methyl group which necessitates 

nearly complete rupture of the O-CH3 bond prior to formation of HOBaCH3• This is 

somewhat analogous to H3C-H and H-H bond activation by transition metals such as 

platinum and palladium. 42
•
43 In those systems, the potential energy barrier was found to 

be very small for insertion into H2• However, a substantial barrier exists for formation 

of H-M-CH3 and it was even larger for formation of CH3-M-CH3• This behavior was 

also rationalized in terms of the ability for the spherical H-atom to participate in 

multicenter bonding. 42
•
43 Our finding that dimethyl ether is unreactive under single 
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collision conditions also supports our hypothesis that H -atom migration is the dominant 

mechanism in the radical channels. 
I 

This work is the first direct evidence of a metal methoxide in the gas phase under 

conditions known to involve only a single collision.44 As far as we know, only one 

previous M + CH30H reaction has been studied in rare gas matrices14
• Codeposition 

of Fe + CH30H led to formation of an Fe(CH30H) adduct with the iron atom bonded 

to the oxygen atom in methanol. Irradiation of the adduct at 400nm <A< 500nm resulted 

in formation of HFeOCH3 whereas irradiation at 280nm <A< 360nm led to HOFeCH3• 

In other words, a higher photon energy was required for 'insertion' into the C-0 bond. 

Although the original authors did not draw any conclusions about the reaction 

mechanism, we suggest that H-atom migration is likely to be the lowest energy process 

in the iron system. It would not be surprising if this was a general feature in reactions 

of metal and main group atoms with H-atom containing compounds. 

C. The effect of deuterium substitution and collision energy on BaeD) reactions. 

Comparison of BaOH to BaOD signal levels indicated that BaeD) + D20 was 

2.0±0.4 times less reactive than the H20 reaction. This ratio was found to remain 

constant to within. the stated uncertainty as the collision energy was varied from 12-30 

kcal/mole. The ratio between· reactive and nonreactive scattering of BaeD) also 

remained constant to within the experimental uncertainties over this range. 

The observed isotope effect observed here is not large by comparison to low 

temperature experiments where the "semiclassical effect" (i.e. without the occurrence of 

tunneling) is commonly in the range of 3 to 5.45•46 Experimental observations15 and 

theoretical calculations47 on the Si + H20 system have indicated that reaction in rare gas 

matrices occurs with H-atom migration by quantum mechanical tunneling. Co-
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condensation of Si + H20 led to rapid formation of HSiOH, whereas visible irradiation 

of Si + D20 was required for formation of DSiOD. If the barrier for the rate limiting 

step in the reaction of BaeD) + water was large, it might be possible to observe a 

substantially increased isotope effect with decreasing collision energy if tunneling were 

important. We have found ihat the isotope effect rem3ins approximately constant over 

our experimentally obtainable collision energies. Thus, at these collision energies, 

quantum mechanical tunneling is not a dominant factor in the deuterium isotope effect 

that we observe. 

D) Product Angular Distributions for the Radical Channels 

Although the BaOH and BaOCH3 angular distributions are rather compressed due 

to their light H or D atom recoil partner, the best fit of the angular and TOF data was 

found to have a forward backward symmetric center-of-mass angular distribution (to 

within the sensitivity of the fit). The usual explanation for this angular distribution is the 

existence of an intermediate HBaOR species with a lifetime exceeding one rotational 

period. It should be noted, however, that for Ba + H20 the symmetric product angular 

distribution might also be attributable to the migration process, which by its very nature 

is likely to reflect the symmetry of the water molecule: 

H 
\ 
. 0-Ba­
I 

H 

H 
\ 
0- Ba 

I 
H 

-

H 

H 
\ 

I 

H 
I 

0- Ba 

0- Ba 
\ 
H 

-
BaOH + H 
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Since both H atoms are equally likely to migrate within the Ba-0 bonded complex, a 

forward-backward symmetric angular distribution . will result even if HBaOH has a 

lifetime of less than one rotational period. 

E. The role of the excited state in H-atom migration. 

As was ·pointed out by Douglas and coworkers7
, HBaOH can be treated by 

analogy with the HAB molecule, with B = OH. We discuss the particular case of water 

here; a parallel argument should apply to the reaction of methanol since s~bstitution of 

' H by CH3 should have little effect on the electronic structure of the Ba core. For 

HBaOH, the ground state configuration is 1A' (la")2(6a)2, with an excited state 

(la")2(6a')(7a'), also of 1A' symmetry. In the case of the heavier alkaline earth atoms, 

the ground state 6s-a' orbital of the metal atom probably lies higher than the unoceupied 

4a1-a' orbital of water.7 The ground state configuration of Ba+ H20 in C, symmetry 

correlates diabatically with an excited state of HBaOH, whereas the ionic state na+H2o­
(or possibly Ba2+H20 2") correlates to the HBaOH ground state. An avoided crossing of 

these two curves generates a substantial potential energy barrier for the ground state 

insertion process. We observed the onset of Baes) + H20 - BaOH, + H at collision 

energies above 13 kcal/mole. This might indicate that the barrier for H atom migration 

on the ground state surface does not lie much above the reaction endoergicity. 

Alternatively, the ground state reaction Baes) + H20 - BaOH + H might result from 

a direct abstraction mechanism rather than from H-atom migration. In any case, it is 

clear tha~ in the Baes) + H20 reaction, the potential energy barrier for formation of 

BaOH + H is higher than that for formation of BaO + H2, which was observed to occur 

even at the lo~est collision energy (12 kcal/mole). 

Our observation that electronic excitation is much more effective than collision 

energy in enhancing the formation of BaOH + H is good evidence that the barrier for 
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formation of H-Ba-OH by H-atom migration is low on the excited state potential energy 

surface. There has been considerable theoretical work on the activation of covalent bonds 

by transition metals.42
•
43 The reaction M + H-R-+ H-M-R (R=alkyl) is most favorable 

for those me'tal atoms with ground state electronic configurations favorable to sd 

hybridization, since this readily facilitates formation of two covalent bonds. Bond 

activation is also favored by electronic configurations. which minimize long-range 

electronic repulsion. In the present case, the 6s5deD) configuration has the "singlet 

diradical" character favorable for formation ofH-Ba-OR. This is clearly not the case for 

Ba 6s2eS)-- the closed shell configuration will lead to a weak interaction with H20, and 

the Ba 6s2eS) promotion energy is substantial. 

The main difference between Ba + H-OR -+ H-Ba-OR and transition metal 

reactions such as M + H-R -+ H-M-R (R=H,CH3) is that the Ba intermediate has 

substantial ionic character, whereas the transition metal intermediate is primarily 

covalently bonded. Since the Ba-water collision timescale is long compared with the · 

vibrational frequency of water, s9me additional insight into the reaction dynamics may 

be gained by considering how the transition from the covalent to ionic surface (which 

must ultimately occur for formation of Ba +oR-+ H) is affected by vibrational motion. 

Vertical electron transfer to H20 (especially from BaeS)) is thermodynamically 

unfavorable, with the lowest vertical electron attachment resonance at 6.4 eV. 38 

Interestingly, the literature reveals one experimental observation37 of H2o- in ion 

cyclotron resonance experiments. It has been determined that this molecule, probably best 

described37 as OH-... H, is stable and lies about 2.1 eV above H20 + e-. This is below 

the energy of separated OH- + H (3.28 eV)21
• This suggests that electron transfer from 

Ba to H20 will be most favorable for collision geometries resulting in asymmetric 

stretching of the water molecule. For those molecules, the "effective electron affinity" 

will be near -2.1 eV, and the curve crossing radius for BaeD) is -2.5 A. Note that the 

crossing radius based on eq. 1 for Baes) will still be below 2 A even with this "most 
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favorable" value of -2.1 eV for the EA of H20. This difference between the curve 

crossing radii in these two cases will play a role in determining the identity of the final 

product. In the case of electronically excited &eo), transfer of the more easily ionized 

d-electron to the symmetry-allowed orbitals in H20 will preferentially occur at -2.5 A 
in those collisions leading to asymmetric stretching of the water molecule. The weakly 

bound H atom in the newly formed Ba+H20- molecule will readily migrate away from 

the oxygen before the Ba can approach to within the close range required for 3-center H2 

elimination and. second electron transfer required for formation of BaO. In the case of 

. ground state Baes) + H20, however, chemical interaction and electron tninsfer is only 

possible in the case of small impact parameter collisions. This favors formation of BaO 

+ H2 by a concerted 3 center mechanism. 

V. CONCLUSIONS 

The reaction of Ba with water illustrates that under appropriate conditions, it is 

indeed possible to alter the chemical outcome of a neutral reaction by proper selection 

of the initial electronic state of a reactant. The observation that reaction of ground state 

Baes) results in BaO + H2, whereas excited &eo) leads to BaOH + H, is a 

consequence of the different features on the ground and excited state potential energy 

surfaces. Due to the existence of a large mechanical barrier and the need for close 

approach of the reactants, the BaO + Hz molecular products are favored by ground state 

barium atoms. For only in the ground state can Ba approach to within - 2 A before the 

reaction is initiated. Concerted molecular rearrangement with second electron transfer 

results in production of BaO + Hz. Formation of radical products, on the other hand, 

results from H- atom migration. Initial excitation of one valence electron to the Sd­

orbital strongly promotes this process. Two main factors seem to be responsible. The 

"singlet diradical" character of the 6s5d configuration favors the formation of two bonds 

in H-Ba-OR. Electronic excitation also leads to· electron transfer at slightly longer 
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distance, leading to H-atom migration and formation of HBaOR. The rapid escape of 

one H atom precludes three-center H2 elimination. The observation of only BaOCH3 

from reaction with methanol, and lack of reaction of dimethyl ether has provided 

additional evidence for the importance of H-atom migration in the radical channels. 
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Table I. Thermodynamics of the Ba + H20 System'-7
•
18 

Reaction AH(kcal/mole) 

Baes> +H2o -Ba-OH2 - -5 

-HBaOH --30 

-BaOH(X) + H +13 

- BaO(X) + H2 -14.9 

BaeD)+ H20 -BaOH(X) + H -19.8 

- BaO(X) + H2 -47.3 

- BaO(A,A') + H2 -0 

Table ll. Thermodynamics of the Ba + CH30H System"7,18 

Reaction 

Baes) + CH30H - Ba-OH(CH3) 

-HBaOCH3 

-HOBaCH3 

- BaOH(X) + CH3 

- BaO(X) + CH4 

- BaOCH3(X) + H 

BaeD) + CH30H - BaOH(X) + CH3 

- BaO(X) + CH4 

- BaOCH3(X) + H 

AH(kcal/mole) 

- -5 

- -30 

- -30 

-15.0 

-42.7 

+16.8 

-47.6 

-75.3 

-15.8 

32 



Table ill. Thermodynamics of the Ba + CH30CH3 System6.7•
18 

Reaction 

BaeS) + CH30CH3 - BaOCH3(X) + CH3 

- BaO(X) + C2~ 

AH(kcal/mole) 

-6.6 

-49.2 

33 
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VIII. LIST OF FIGURES 

Fig 1. Newton Diagram for Baes) + H20 at EcoU=12 kcal/mole. Inner circle shows 

maximum center of mass velocities for BaO from Ba + H20 - BaO + H2• 

Larger circle shows Ba velocity from elastic scattering from H20. 

Fig 2. Ba180 time-of-flight spectra from Baes) + H2180 - Ba180 + H2 at Ecou= 
12kcal/mole. ooooo- experimental data. -- Fit to data using P(E) and T(O) 

from figure 4. 

Fig 3. Ba time-of-flight spectra from Baes) + H20 collisions at a collision energy of 

12 kcal/mole. The fastest and slowest peaks are due to the forward\ and backward 

components of the Newton circle. The small component near 180JLS is the 

contribution from fragmentation of BaO to Ba+ in the electron impact ionizer. 

Fig 4. Best fit product translational energy distribution (P(E)) and center of mass angular 

distribution (T(O)) for BaO + H2 reaction channel (solid line) and nonreactive 

inelastic Ba + H20 channel (dotted line). 

Fig 5 BaO and BaOH angular distributions from reaction of Baes) + H20 at a collision 

energy of 23 kcal/mole showing relative signal intensities for both channels. 

Nominal Newton diagram for two reaction channels is also shown. 

Fig 6. Ba180H time-of-flight spectra from Baes) + H2
180 at Econ =23 kcal/mole. 

Fig 7. Same as Fig. 6 but mass spectrometer set at Ba180. Small dotted line near 180JLS 

denotes contribution from Ba180H fragmentation in electron bombardment ionizer. 

Fig 8. Product translational energy distribution P(E) for BaO and BaOH from reaction 

of Baes) + H2
180 at Econ= 23 kcal/mole. Shaded area denotes uncertainty in 

derived P(E) for BaOH + H channel. 

Fig 9. BaOH time-of-flight spectra from BaeD) + H20 collisions at Econ - 12 

kcal/mole. Solid line shows best fit to data: 

Fig10 Upper Figure: BaOH Angular Distribution from BaeD) + H20 at Econ=12 

kcal/mole. Lower Figure: Translational energy distribution for BaOH from 
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BaeD) + H20 at Eco11= 12kcal/mole. 

Fig11 Ba time-of-flight spectra from BaeD) + H20 colisions at Eco11 = 12 kcal/mole. 

The fastest and slowest peaks are due to the forward and backward components 

of the Newton circle. The large middle component is calculated contribution from 

fragmentation of BaOH to Ba + in the ionizer. 

Fig12 Ba time-of-flight spectra at 12kcallmole showing effect of electronic excitation on 

reactive component (middle peak) and nonreactive component (fast. and slow 

components). 

Fig13 Newton Diagram for possible product channels from reaction with CH30H. 

Upper figure: Baes) + CH30H. Lower figure: BaeD) + CH30H. Circles 

denote maximum center of mass recoil velocities for Ba-containing products. 

Fig14 Angular distributions for BaOCH3, BaO, and Ba resulting from Ba + CH30H at 

15 kcal/mole, showing effect of laser excitation on the incident Ba atom. BaO and 

Ba signal at wide angle ( > 15°) results from fragmentation of BaOCH3 product 

in the electron bombardment ionizer. 

Fig15 BaOCH3 angular distributions from Ba + CH30H (upper figure) and Ba + 
CH30D (lower figure) at collision energy of 30kcal/mole, showing effect of laser 

excitation of Ba atom. Although BaOCH3 signal increased with collision energy, 

electronic excitation was far more effective in promoting reaction. 

Fig16 Energy level diagram for Ba + H20. The energy levels indicate the known or 

most probable values. Shaded regions indicate maximum uncertainties in energies 

of reaction intermediates or transition states. Reaction paths observed in this 

study are indicate9 by lines connecting reactants to products. Solid lines indicate 

primary reaction channels; dotted line indicates minor channels. Products and 

intermediates not connected to lines were not observed in this work or in 

chemiluminescence experiments described in Ref 6. 

Fig17 Same as Fig. 16, but reaction is Ba + CH30H. 
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