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ABSTRACT 

The effects of vibrational excitation of reagent ions and collis

ion energy _on the proton and charge transfer reactions of H; and 

o; with N2, CO, and o2 have been investigated using a method combin-

ing photoionization and a radiofrequency guided ion technique. For proton 

transfer the H; + N2 results are quite similar to the H; + Ar sys-

tem; proton and charge transfer channels are closely coupled for kine-

tic energies above 3 ev. In contrast, for H; + CO, the vibrational 
+ dependence of proton transfer is quite weak. For the H2 + o2 case, 

evidence is seen for direct competition between the charge and proton 

transfer processes. A simple model for ch~rge transfer is used to 

aNational Science Foundation Graduate Fellow. Present address: Depart
ment of Chemistry, Stanford University, Stanford, CA 94305 

bJohn and Fannie Hertz Graduate Fellow. 
eMiTTer Professor, 1981-1982. 
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assess the importance of energy resonance and Franck-Condon effects. 

In these simple molecular systems, the energy defect is found to be 

most important to charge exchange, although Franck-Condon factors do 

play a substantial role. 
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I. INTRODUCTION 

The study of vibrational effects on reactivity and on the dynam

ics of reactions has been pursued for many years. In some neutral 

reactions where only one potential energy surface is involved, the 

observed effects are generally well understood. Using classical tra

jectory calculations, Polanyi and co-workers1 have shown for 

example, that in reactions which have barriers in the exit channel 

(typi.cal :of endoergic reactions} vibrational motion increases the 

probability of surmounting the barrier. Experimental evidence2 

shows that at least near threshold, vibrational energy indeed is very 

effective in promotin~ endoe~gic reactions. 

The effects of vibrational excitation on ion-molecule reactions 

are o~ten more complicated than the enhancement of nuclear motion in 

overcoming the potentia 1 energy barriers. , Whi 1 e many neutra 1 reac

tions are governed by a single potential energy surface (PES}, nearly 

all ion-molecule systems have at least two low lying potential energy 

surfaces corresponding to A++ BC and A+ BC+ at large reagent dis-

tances. These surfaces have crossings and avoided crossings and, ex

cept for cases like H; +He where the first excited PES lies far 

above the H; + He ground PES, transi·tions between different surfaces 

and different electronic configurations of the systems during the col

lisions are likely. Taking the energetics of (H 2 + Ar}+ as an exam

ple, Figure 1 schematically shows a cut along the BC stretch coordinate 

through the entrance channel of the PES for an A++ BC collision. Here 

A and BC have similar ionization potentials, and two electronic states 
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of the system (A++ BC and A+ BC+) lie very close together. At infin

ite reagent separation (Fig. la) , the two PES eros s and there is no 

mixing between charge state~. As the reagents come together, the two 

charge states, which are of the same symmetry, begin to mix and ~he 

crossing becomes avoided. Initially the interaction_is weak and the 

motion of the system, including the BC vibration, remains on the dia

batic A++ BC potential surface (Figure lb). As the.reagent separa

tion decreases, the mixing becomes stronger (Figure lc) and the split-~ 

ting between the two ne~ adiabatic surfaces created by the avoided 

crossing becomes. larger •. At this point, motion of the system through 

the avoided crossing seam (the .surface of intersection between the two 

multidimensional PES's) can be either diaqatic (retaining the same 

electronic configuration) or adiabatic (remaining on .the same PES). 

This allows the possibility of transitions between the two reagent 

charge states and between the grou~d PES and the excited adiabatic 

PES~ Figure ld shows the potential curves when the reagents are close 

together. Here the motion is strictly on a single PES, since .the sur

face splitting is too large to allow transitions. Thus as the reagents 

approach each other through the entrance channel, vibrational motion 

couples the two charge states and al~o can cause hopping to the excited 

PES. These electronic effects induced by the vibrational motion can 

far outweigh simple effects of enhanced nuclear motion in overcoming 

potential energy barriers. This. vibrationally induced charge and/or 
+ surface hopping has been studied, theoretically for the H2 + H2 sys-

tem3 and for the Ar+ + H2 system. 4 
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Recently we have investigated the effects of vibration and collis-
.+ 

ion energy on a number of simple ion-molecule reactions. In H2 + H2 
we found a very complex pattern of collision and vibrational energy 

dependences for charge transfer, proton transfer, and collision in

duced dissociation.5 The data was interpreted in light of the 

calculated potential surfaces3 for H; + H2 and provides strong evi-

dence for the importance of avoided crossings in determining the dynamics 

of H; + H2 collisions. In H; with Ar,6 avoided cros~ings are again 

found to strongly influence the dynamics of both proton and charge 

transfer although the dynamics of the proton transfer reaction appear 

_to be more comp 1 i cated than those suggested from the results of poten

tial energy surface calculations. 4 Coupling between the two charge 

states also seems to strongly influence the proton transfer reaction, 

especially at higher collision energies. 

It is interesting to compare the dynamics of charge and proton 

transfer of H; with Ar6 with the analogous reactions with N2, CO, 

and o2•· The four systems are similar in some ways, but very differ

ent in others. The proton and charge transfer reactions (PT and CT) 

and their energetics, calculated from data in ref. 7, are summarized 

in Table 1. Since the N2, CO, and o2 bonds are quite strong (they 

might be called pseudo-atoms), no other reactions occur in the collision 

energy range which our experiments cover, except for collision induced 
+ dissociation of H2 (CID), which has a maximum cross section of less 

than 3A2 for all three systems and will not be considered here. . . 

Examination of Table 1 shows that while all the PT reactions are 

substantially exoergic, there is a wide variation in the energetics of 
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CT. In particular both H; + Ar and H; + N2 are slightly endoergic 

while both H; +CO. and H; + o2 are quite exoergic. This would be 

expected to lead to ~arge differences in the general shape of the 

PES's as well as on the magnitudes of the CT cross sections. ·The en-
+ . . . + 

trance channel of H2 + N2 will look very similar to that of H2 + Ar 

shown in Fig. 1. Figure 2 shows the similar cut through the PES en

trance channel for the case where the IP of molecule is substantially 

lower than that of H2, as in H; + CO. In this case an avoided 

crossing would allow all H; vibrational states t~ charge transfer and 

we might expect to see.very different vibrational effects on both the CT 

and PT reactions. 

A large difference between Ar and N2, CO, or o2 in the reactions 

with H; is. that the diatomics contain additional vibrational and 

rotational degrees of ·freedom which increase the number of possible 
. + 

product states substantially. We saw in CT of H2 + Ar, that one of 

the strongest influences on the observed vibrational effects appeared to 

be energy resonances bet~een the H;(v) + Arinitial statesand the 

available final .states. 6 The differ1ng number and energy spacings of 
+ ·. 

the product states in H2 + Ar, N2., CO, o2 pro vi des very different . 

patterns of energy resonances for these four systems. · Since exoergic 

CT appears to occur through a long range interaction, one might also 

expect that in addition to the energy resonances, the overlap between 

an initial state wave function and the various final states - some 

variety of Franck-Condon facto'r, would have a large effect on charge 
+ transfer probability for systems such as H2 + N2, CO, and o2• 
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+ + + Although the reaction dynamics of N2, CO , and o2 + H2 have 

been investigated quite extensively, not a great deal is known about 

the reactions of H; + N2, CO, and o2• Bowers et a1. 8 studied reac

tions in the (H 2 + N2)+ system at thermal energies using the ion cyclo

tron resonance (ICR) technique. They determined rate constants for N2H+ 

formation from both H; + N2 and N; + H2 (1.95 and 1.4 x 10-9 cm3 

molecule-1 sec- 1 respectively) and found that the H; +. N2 ~ N2H+ + H 

rate decreased. with increasing collision energy with a concomitant in

crease in the charge transfer rate. They did not report the magnitude 

of the CT rate constant. Ryan9 studied the (H 2 + N2)+ system using a 

space. charge trapping technique and obtained proton transfer rate con

stants in qualitative agreement with those of Bowers and Elleman. 8 

Kim and Huntress 10 reported an ICR study of H; + N2 reactions; 

in which the rate constant for N2H+ formation was given as 2.0 x lo-9 

cm3 molec..,.. 1sec- 1• No CT was observed under their conditions. The 

only dynamical studies of (H 2 + N2)+ have been crossed beam studies 

of N; + H2 system.
1 ~ The reaction was shown to proceed via a direct 

stripping type mechanism. 
+ The rate constant for the process H2 + CO ~ products was reported 

to be 2.95 x 10-9 by Ryan9 and 2.8 x 10-9 cm3 molec-1 sec-1 by Huntress 

et a1. 10 Huntress et al. also report the branching between CT and HCO+ 

production. Unlike H; + N2, where no CT was observed in their experi

ment, the branching was 23% CT and 77% HCO+ formation. In a crossed beam 

study, the charge reversed CO+ + o2 ~ DCO+ + D reaction was shown to be 

direct with dynamics very nearly identical to those for N; + H2•12 

Recently, a detailed crossed beam study of the H; + CO ~ HCO+ + H 
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reaction was carried out by Farrar et a1. 13 They found that the reaction 

was direct and at low collision energies, most (-90 percent) of the 
+ available energy went into internal excitation of the HCO product. 

As the collision energy was increased, the fraction of the total ener-

gy going to product internal excitation dropped to -so p~rcent. They 

attributed this to dissociation of the more highly excited product 

formed at high collision energy. The results were interpreted in 

light of the complex set of PES which were calculated by Vaz Pires et 

al.14 

For H;· + o2, Huntress et a1. 10 studied the CT and PT reactions at 

thermal energies. They report a~ate constant of 2.7 x 10-9 cm3 molec-1 

sec-1 for the sum of the two channels with 29% CT and 71% o2H+ forma-
+ + tion. Again the only dynamical study is of the 02 + H2 ~ o2H + H 

reaction. 15 This reaction was found to proceed through a long lived 

complex mechanism at low energies, switching to a more direct stripp-

ing type mechanism as the collision energy is increased above 5 eV. It 
+ + is quite doubtful that o2 + H2 and H2 + 02 would exhibit similar 

reaction dynamics since the energy difference betw~en the two charge 

states is so large (3.35 eV). 

This paper will focus on the dynamical implications of the transla-

tional and vibrational energy dependence of proton and charge transfer in 
+ H2 + N2, CO, and 02. A simple model will be used to assess the rela-

tiv~ importance of Franck-Condon factors, energy resonance and excited 

states on CT. 
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II. EXPERIMENTAL 

The apparatus and experimental conditions used for these 

experiments are described in detail e 1 sewhere. 5 Briefly, we use 

photoionization to form H; in a known vibrational distribution. The 

estimated5 vibrational distributions for the photoionizing energies used 

are given in Table 2. The ions produced in the radiofrequency ion 

guide are accelerated, formed into a beam and guided through a scat

tering cell filled with the neutral reagent. The use of radio fre

quency ion optics assures 100%product collection efficiency and al

lows us to easily maintain a narrow ion beam kinetic energy spread. 

The ions are then mass analyzed by a quadrupole mass spectrometer 

(QPMS) and counted. By taking data as a function of both the 

accelerating voltage and the photon energy for H; production, we ob

tain two sets of relative cross sections; one as a function of collis-
+ ion energy and the other as a function of the vibrational state of H2• 

Data analysis is relatively simple. Having obtained cross sec

tions as a function of collision energy at fixed photon energy.and as 

a function of vibrational state at fixed collision energy, the data 

is checked for internal consistency. For the H; + H2 system, 5 where 

the QPMS can be operated at low resolution and the transmissions of 

both reagent and product ions are near 100%, the two types of measure

ments typically agree within 5%. In cases of discre'pancy, the experi-

ment in doubt was repeated, and thus a complete set of vibrational and 

collision energy dependent cross sections were obtained. 
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For the systems under discussion (H; +CO, Ar, N2, o2), a simi

lar procedure is followed. Here, because of non-unit QPMS transmission 

resulting from the necessity of resolving the products of CT and PT, 

the scale of the raw cross sections is somewhat arbitrary, due to small 

differences in QPMS tuning and resolution from run to run. This re~ 

quires that the measured cross sections be scaled using the measured 

of collision energy dependence from the fixed vibrational state scans 

and vice versa, in order to obtain the experimental relative cross 

sectioris as a function of vibrational and collision energy. 

These reactions (H; + N2, CO, o2) are much more sensitive than 

t~ose of the H; + H2 system to surface contamination in the final 

section of the ion guide, presumably due to the very low laboratory 

translational energies. for products formed by 1 ight ion heavy target 

systems at thermal energy. In cases where data appeared to be bad be-

cause of the loss ~f low energy products, those runs were rejected in 

favor of data taken when the ion guides were freshly cleaned. 

· In order to assign absolute values to the cross sections, correc-

tions must be made for the difference in QPMS transmission for various 

ions. This was done by lowering the QPMS resolution as far as possi

ble, to approximately M/6M - 0.8, to attain near 100 transmission for 

·all ions. This resoluti:on is still enough to separate the primary (H;) 

and product (N2H+, N;) ions, but results in a single peak for the tT 

and PT products. The cross section for product formation as a func

tion of collision energy measured under this condition is assumed to 
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be the sum of the absolute cross sections for the two predominate 

product channels (proton and charge transfer). By comparing the known 

energy dependences of the two channels and the energy dependence of 

the low resolution measurement we obtain the proper factor with which 

to scale our relative cross sections to obtain absolute cross sections. 

After obtaining raw absolute cross sections, we then use our esti-

mates of the actual vibrational state distributions present in our 

state selected H; beams to correct the raw experimental cross sec

tions for vibrational dependence. This is done by starting'with the 

cross sections for v = 0 and working up to v = 4, iteratively sub

tracting out the contributions from the lower vibrational states. 

This procedure gives our best estimates for the actual vibrational de-

· pendences. Any errors in our estimates of the vibrational distribu-

tions will propagate through the set of data. Because the estimated 

purity of the vibrational state selection is high for v = 0 and v = 1 

and falls off to only -50 percent for v = 4, this error is small for 

v = 0, 1, 2 and gets worse for 3 and 4. Although it is impossible for 

us to gi_ve error bars here, it is very important to point out that all 

of the vibrational effects we report are present in the raw data, and 

are merely amplified by the unfolding process. Our estimates of vi-

brational state purity are necessarily upper bounds. This is because 

for want of a better assumption, we have assumed that all autoioniza

tion leaves ions in the highest possible vibrational state. 5 To the 

degree which this is wrong, the actual vibrational state purity calcu

lated at each photon energy is too high. The effect of the error is 

to underestimate the magnitudes of the various vibrational effects ob-
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served. Comparison of our data on H; + Ar6 with that of Koyano and 

Tanaka16 suggests that this may be true to a small extent, primarily 

with v = 4. In order to allow recorrection of the observed vibrational 

effects if we subsequently improve our estimates of the vibrational 

distributions, we present both corrected and raw cross sections. 

The estimated absolute error in these measurements is.2S%. The 

relative error is estimated to be 5% at the lowest collision energies 
. + 

for the proton transfer (e.g.,. N2H product) channels and at all ener-

gies for CT. The percent error in the proton transfer cross sections 

increases as the cross sections decrease and is estimated to be ±10% 

at the highest energies. For CT there is an additional source of error 

~aus~d by diffu~ion of the neutral scattering gas into the ion source. 
+ . + 

For H2 + o2 ~nd H2 + CO the error is estimated to be less than 5%. 
+ c 

For H2 + N2 this causes no error for V=O but may introduce a 5% error 

for V = 1 - 4. In addition our correction of the cross sections for 

the H; vibrational state distribution possibly underestimates the 

magnitude of the vibrational effects especially for V = 3 and 4 where 

the error may be as high as 20%. 
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II I. RESULTS 
+ 
~2~2 • Figure 3 shows our results for the vibrational and 

coll~sion energy dependence of the two major reaction channels; 
+ + Proton transfer H2(v) + N2 ~ N2H + H 

and 

Charge transfer 
+ The analogous data for o2 + 

+ + 
H2(v) + N2 ~ N2 + H2 

N2 is shown in Figure 4. Table 3 contains 

the same cross sections as the two figures and in addition, presents 

.the raw data before the vibrational unfolding process. 

The most striking feat~re of the data for H;(o;) + N2 is the 

strong vibrational effect on CT. + For H2 + N2, the cross section 

increases by about a factor of 6 when the ion is excited from v=O to 

V=l. The cross section then decreases by -SO% going from v=l to v=2 

and again by about 30% from V=2 to 3 followed by a -25% rise from 3 

to 4. 

For o; the vibrational pattern for CT is quite different. The 

o; V=O CT cross section is 25% lower than that for H; but rises to 

approximately the same magnitude when the o; is in the V=l state 

(factor of 9 jump). The decrease from v=l to 2 is only -3~~ and the 

cross section rises from 2 to 3 by -25%, followed by a slight decrease 

from V=3 to 4. The differences between H; and o; seen here are 
+ + much larger than those for H2(D2) + Ar presented in Ref. 6. As in 

all the cases of CT studied in our lab so far, there is very little 

cross sectional dependence with collision energy in the range between 

0.5 to 9 eV. 
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The PT cross sections show strong vibrational and collision ener

gy dependence. The overall collision energy dependence for PT is a 

rapid drop from -7oA 2 at 0.5 eV to between 2 and 4i\2 at 9 eV. The 

cross sections at the lowest collision energy are about the same for 

H; and o;, which is what is expected from a Langevin type model. PT 

cross sections for both H; + N2 and o; + N2 fall off quite a bit 

faster than the Langevin type E~~/ 2 dependence which is th~ught to be 
< + 

common for exoergic ion-molecule reactions. Of the two, the o2 PT cross 

section falls off faster so that at 9 eV it is -40% lower than that for 
+ 

H2 (v=O). 

The vibrational effects on PT are quite complex but a comparison 
' .. 

between the effects for proton and charge transfer reveal a simple pat-
+ + 

tern for both H2 and o2 + N2• At low collision energies PT appears 

to be dominated by a mechanism which is relatively independent of vi

brational state. As the collision energy increases however, the vibra

tional effects for PT begin to mimic those for CT more and more, so 

that by 6 eV the vibrational effects for the two processes are quali-
+ +. . 

tatively identical. This same effect was observed in H2(D2) + Ar 

PT. 6 

.!:!; + co. Figure 5 shows vibrational state dependent ·data for 

charge and proton transfer of 
+.: . . . 

H2 with CO. The analogous data for 

o; + co is shown in Figure 6. Both the raw and unfolded data for 

these systems is presented in Table 4. The most obvious effect of 

vibrational excitation in these systems is the large (-45%) drop in 

charge transfer cross section when the ion (H; or o;) is excited 
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from v=O to V=l with little change in cross section as the vibrational 

excitation is increased further. 
+ + . 

For proton transfer the H2 and D2 react1ons again show similar 

vibrational effects, a small overall vibratibnal enhancement at low 

collision energy changing to vibrational inhibition at higher collision 

energy. The degree of ~nhancement at low energies is larger for o; 
than H; and is reflected in a lesser degree of vibrational inhibition 

at the higher energies. Again, there is virtually no collision energy 

dependence of the charge transfer reactions, while the pro~on transfer 

reaction cross sections decrease rapidly with increasing collision 

energy with the o; PT cross section falling off more rapidly than 

that for H;. One interesting point is that the magnitudes of the 
+ + . . 

H2(D2) + CO cross sections are - 40-50% larger than the corre-
+ + . 

sponding H2(D2) + Ar, N2, and o2 cross sections. 

!!;_:_Q.2• Only the H; reactions were studied for this system. The 

CT and PT data are presented in Figure 7 and Table 5. H; + 02 is ~n

usual in that it is the only case studied so far in which the proton 

transfer reaction is inhibited by vibration (factor of -2 drop going 

from v=O to 4) at all collision ,energies. The CT cross sections show 

monotonic vibrational enhancement which also has not been observed be-
fore. The increase in CT is almost a factor of 2.5 going from v=O to 

4. The collisional energy dependence of the CT and PT cross sections 

are similar to all other systems investigated. 
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IV. DISCUSSION 
+ 
~2~2 The size and lack of collision energy dependence 

for charge transfer in this and all-other systems investigated implies 

that the probability of charge transfer becomes substantial at a rela

tively 1 arge i ntermo lecul ar distance where the charge-i.nduced-dipol e 

interaction is small compared to the collision energy. General fea

tures of charge transfer in H; + Ar are similar to those observed ~n 

this system. The similarity is expected since both systems have simi

lar avoided crossings in the collision entrance channels, mairily due to 

the similarity in the energetics, which allow vibration of the reagents 

to cause transitions from one charge state to the other (eg., H; + 

N2 ~~ H2 + N;). Charge hopping for H; + Ar is predicted4 to start 

at reagent separations of around 4-SA, which is consistent with the 

observed6 -40A2 CT cross sections. Since the magnitude of the CT 
. + + 

cross sections observed (figs. 3,4) for H2 (D2) + N2 (except for 
+ + 

H2(D2) V=O), is also -40A, the mixing for N2 must also start to oc-

cur at ranges of 4-SA. 

The actual patterns of vibrational dependence for H; and o; 
charge transfer with N2 are quite different from each other and from 

. those for CT with argon. This is simply due to differences in the en

ergy matchings and overlaps of wave functions between the initial state 

and available final states. The energetics of CT for H; and o; with N2 
+ + .. 

are shown in figures 8 and 9. For both H2 and o2 in the V=O state, 

charge transfer is endoergic and requires substantial translational~ 

to-internal energy conversion. This requires 11 hard 11 collisic;ms (i.e., 

11 · t t ) d lt 1'n small H+(D+) CT sma 1mpac parame er an s resu s 2 2 V=O cross 
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sections (-7~2 ). The same effect is observed for H;(o;) + Ar, where 

the endoergicity is even higher {.3leV) and the cross sections only 

-2-3~2 •. All the other H;{o;) + N2 initial states have exoergic 

CT final states available for charge transfer. The strong variation 

of the CT cross sections with ion vibrational level is due to both en-

ergy gap and Franck-Condon factors and will be discuss~d later. 

For H; and o; proton transfer with N2 (figs. 3,4}, vibrational 

·excitation of the ion has little effect on reactivity at low collision 

energy. As the energy increases, however, the proton transfer vibra-

tional dependence begins to mirror that for charge transfer. This im-

plies that the same dynamical effects responsible for ·increasing CT 

cross sections, i.e., favorable energy resonance and 11 Franck-Condon 11 

factors which result in large probability of charge hopping (strong 

mixing) between the two reagent states, also greatly increase the 

probability of subsequent proton transfer. The same strong coupling 

between charge hopping and proton transfer has been observed for the 

H;(o;) + Ar system, but not for the other systems we have studied 
+ · (H 2 + H2, co,o2). The similarity of the reaction dynamics for 

H; + Ar and N2 must be due largely to the similarity of the entrance 

channel avoided crossings which occur for both systems, since one would 

expect that the potential energy surfaces for the two systems would be 

quite different at close range. This points out how strongly entrance 

channel avoided crossings can affect ion-molecule reaction dynamics. 

The mechanism by which high charge hopping probability is reflec-

ted in increased proton transfer probability is unclear. One possibil-

ity is that in the repeated charge hops which occur as the reagents 
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approach, the syste~ may end up in favorable geometric configuration 

between reagents ~r that transfer of some translational energy to 

vibrational energy may occur, with concomitant reduction in relative 

velocity, thus increasing the proton transfer cross section (Figs. 

3,4). 

One difference between the H; + Ar and H; + N2 systems is in the 
+ + collision energy dependence of CT. For H2(o2) V=O + Ar charge trans-

fer, peaks were. obse~ved in the collision energy dependence. 6 We were 

able to. use an energy gap model of Massey17 to fit the peaks. The 

·assumption was thatthe peaks were due to formation of two different 

electroni~ states of Ar+( 2P112 , 312), both of them endoergic. For 

H;(o;) v = 0 CT with N2, although there are several low lying en

doergic channels, no structure was. observed. Added N2 rotational 

degrees of freedom might smear out any possible structure in this sys-

tern or it could be that the probability of forming the vibrationally 

excited product states is so small that they don't show up as peaks. 
+ For both H2 + Ar and N2 the detailed mechanism for proton trans-

fer is worth pursuing further theoretically, perhaps using the trajec

tory surface hopping mode1 18 or a semi-classical variation thereof. 19 

.!:!; +CO. This system is quite different from H; + N2• ·Here, 

charge transfer from all H; initial vibrational states is at least 

1.4 eV exoergic. The large difference in ionization potential between H2 
and CO also changes the nature of the avoided crossing which occurs in 

the entrance channel, as Figures 1 and 2 show. Whilevibrational mo-
. + + 

tion still coupl~s the two reagent charge s~ates (Hi+ CO, H2 +CO ), 
. + 

the stronger coupling is to high vibrational levels of the H2 +CO system, 
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and charge transfer back is less likely. + + In H2 + H2, H2 + Ar and 
+ H2 + N2, the initial charge state (e.g.; + H2 + Ar) correlates direc-

tly to the proton transfer product. The other reagent charge state 
+ (H 2 + Ar ), at least in adiabatic picture, can only scatter non~reac-

tively. In H; +CO, neither the H2 +CO+ (2A
1
(1)) state of H2CO+, 

nor the H; +CO (2A1(2)) state correlates to HCO+ +H. Rather it is 

the x2B2 ground state of H2co+ which correlates to the proton transfer 

product. 13 ,14 

There_ are a number of possible avoided crossings which allow pro-
+ ton and charge transfer to occur for H2 + CO. Vibrational motion at 

the seam in the entrance channel (Figure 2) discussed above can couple 

H; +CO (2A1(2)) and H2 +CO+ ( 2A 1 (1))~ Calculations by Vaz 

Pires et al., 14 show that the x2B2 state crosses both of the 2A1 states, 

and in low symmetry collisions may cause not only charge transfer 

(2A1(2) ~ 2A1(1)) but also may lead to proton transfer (2A1(2) ~ 
2 X B2). Crossing of these seams, however, is brought about by rela-

tive m6tion of the reagents~ Needless to say, the very complicated 

system of potential surfaces and crossing seams makes it difficult to 

draw dynamical conclusions from the vibrational and collision energy 

dependences we observe. 

The magnitudes of both the proton transfer and charge transfer 
. + + 
channels of the H2(D2) +CO reaction are 40- 50% larger than those for 
+ H2 + Ar or N2• ·This is possibly due to the additional attractive ion-

permanent dipole term in the interaction potentia1, 20 or because CT 

back .to the reagent charge state is less likely for H; + CO than for 

N2 or Ar. 
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The relatively large charge transfer cross sections and the lack 

of collision energy independence again indicate that CT occurs by a 

long range process. The fact that there is no appreciable collision 

energy dependence, yet the vibr~tional dependence is quite pronounced 

suggests that the coupling between the charge states is more vibra

tional than translational and occurs via vibration through the seam 

between the two 2A2 surfaces in the collision entrance channel. If 

the primary CT pathway was via the x2s1 state, then one would expect 

some collision energy dependence, since the motion through this seam is 

translational. 13 , 14 The CT cross section is observed to drop by -45% 

when the ion is excited from v = 0 to v = 1 with relatively little effect 

from subsequent vibrational excitation. This may be due to the fact that 

at long range the outer classical turning point for the v = 0 vibration 

occurs just where the H; + CO and CO+ + H2 surfaces cross. This 

·might be expected to increase the H; (v = 0) + CO charge transfer proba

b i 1 ity. 

The vibrational dependence of the proton transfer is quite weak 
+ and apparently patternless for H2 + CO. This is in strong con-

+ trast to the cases of H2 + Ar and N2• However, the lack of 

strong vibrational effects is not too surprising in light of the ener

getics involved. As H; and CO approach each other in the entrance 

channel, most of the time the system will vibrate through the avoided 

crossing between the H; + CO and CO+ + H2 potential surfaces and 

charge transfer to highly excited CO+ + H2 states containing as much as 

1.4 eV vibrational energy. The effect of the relatively small amount 

of initial vibrational excitation would be expected to be fairly insig-
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nificant. + This is in contrast to the cases of H2 + Ar and N2 where 

charge transfer and surface hopping are energetically impossible for 

the ground vibrational state and the initial vibrational excitation 

was found to be very important in determining the cross sections for 

both proton and charge transfer. 
+ 
~2~2 

The strong monotonic vibrational enhancement for charge transfer 

and monotonic vibrational inhibition for proton transfer is a unique 

feature for this system. Because the IP of 02 is 3.35 eV less than 

that of H2, crossings occur between the H; + o2 surface and the high 
+ vibrational levels of the o2 + H2 system. The strong vibrational 

enhancement for CT is probably mainly due to the increased number of 
+ o2 + H2 product states .available for near resonant CT as the energy 

+ of the H2 + 02 initial state is increased. The vibrational enhance-

ment seen here is reproduced by the model calculation which will be 

described later. 

The fact that the proton and charge transfer channels show roughly 

equal but opposite vibrational effects, suggejts that maybe competition 

'is occurring between these two channels. + Unlike the cases of H2 + N2 
+ and H2 + Ar, when charge transf~r occurs in the entrance channel of an 

+ H2 + 02 collision, the possibility of vibrational relaxation during 

the collision makes charge transfer back to the initial reagent state 

unlikely, similar to the exoergic charge transfer of H; +CO discussed 

earlier. The apparent competition suggests that those H; + o2 col

lisions which transfer to the a;+ H2 surface at the entrance channel 

avoided crossing simply end up as a; + H2 charge transfer products; 

proton transfer results mainly from a fraction of those collisions 
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which do not charge transfer early in the collision. Due to the lack 

of any detailed information about the nature of the H2o; potential 

surfaces this suggestion is of course speculative. 

A Simple Model of Charge Transfer 

As noted in the introduction, some question exists of what effect 

energy resonance and Franck-Condon factors have on the charge transfer 

process. The consensus from many studies performed of CT where emis

sion from excited produ~ts is observed, 22 , 23 appears to be that energy 

resonance effects are important at all collision energies and that 

Franck-Condon effects are important at high collision energy where the 

collision time is short with respect to a vibrational period, and less 

so at lower collision energies. Effects like curve c~ossings appear to 

perturb the dtstribution of final states significantly. 23 The 0.5-10 

eV collision energy of our experiments in the range where the collision 

time is about 2 to 10 vibrational peri.ods. 

While it is true that looking at the product state distribution is 

a more direct method of observing how various dynamical factors in

fluence charge transfer, modeling of the total CT cross section out of 

various initial vibrational states provides some additional informa

tion, since the pattern of Franck-Condon overlaps and energy gaps for 

forming different product states is different for each initial vibra

tional state of the ion. 

A simple model was chosen to attempt to fit the observed vibra

tional dependences of the charge transfer cross sections. · Basically we 

assume that the<charge transfer probability from an initia.l 

H;(v) + M (v = 0) state to a given H2(v•) + M+(v 11
) final state is 
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proportional to the product of the Franck-Condon (FC) factors for

neutralizing H; (H;(v) ~ H2(v' )), and for ionizing the neutral 

(M (v = 0) ~ M+(v")), times a factor f(~E), which is determined by 

the energy gap. The total charge transfer probability from an initial 

state is then the sum of the probability to all the possible final 

states. Thus 

P(H;(v) + M) =:EL: FC(H 2(v',v)) FC(M(v")) f(~E) 
v'v" 

The Franck-Condon factors for neutralizing H; were calculated by 

Flannery et a1. 24 Those foro; were calculated by Or. Dennis 

Trevor of our laboratory using RKR-Morse potentials to calculate the o2 
and o; wave functions. The Franck-Condon factors for ionizing N2, CO 

and o2 are from Gardner and Samson, 25 except that in cases where the 

Franck-Condon factor is zero for a given transition, the calculation 

used a value of 10-5 just to allow those states to contribute 

slightly. Several types of energy gap la~s were tried. The best 

overall seemed to be an exponential form: 

where ~E is the energy difference between initial and final states, 

and E
0 

is a parameter which gives the range of the exponential func

tion. The calculation consists of varying E
0 

and calculating the 

total charge transfer probability for each initial H;(o;) vibration-

al state, normalized to 1 for whatever state has the largest probability. 
. + 

The simplest system, H2 + Ar, was used as a test case. For Ar, 

instead of Franck-Condon factors, the statistical factors for forming 
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+ . th 2 2 Ar · 1n e P312 or P112 states were used. It was found to 

be impossible to reproduce the observed 0.04:0.46:1 ratio of the CT 
+ ' 

cross sections for H2 v = 0, ~' and 2 unless the energy gap law 

was changed to make the exponential fall off faster for endoergic· 

channels than for exoergic ones. The form used was 

where K is 1.0 for ~xoergic channels, and larger than 1.0 for endo

ergic channels. With this addition, it was possible to obtain quali

tative fits to the data for all the CT reactions studied. Results are 

shown in Tables 6-9. The experimental vibrationally dependent CT 

probability (norm~lized t~ 1) and the calculated CT probability for 

two different sets of K and E
0 

parameters are included for comparison. 

While it is possible to slightly improve the fit for a given reaction, 

for these two sets , K = 4, E0 = 0.5 and K = 2, E0 = 0.3 provide the 

best qualitative overall fit. The model reproduces_ the increases and 

decreases in CT probability and the peak vibrational states, with the 

exception of the o; + N2 case where the calculated peak is at v = 3 

instead of v = 2. Quantitatively, the model tends to overestimate the 

magnitudes of the vibrational effects. In order to assess the impor-

tance of the Franck-Condon factors, calculations were performed for 

the best fit K and E
0

, first leaving out the H2 Franck-Condon factors 

and then the Franck-Condon factors for the other reagent. The final 

column {n the tables gives the result when K = 1 and E
0 

= 1000,_ which 

essentially removes the dependence of charge transfer probability on 
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the energy gap. Leaving out any of these factors was found to com

pletely destroy the agreement with experiment. 

The fact that the model, which basically ignores any dynamical 

effects on CT, agrees reasonably well with the experiment, is further 

support for the idea that CT occurrs at large reagent separation. · Not 

surprisingly the model suggests that the importance of a particular CT 

channel decreases rapidly as the energy gap between the reagent state 

and the particular product state increases. The model also requires 

that for a given energy gap, endoergic CT channels are much less im-

portant than exoergic ones, although the translational energy is more 

than enough to compensate for the endoergicity. Somewhat surprisingly, 

it appears that Franck-Condon factors are very important in determining 

CT probability, in spite of the fact that the collisions are slow with 

respect to the vibrational period of the molecules. 

N;, CO+, and o; all have low lying electronic states (Table 1). 

For N; and CO+, these are high enough in energy so that, at least in 

the model calculations, they do not contribute more than a few percent 

to the CT probability. This is borne out experimentally by the. fact 

that the CT cross sections do not change significantly when the col

lision energy is raised to the point where CT to the excited state 

channel is energetically possible. For H; + o2, the model shows some 

dependence on whether or not the first excited state is included. In

clusion (see Table 8) increases the vibrational dependence of the CT 

cross section substantially. But experimentally it again appears that 

CT to the a4 u state of o; cannot be very important since CT 
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has very little collision energy dependence, actually dropping off 

slightly with increased collision energy. 
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IV. CONCLUSIONS 

Comparison of the strikingly different viorational and collision 
+ . energy dependences for H2 + Ar, N2, CO, and o2 react1ons allows us to 

examine the changes in charge and proton transfer dynamics brought 

about by the differences in energetics for the four systems. Charge 

transfer, at least where exoergic, is observed to be a long range, 

'collision energy independent process. Modeling of charge transfer 

probabilities shows that both energy resonance and Franck-Condon 

effects are quite important. 

The similarities between H; + Ar and H; + N2 reactions demonstrates 

that they occur by very similar mechanisms. In both cases, charge and 

proton transfer are seen to be strongly coupled at high collision en

ergies and probably involve vibrationally induced charge and surface 

hopping transitions in the collision entrance channels. 

For H; +CO and H; + o2, the linkage between proton and charge 

transfer is not as clear. For H; + o2, PT and CT show opposite vi

brational dependences which may indicate a form of competition be

tween the two channels. The lack of collision energy dependence and 

stronger vibrational dependence of CT of these systems studied suggests 

that CT is induced vibrationally rather than translationally as was 

suggested by potential energy surface calculations of similar systems~ 
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Table 1. Energetics of the major reaction channels. 

+ + 2 + 
H2 + CO ~ CO (X E ) + H2 

+ + 2 H2 + CO ~ CO (A w) + H2 
+ + 

H2 + CO ~ HCO + H 

+ + 2 
H2 + 02 ~ 02(X w

9
) + H2 

+ + 4 H2 + 02 ~ o2(a wu) + H2 
+ + 2 

H2 + 02 ~ o2(A wu) + H2 
+ + H2 + 02 ~ 02H + H 

6E = 0.155 eV 

6E = 1.29 eV 

6E = -2.38 eV 

6E = -1.41 eV 

6E = 1.16 eV 

6E = -3.51 eV 

6E = -3.35 eV 

6E = 0.73 eV 

6E = 1.69 eV 

6E = -1.69 eV 

6E = 0.33 eV 

6E = 0.51 eV 

6E = -1.30 eV 
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Table 2. Estimated vibrational distributions. 

.... 

Actual ·-- - v nominal v nominal 

vibrational 

distribution 0 1 2 3 4 0 1 2 3 4 

0 1 0.11 0.08 0.08 .0.07 1 0.10 0.06 0.06 0.04 
1 0.89 0.16 0.17 0.14 0.90 0.14 0.13 0.10 

2 0.76 0.19 0.16 0.80 0.20 0.15 
3 0.56 0.15 0.61 0.17 
4 0.48 0.55 



',, ;, \ I~ ~l, 

Table 3. Raw and vibrationally corrected data for H2 + N2. 

Corrected Raw 

Reaction Ecm V=O 1 2 3 4 V=O 1 2 3 4 

H2+N2, CT 0.5 4.86 31.7 15.3 10.8 13.8 4.86 28.7 17.1 14.7 15.4 
1 5.63 35.5 15.0 14.5 17.7 5.63 . 32.2 17.5 17.4 18.4 
3 5.45 38.0 16.2 14.5 18.8 5.45 34.4 18.8 18.1 19.5 
6 6.3 38.5 18.7 14.5 14.9 6.3 34.9 20.9 18.7 18.2 
9 8.23 40.7 21.5 15.3 17.9 8.23 37.1 23.5 20.2 20.6 

H2+N2, PT 0.5 62.0 80.5 65.5 60.2 72.0 62.0 78.5 67.6 64.8 69.7 
1 47.9 71.8 58.7 52.7 53.7 47.9 69.2 59.9 56.7 56.5 w _.. 

. 3 16.6 35.1 27.5 24.2 24.4 16.6 33.1 27.8" 26.1 25.8 
6 5.72 15.9 9.12 7.07 7.38 5.72 14.8 9.93 8.85 8.69 
9 2.52 9.10 4.75 3.39 3.44 2.52 8.37 5.27 4.55 4.37 

D2+N2, CT 0.5 3. 38 I 29.1 19.5 29.4 26.5 3.38 26.5 19.9 25.8 25.4 
1 3.44 '. :33.0 19.6 29.0 27.9 3.44· 30.0 20.5 26.1 26.5 
3 

, I 
22.1 28.9 28' 5; 3.96 32.5 22.9 26.9 27.5 3.96 I . 35.7 . . 

6 4.34 ; /37.1 23.7 28.4 29.0 4.34 33.8 24.4 27.1 28.0 
9 5.29 37.0 25.0 32.5 32.6 5.29 33.8 25.5 29.9 30.9 

D2+N2, PT 0.5 75.6 80.2 79.1 76.3 73.5 75.6 79.7 79.0 77.3 73.3 
1 73.0 . 70.9 69.8 70.7 60.3 73.0 71.1 71.1 70.7 62.7 
3 16.1 28.4 26.9 28.1 26.8 16.1 27.2 26.5 27.2 26.4 
6 4.16 10.6 8.75 9.14 9.00 4.16 9.93 8.73 8.95 8.87 
9 1.57 3.82 3. 72 3.76 3.65 1.57 3.50 2.81 3.43 3.43 



Table 4. Raw and vibrationally corrected data for H~ + co; 

Corrected Raw 

Reaction Ecm V=O 1 2 3 4 V=O 1 2 3 4 

H2+CO, CT 1 53.2 37.4 30.7 26.5 32.7 53.2 39.1 33.6 .. 31.3 33.5 
3 56.3 34.3 32.2 28.5 36.1 56.3 36.7 34.5 32.4 35.5 
6 59.9 33.9 32.5 30.1 33.9 59.9 36.8 34.9 33.6 34.9 
9 62.7 35.6 34.1 32.7 34.9 62.7 38.6 36.6 35.8 36.5 

H2+CO, PT 1 85.1 82.4 83.8 91.5 39.0 85.1 "82.7 . 83.7 87.9 89.3 w 
N 

3 42.4 40.6 42.7 42.9 42.1 42.4 20.8 42.3 42.4 42.1 
6 26.0 23.1 22.1 23.3 21.0 26.0 23.4 22.6 23.2 22.2 
9 19.0 14.9 12.0 13.4 8.9 19.0 15.4 13.0 13.8 11.6 

D2+CO, CT 1 79.0 45.2 47.0 49.5 46.7 79.0 48.6 48.7 50.2 45.7 
3 68.2 34.6 35.1 41.3 34.4 68.2 38.0 37.0 40.8 34.7 
6 63.1 39.4 35.5 38.7 34.6 63.1 41.8 37.7 39.6 34.9 
9 61.0 39.6 33.4 39.5 34.1 61.0 41.7 35.9 39.6 34.4 

D2+CO, PT 1 74.8 29.5 86.2 98.4 97.8 74.8 90.7 86.4 93.8 92.7 
3 31.9 35.6 33.1 38.6 42.3 31.9 35.2 33.4 36.7 38.4 
6 16.7 11.5 15.3 16.1 16.2 16.7 17.4 15.7 16.2 15.7 
9 6.27 5.74 4.98 5.76 5.10 6.27 . 5. 79 5.16 5.63 5.11 

,' 
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Table 5. Raw and vibrationally corrected data for H2 + 02. 

-
Corrected Raw 

Reaction Ecm V=O 1 2 3 4 V=O 1 2 3 4 

H2+02, CT 0.5 18.9 21.9 32.5 50.5 68.6 18.9 21.6 29.7 39.7 50.1 
1 17.2 22.8 32.2 49.2 63.6 17.2 22.2 29.5 38.9 47.4 
4 24.9 26.2 34.8 45.9 56.7 24.9 ·26.1 32.6 38.8 45.1 
6 22.4 27.1 31.5 37.4 49.1 22.4 26.6 30.1 33.3 39.6 
9 17.7 19.4 24.9 32.0 40.9 17.7 19.2 23.4 27.4 32.4 

H2+o2, PT 0.5 54.8 56.2 51.6 42.9 32.9 54.8 56.0 52.6 47.8 42.2 
1 42.3 40.8 36.9 26.1 19.6 42.3 41.1 38.0 32.0 27.9 w 
4 8.33 6.87 5.56 4.70 4.48 8.33 7.03 5.99 5.52 5.29 w 

6 3.94 3.84 3.67 2.96 3.10 3.94 3.85 3.72 3.32 ·3 .33 
9 2.45 2.22 2.18 2.22 1.99 2.45 2.24 2.21 2.23 2.12 



Table 6. 

V= Exp. 

0 0.04 
1 0.46 
2 1.00 

3 0.67 
4 0.54 

V= Exp. 

0 0.05 

1 0.41 

2 1.00 
3 0.88 
4 0.70 

34 

+ Experimental and calculated vibrational dependence of H2 + Ar 

charge transfer. 

Without Without · 
H2FC's Ar Stat. Without 

Best Fit ·Factors t1E Law 

K = 4 2 4 ·2 4 2 1 

E0 = 0.5 0.3 0.5 0.3 0.5 0.3 1000 

0.03 0.06 0.05 0.09 0.03 0.05 1.00 
0.51 0.67 0.42 0.58 0.40 0.52 0.94 
1.00 1.00 0.75 0.84 1.90 1. 00 0.89 

0.56 0.41 0.79 0.84 0.57 0.41 0.84 
0.40 0.28 1. 00 1.00 0.39 0.27 0.79 

+ . o2 + Ar 

Without Without 
D2FC Is Ar Stat. Without 

Best Fit Factors t1E Law 

K = 4 2 4 2 4 2 1 

E0 = 0.5 0.3 0.5 0.3 0.5 0.3 1000 

0.03 0.06 0.06 0.10 0.02 0.05 1. 00 

0.30 0.41 0.26 0.36 0.24 0.35 0.99 

0.93 1. 00 - 0.61 0.70 0.80 0.95 0.99 

1.00 0.90 0.76 0.81 1.00 1.00 0.99 
0.60 0.51 1.00 1.00 0.66 0.55 0.86 
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Table 7. 
. + 

Experimental and calculated vibrational effects for H2 + N2 
charge transfer. 

Without Without 
H2FC's N2 FC's Without 

Best Fit AE Law 

K = 4 2 4 2 4 2 1 

V= Exp. E0 = 0.5 0.3 0.5 0.3 0.5 0.3 1000 

0 0.20 0.20 0.27 0.24 0.37 0.08 0.13 1.00 
1 1.00 1.00 1.00 0.70 0.76 0.52 0.61 0.94 
2 0.53 0.81 0.63 0.70 0.73 0.85 0.89 0.89 
3 0.38 0.48 0.31 1.00 1.00 0.92 0.90 0.84 
4 0.44 0.52 0.47 0.88 0.96 1. 00 1.00 0.79 

+ 
02 + N2 

Without Without 
D2FC's N2 FC's Without 

Best Fit AE Law. 

K = 4 2 4 2 4 2 1 

V= Exp. E0 = 0.5 0.3 . 0.5 0.3 0.5 . 0.3 1000 

0 0.11 0.14 0.22 0.29 0.40 0.07 0.11 1. 00 
1 1.00 0.76 0.88 0.65 0.74 0.41 0.52 0.99 
2 0.62 1.00 1.00 0.72 0.77 0.87 0.99 0.99 
3 0.81 0.78 0.66 1.00 1.00 0.93 0.95 0.99 
4 0.80 0.57 0.52 0.94 0.91 1. 00 1.00 0.86 



Table 8. 

V= Exp. 

0 '1.00 

1 0.57 

2 0.54 

3 0.50 

4 0.56 

V= Exp. 

0 1.00 

1 0.62 
2. 0.56 

3 0.61 

4 0.55 
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+ Experimental and calculated vibrational dependence for H2 + CO 
charge transfer. 

Without 
H2FC's Without Without 

Best Fit CO FC's 11E Law 

K = 4 2 4 2 4 2 1 

E0 = 0.5 0.3 0.5 0.3 0.5 0.3 1000 

1.00 1.00 0.82 0.81 1.00 1.00 1.00 
0.47 0.53 0.73 0.66 0.75 0.72 0.94 
0.25 0.21 0.93 0.89 0.68 0.63 0.89 
0.30 . 0.32 0.86 0.82 0.65 0.62 0.84 
0.29 0.36 1. 00 1.00 0.62 0.60 0.79 

+ 
02 + co 

Without 
D2FC's Without Without 

Best Fit CO FC's 11E Law 

K = 4 2 4 2 4 2 1 

E0 = 0.5 0.3 0.5 0.3 0.5 0.3 1000 

1. 00 ' 1. 00 0.85 0.82 1.00 1.00 .. 1. 00 

0.72 0.92 0.94 ·o.82 0.75 0.76 0.99 

0.30 0.34 '~0.85 0.80 0.61 0.59 0.99 

0.34 0.39 1.00 1.00 0.57 0.55 0.99 

0.26 0.33 0.89 0.86 0.51 0.48 0.86 



'. 

Table 9. 

V= Exp. 

0 0.46 

Experimental and calculated vibrational dependence of H; + o2 
charge transfer. 

+. 
H2 + 02 

Without Without 
Including H2Fc•s o2 Fc•s 

Best Fit a state 

K= 4 2 4 2 4 2 4 

E0 = 0.5 0.3 0.5 0.3 0.5 0.3 0.5 

0.26 0.08 0.15 0.04 0.89 0.92 1. 00 
1 0.5 5 . 0.46 0.26 0.28 0.11 0.95 0.98 0.94 
2 0.64 0.68 0.52 0.43 0.28 1.00 1.00 ·o.89 

3 0.76 0.87 0.72 0.66 0.58 0.95 0.88 0.84 

4 1.00 1.00 1.00 1.00 1.00 0.79 0.66 0.79 

If 1 

Without w 
0.3 AE Law -.....! 

1.00 1.00 

0.95 0.94 
0.91 0.89 
0.84 0.84 
0.80 0.79 
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FIGURE CAPTIONS 

Fig. 1. Cuts through a typical ion-molecule reaction entrance 

channel. (a) Infinite reagent separation, (b) R(A-BC) ;: 51\, 

(c) R(A-BC) ;: 31\, (d) small reagent separation. Energetics 

are appropriate· for (H 2 + AR)+. 

Fig. 2. + + Cut through (H 2 + CO) entrance channel at infinite 

reagent separation. 

Fig. + 3. Vibrational effects on H2 + N2 cross sections. 
+ Fig. 4. Vibrational effects on o2 + N2 cross sections. 
+ Fig. 5. Vibrational effects on H2 + CO cross sections. 
+ . 

Fig. 6. Vibrational effects on o2 + CO cross sections. 

Fig. 7. Vibrati6nal effects on H; cross sections. 

Fig. 

Fig. 

8. Energetics for H; + N2 CT, showing reagent total 

energies (left) and various product state energies. 
. + 9. Energet1cs-for o2 + N2 CT, showing reagent total 

energies (left) and various product state energies. 

Fig. 10. 
+ . 

Energetics for H2 + CO CT, showing reagent total 

energies (left) and various product state energies. 

Fig. 11. Energetics foro;+ CO CT, showing reagent total 

energies (left) and various product state energies. 



-39-

B 

XBL 8110-11886 

Fig. 1 



-40-

... 

....... ,· 
• r •. ' 

·,, ..., 

R(H-H) 
XBL 8110-11887 

Fig.2 



.. 

. •. 

70 

50 

30 

20 
N" 
·<:( 

5 
10 

5 

3 

2 

-41-

+ + 
H2+ N2-.N2+ H2 

+ + H2 + N2---N2H + H 

V= 0 I 2 3 4 EcM o 1 2 3 -4 EcM 

r·······~ /." .......... SeV 
....... ..// \ ....•... ~ 

1_.r-- 6 

\ ________ 9 

Fig. 3 



-42-

+ :+ . 
Dz+Nz---.Nz+Dz 

+ + D2+N2--.N2 D+D 

V = 0 I .· 2·· 3~ 4 · EcM 0 .. I 2· 3 Lf EcM 

......... /········ .. -:--·· .. ·•"'-. ......... , 5 \.., 
1r-~--------.. ............ . ev .... 

I 
: ,. 

,·· 

----...__ _______ "'---~- 9 

XBL 817-10698 
. 
• 

Fig. 4 



90 

70 

50 

20 
N ·::::C 
5 

10 

5 

3 

2 

-43-. 

H;+ co--.co++ H2 

V= 0 I 2 3 4 EcM 

H;+cO--.HCO++H 

0 I 2 3 4 EcM 

leV 

·- -..._._;-·--·----·-· 3 

-"\.__"""\.__.../-"'\ \... __ 6 

--l_:\. 
\. 1---\ 
- L_____ 9 

XBL 817-10699 

Fig. 5 



-44-

+ + + . + 
D2+co~co +D2 D2+co~oco +D 

V= 0 I 2 3 4 EcM • 0 I 2 3 . 4 EcM · 

90 leV 

70 

50 

30 

20 
-~<{ 
..._ 

b 
10 

leV 

=" li-:.~, /6 
~-::1 ~3 

9 

_;--, 
- L _ _,---- 6 

---\_ ___ \ ~---\ 
. . ---- ---· 9 

XBL 817-10700 

Fig. 6 · 

... 

.. 
' 



... 
70 

50 

30 

20 
-~<( __. 

b 
!0 

7 

5 

2 

-45-

~+o2~o;+H2 
V= 0 I 2 3 4 EcM 

.SeV 
I 
4 
6 
9 

H++O -.Q H++H 
2 2 . 2 

0 I 2 3 4 EcM 

/ 0000000000\ ........... 

\..00000000\ 

. oooooooooo.SeV 

.. ""","_:-'--\.._ .· 

-\_ _ _,-- 6 

'L _____________ , . 
l--~- 9 

XBL 817-10701 

Fig. 7 



-_ eV V= 

16.6-
4 

16.4-

3 16.2 

16.0- 2 

15.8-

-46-

0,4 

+ 
H2 <V'> + N2<v1'> 

2,0 

---- 03---- -1 I- ------
I ! 

0,2 lp 

------ -----------~-
0,1 

~-------------- --- ·-------
15.6- 0,0 

0 
15.4-

XBL 817-10736 

Fig. 8 

• -



() .. 

eV V= 

16. 

16.2 4 

16.0 

15.8-

3 

2 

-47-

+ 
02 (V') + N2(V 11

) 

2,0 

·1, I 

-----=02----- -------

--~ ....... --.----,,o- -----
0, I 

------ --....--...- .-----------

~------- --- - ---- -- -- - - - -- - - --
15.6 0,0 

0 ---------------- --~-

15.4 

XBL 817-10737 

Fig. 9 



-

•Jo "' .;. 

+ . + 
H +CO 2 . H CV1

) + C Ocv"> 2 

0,10 ~ 
2,6 

3,4 

- - - - - - - - - - - - - - - - - - - - - - - - - 4,2 ---- --=------ - -
0,9 r 1 !.L!.. . 2,5 

3,3 

-- - - - - - - - - - --- -- - - - - - -- - - - - - - -4rl- - - - - -
1,6 

0,8 2.4 
3,2 

- - - ·- - - - - - - -- - - - - - - - - - - - - - -4,0 - - - - - -
0,7 h§ 2,3 

~ 

0,6 1,4 
2,2 

3,0 

--------------~------------
0,5 ~ 2, I 

XBL 817-10734 

Fig. l 0 

••. ta ·r 

I 
~ 
(X) 
I 



-49-

I U") 
M 
...... 

I 0 ...... 

~ ~~ 
I 

...... ...... ,. N 
co 

ad' 
_J 

~. 
co 
>< 

·:r 
I I 

:i ~ '1 ~ I .. I 
I~ 

I ~I 

I I I 

I I 

10 ~ 
, 

~ 
,_ 

.. .. .. , , I, . 

I -=> I 

+- - I 

~ 
...-

0 --> CD 10 ~ 
...-

u .. .. . 
- .. N. N "' I C'l 

I 

+ > I I 
•r-
LJ.. 

- - I I '> -
9 

I 

1 
I 

~~ N (I) CQ I I 
0 .. .. 

I I 

I I 

I I 

~i ., 6~ CD 10 
10 

.. .. 
0 0 

I 

I 

0 I 

u I I I 

+ II ¢1 ~1 Nl -I ol +cJ > 
.. I I I I I I I 

> <.0 ~ C\J 0 co <.D. ~ • • • • 
Q) <.0 <.0 <.0 <.0 L{) LO L{) 

~ . 



I;. 

<!!; 
;;· 

i> ., 0 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



~ "~F- .. :..; •• :b: ~fr' 

' 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CAL}FORNIA 94720 

\~·~·::>~·;; 

,-




