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DYNAMICS OF ION-MOLECULE REACTIONS: N+ AND o; 
WITH HYDROGEN ISOTOPES 

Chi-wing Tsao 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
. and Department of Chemistry 

University of California, Berkeley, California 

ABSTRACT 

A search for complex formations in ion-molecule reactions is made 

in this thesis research. An ion-beam scattering-cell technique is 

employed in these studies. 

The reaction N+(H2,H)NH+ is exothermic by 0.6 eV. Between an 

energy range of 2.5 eV to 8.2 eV no evidence of a complex is observed; 

direct reaction mechanism dominate ·instead. Reaction maps and velocity 

+ spectra are made for the product NH • The kinematic data can easily be 

interpreted in terms of a reaction energy level diagram. The formation 

+ 
of some of the electronic states as well as the ground state of NH can 

be deduced from the experimental results. The back-scattered products 

have a most probable velocity close to that predicted by the knockout 

model. A detailed study of the translational to electronic energy trans

fer is made between N+ and He. Transitions like N+(3P}-7 N+eD) and· 

N+(5s) -4 N+( 3D) are observed. The scattering data of the former transition 

can be explained in terms of a curve crossing model. 

+ 
The reaction 02 + 112 is studied in the energy range l. 47 eV to 12 eV. 

. + + 
Four reaction channels are observed leading to the products o2H , OH , 

1120+ and 0+. These reactions are endothermic. Intensity contour maps 

and velocity spectra are prepared for all the products. At low energy, 

·',> ,·, ';, 
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+ 
all of these reactions except the formation of 0 proceed via a com-

plex mechanism~ A gradual transition from the complex formation to a 
' ' 

. + 
direct mechanism· is observed for the, product o2 H • 

+ 
J12 0 forms only 

yia the complex path. A two step model invo·lving a unimolecular decay 

' + I . 

of o
2

D is proposed to. explain the results of both the non-reactive: 

+ ~ 
scattering of 0

2 
+ D

2 
and the formation of OD at high energies. It 

is shown that the majority of 0+ comes from a co'llision induced dis-

sociation of o;. Isotopic studies with HD reveals that o
2

D + and 0 H+ 
.2 

react by different mechanisms. 
+ 

The lifetime of the complex J1202 is 

calculated and compared to the experimr~ntal data. ·Intensity data from 

+ 
the reaction are compared to mass spectra of 112 02 ; no resemblance 

between these two sets of data are fou1d. 

'" . I 
! 
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I. INTRODUCTION 

The majority of chemical.reactions are completed within a few 

hundred degrees of room temperature. One does not have to go far to 

find such examples and these chemical reactions have changed the ~istory 
I . . . 

1 of mankind. However, chemistry over a few thousand degrees has not 

received quite as much attention and is a field almost untouched by the 

chemist. By the acceleration of ions, chemists have a tool to investi-

gate chemical reactions at a few thousand degrees and beyond. Thus · 

ion-molecule reactions and hot atom chemistry fill in the gap of the 

energy range left out by the ordinary bench top experiments. Studies 

inion molecule reactions demonstrated that chemical reactions do occur 

at high temperature and in some experiments with a rate comparable to 

those at room temperature. 

A. Survey of the Experimental Methods 

The field of ion-molecule reactions at room temperature has been 

reviewed b'y Lampe, Franklin, and Field, 1 while the latest techniques 

vJere the subject of review of Friedman. 2 Dynamics of ion-molecule 

reactions can best be studied under single collision conditions, that 

is, when the final fate of an ion is examined after its first encounter 

1•Jith another molecule. Such a problem can be attacked along several 

lines. Cross-beam methods were first employed by Turner et al) and 
. ·. 4 

later followed by Wolfgang et al. These techniques were most suited 

to study ion-molecule reactions at low energies (below 25 eV) since 

cross-beam experiments eliminated the problem of random target motion 

at room temperature. They have the drawback of low product intensity 
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due to the low neutral bea:m intensity,_ and in a reaction where the 

reactants and products are not easily condensable lead to' serious back-

ground problems. However, in these experiments both angular and velocity 

distributions of the products can be made. Differential cross-sections 
i 

rather than the total cross-section are made with these machines. 

Tandem mass spectrometers formed the second class of ion-molecule 

reactidn machines. These machines are best used to determine the total 

cross-section of the reaction. 
j 

Examples are the spectrometers designed 

by Giese and Maier.5 Henglein6 used a Wien-filter technique and 

' measured the velocity spectrum of several ion-molecule reactions, thus 

initiating an intensive effort in ion-molecule dynamics. However, none 

of these apparatus have the capability of measuring the differential 

cross-section which is of intrinsic interest in chemical dynamics. 

Nevertheless, tandem mass-spectrometers have given us unambiguous total 

reaction cross-sections and led to the quantitative investigation of 

reaction mechanisms. 

The· last category of ion-molecule reaction machines are the scat-

tering cell method which we employed in these experiments. These ma-

chines have the combined versatility of the tandem mass-spectrometers 

and the cross-beam methods. In this technique, one of the mass-spectrom-

eters rotates around the center of a scattering cell. In principle, 

differential cross-sections, velocity spectra, and total ~ross-secti~ns 

can be made. With a well designed scattering cell the background 

problem can be kept to a minimum. The neutral molecule density is con-

siderably higher than that in a cross-beam machine giving more product 

signal. The only drawback in such an arrangement is that the target 
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motion is no longer negligible and its effective range of operation is 

confined to reactions above 15 eV. Typical designs are those of Aberth 

· and Lorents, 7 Bailey et al. 8, and Mahan et al. 9 

B. Survey of the Reaction Dynamics 

Efforts over the last few years have mainly concentrated on three 
I 

reactions: + ~' 
3,4,6,8,9 A + K l~,6,10 d N+ CH 11,12 r + _"2 , an . 2 + 4• 

Already, these techniques have yielded a wealth of data on the dynamics 

of these reactions unmatched in ion-molecule reactions. Two interest-

ing consequences came out of these studies. Early work with high pres-

sure mass spectrometers and together with the consideration of the ion-

induced dipole potential had led some investigators to sug'gest that 

the reactions N2 + + H2 and Ar + ~ proceeded by a long lived inter-

mediate complex. 13 No evidence was found in support of this specula-

tion .in the later investigations of the reaction dynamics. Second, two 

distinct mechanisms exist for reactions at moderately high energies, 

depending on the impact distance between the ion and the molecule. 

Other important features of these reactions were also revealed. 

The existence of an intermediate complex in chemical reactions is 

central to many theories in chemical kinetics, notably the Transition 

14 State Theory. Thus,- since t.he be.ginning of chemical dynamic •studies 

by cross-molecular beams, such a postulate was tested for in every 

reaction studied. The phenomena of a sticky collision complex was first 

observed by the Harvard group15 and many other reaction complexes were 

subsequently discovered. Efforts in this area repeatedly failed in the 

investigations of ion-molecule reactions. Experiments in ion-molecule 

dynamics have taught us that even though two reacting molecules are 
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known to be able to come to a stable molecular configuration, there · 
I 

will not necessarily be any evidence of long-lived complex formation in 

the reaction dynamics. . + For example,.the molecular lOll ~CO is stable 

and can be postulated as the intermediate complex in the reaction 

. po+ + B2· Yet no·. evidence for such a complex was found. 6 We cannot 
II 
II 
rely completely on such arguments as a guide to the search of a complex 

reaction. 

C. Motives for the Thesis Investigations 

The motives for the investigations described in this thesis is a 

continuation of such a search for a reaction complex in ion-molecule 

reactions. The molecule NH+ is of considerable interest in astronomy. 16 

The spectra of CHand CH+ havf been observed in outer space. 17 Like'

wise the existence of NH in the interstellar space has definitely been 

shown. But unlike CHand CH+, the existence of NH+ in the outer space 

has never been detected, partly because not enough laboratory data was. 

known about this molecule. The objective of this experiment is twofold. 

First, it should be instructive to study the mechanism by which NH+ is 

formed from N+ and ~· 
+· 

Again, NH
2 

is a stable molecule and the 

reaction 

+ 
~ NH + H (l) 

is nearly thermo-neutral. Thus we expect that a long-lived collision 

complex might occur in this reaction. No definite conclusion about 

the complex was reached in the experiments performed in this thesis. 

At the laboratory energies investigated (20 to 70 eV), the reaction 

goes via a direct mechanism. Second, unlike many of the ion-molecule 

reactions previously investigated, some of the electronic states of 
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+ 16 NH are known. It would be interesting to know if we could identify 

+ the states in which NH is formed from the kinematic data. Our data 

gave ample ;evidence that, except for the ground electronic state, an 

unambiguous identification of the electronic states of a product is 

not possible even for simple molecules lik~ NH+. In addition to the 

above mentioned results, interesting data on the conversion. of trans~ 

lational energy to electronic excitations were also obtained. 

From the start the reaction 

(2) 

looked more promising. + :8202 represents a deep well, about 2. 6 eV, on 

the potential surface, and the reaction is endothermicby 1.8 eV. Here, 

we have a system completely different from all the other ion-molecule 

reactions studied before. This reaction cannot be studied by the 

ordinary room temperature mass-spectrometer method, since the reaction 

takes at least 1. 8 eV to surmount the reaction barrier·> There is much 

chemistry of this type which can only be studied in the high energy 

regions. As suspected, this reaction reacts· via a complex mechanism. 

Endothermic reactions might give us a new guide in the search for ion-

molecule reaction complexes. As expected from a complex, products 

+ + . + 
like OH ·, H20 , and 0 were also detected. Isotope effects gave new 

insights into the reaction mechanisms not known before. Definite 

correlations between the reactive and non-reactive scattering were al.so 

observed. 
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D. Plan of the Thesis 

Due to. the overlaps in the theoretical interpretations and the 

experimental procedures in these exp~riments', the theoretical reaction 
I 

models will be described briefly and summarized in Section II. Section 

!II concerns the experimental techniques and deals with the differences 

in the instrumentation in the N+ and the o; experiments •. The results 

+ of the N reactions will be discussed in detail iD: Section rv, while 

those of o; will be presented in Section V. 
I 

Section VI recapitulates 

on the experiments. Some future experiments are proposed to complete 

the .study of these reactions. 
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II. REACTION DYNAMICS 

A. Direct Mechanism · 

Most of the reaction models discussed below have been used ex

tensively in Nucl-ear Reactions. 18 The :discussions will be limited to 

two dimensional scattering and serve t'o be a glossary of the nomencla

ture used throughout this thesis. It has been the tradition of molecu-

lar scattering experiments to discuss the results in terms of. a Newton 

diagram19 ; it relates all the interesting kinematic quantities in both 

the center of mass (CM) and the laboratory (lab) systems. _ Such a 

diagram is shown -in Fig. 1 for the elastic scattering of two particles 

with arbitrary masses ~ and ~' where m
1 

is stationary in the lab 

system. The kinematics of a two-particle system has been treated in 

detail in many standard classical mechanics texts20 and will not be 

repeated here. We should, however, note that inelastic signals are 

expected to be found inside the elastic circle. 

l. The Pick-up or Stripping Model 

In this model, the projectile (m +~) interacts with (and picks up) 
1 c 

one particle (h)) of the target (~+~), while leaving the .other 

particle (m4) alone,. as ';if m4 were not there. By the conservation of 

momentum 

(3) 

or 

(4) 

Thus the ideal stripping model
6' 8' 9 predicts that the ratio of the 

initial velocity (v0 ) of the ion to the final velocity (v) of the 

/ 
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Fig. l. Newton diagram for ah elastic collision between 
a stationary target and a fast moving projectile. 

~' 
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product ion is a simple ratio of the masses. In the language of 

18 nuclear reactions, the above process is known as the pick-up process. 

However, in chemical dynamics, we are accustomed to name the pick-up 

process as the stripping mechanism. We shall continue to refer the 

above process as the stripping model and when the occasion arises [ 

such that we have to ,!distinguish the pick-up and the stripping processes, 

we shall describe the process in some detail to render easy distinction. 

2. The· Stripping Model 

This model is the exact reverse of the pick-up model. The target 

(m
3

+m4 ) interacts with only one particle m1 of the projectile and 

completely ignores the other one (~). If m1 is incorporated into the 

target, by the conservation of momentum 

m1v0 . = (m1+~+m4 )v (5) 

Once again, v/v0 is reduced to a simple mass ratio. Of course the 

charge may remain on~ too, in this case ~ will move with the same 

initial velocity, v
0

• 

3. The Knockout Mbdel 

The projectile collides elastically with one atom (~) of the 

target, ejects it and reacts with the remaining atom (m4). The 

kinematics of the ideal knockout process9 lead to the predictionthat 

for 180° scattering, the velocity ratio is 

v (ml+~) (ml +~ -~) 
(6) 

',; 

4. The Rebound Model · · 

The other possibility for a knockout tJ!Ile~of reaction is to have 
·""'""'.\.<' ,,.·:.~,-, .. , ·· ·~~ii1r 

the projectile to collide completely inelastic:!ally with m
3 

and the 
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resulting molecule (m1+~+~) collides elastically with m4. For an 
I 
I 

ideal rebound process 

v 
-= 

; B. Complex Reactions 

lo Velocity Distribution 

(7) 

The projectile collides completely inelastically with the target 

and the resulting molecule rotates in space for a number of rotational 

periods. If the products move away from each other with negligible 

velocity, all the particles will move with the CM velocity. 

(8) 

If the products move away from each other with a distinct velocity, 

I 
then the product velocity distribution will be symmetric with the 

center of mass of the colliding particles. 

2. Angular Distributions 

The angular distribution of nuclear fission products have been 

discussed in detail by strutiilski.
21 

Such a model was adopted to a 

chemical system by Herschbach. 15 . With the compound nucleus model, the 

calculation of the product' angUlar distribution for specified magni-

tudes of J, M and M' is purely geometrical, where J is the total angular 

mo~entum, M is the projection of J on the initial relative velocity 

vector g, and M' is the projection of J on the final relative velocity 

vector g'. The form factors for angular distributions and the dif-
1 . 

ferential cross-section for various M and M' have been discussed in 

detail15 and will not be reproduced here. 
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In general, the differential cross-section for a statistical 

complex is .expected to peak symmetric to ±90 ° in the CM system. 

C. Energy Considerations 

For ground state reactions, by the conservation of energy 

Eo = E' + 6E0° + u 
s s 

i 
J( 9) 

I 

where E0 is the 
s init

1

ial relative energy, E~ the final relative energy, 

6 Eg is the energy change for the reaction and U is the internal 

excitation of the products. We shall further define Q, the transla-

tional exothermicity of the reaction, as 

Q = E' - Eo (10) s s 

1 2 l 2 
(ll) =- f.l'g' - - IJ.g 2 2 . 

where f.l and g are the reduced mass and the relative velocity of 

the reactants respectively and the primed quantities refer to the 

products. Equation (9) can also be written as 

(12) 

Hence the range of Q allowed in a given J;'eaction (ground state) is 

0 determined by 6E0 and u, and the limits of Q are restricted by U. 

If the neutral partner is an atom which does not absorb energy, the 

lower limit of Q is defined by the restriction that U S D (ion), 

where D(ion) is the dissociation energy of the ionic product. Thus 

the limits of Q are 

-6 Eg- D(ion)S Q S·c:- 6 Eg (13) 

If the neutral fragment is polyatomic, the Q is limited by the sum 

of the lowest D(ion) and D(neutral). Usually the lower limit of Q 

can be specified rigorously due to the cancellation of D(ion) in the 

lower limit. 
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III. , EXPERIMENTAL · . 

A. Brief Description of the Apparatus 

The apparatus employed in these experiments has been described in 

22 detail in a report by Gentry. The major features of this instrument 

are shown in the block diagram (Fig. 2). Briefly, ions were formed in 
I . 

23 ' 
a Carlson and Magnuson tY]e of electron bombardment source. The 

ions were extracted out of the source and shaped into a beam by a 

double aperture lens and an einzel lens. A quadrupole lens pair then 

focused the beam into a magnetic mass-spectrometer. After momentum 

analysis, the ion beam again passed in series through a quadrupole 

lens pair and an einzel lens which rendered the ions into a parallel 

beam before colliding with the target gas in the scattering cell. The 

products together with the primary beam first entered a 90° electro

* static energy analyser and theri separated by a quadrupole mass-

spectrometer. The product ions were accelerated to 25 keV and impinged 

on an aluminum electrode which emitted secondary electrons. The elec-

tron. pulses were registered on a counter. 

B. Data Acquisition and Analysis 

During each counting period, current outputs from both the energy 

analyser and the capacitance manometer were displayed on digital 

voltmeters and simultaneously converted to BCD code to be stored in the 

scanner. At the end of each counting, the TIME, COUNT, ENERGY 

ANALYSER VOLTAGE, and PRESSURE (of the scattering gas) were automatical-

ly recorded by the teletype writer. The resulting data were then 

* The full width at half maximum resolution (lab) of the energy analyser 
was 3% and the angula,r resolution (lab) of the apparatus was about 2°. 

f 
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Fig. 2.' · A block diagram of the apparatus used to study the 

dynamics of ion-molecule reactions. The composition of the 
I + . 

ion current for a typical experiment 02 + D2 at v~rious stages 

is .indicated. Solid arrows indicate the direct flow of informa

tion. Dotted ·arrow means indirect flow of information. 

I. 

, 
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normalized with respect to the counting time, scattering gas pressure, 

scattering volume, primary beam intensity and the velocity space 

volume. The relative differential cross-section i(G) and the relative 

total cross-section a can be calculated from these normalized in-
I 

tensities r(e ,¢,u) by the following formulas 

and 

= ioo 2 
I(G) I(G,¢,u)u du 

a 

0 

7T 

= J r(e )sinGdG 

0 

(14) 

(15) 

where (8,¢) and u are the scattering angles and the velocity in the 

center of mass system. 

In the experiments both velocity spectra and intensity contour 

maps were made. A velocity spectrum is conveniently made by. sweeping 

the electrostatic energy analyser over the desired energy range. 

Normally a spectrum was scanned with the detection train set at 0° 

laboratory angle. To generate contour maps of scattered ion intensity, 

angular scans were made at a number of fixed analyser energieso From 

these scans graphs of normalized intensity versus angle at fixed 

energy, and likewise intensity versus velocity at fixed angles were 

prepared. The contours were formed by picking points at the same 

intensity on these curves. The points thus chosen had two coordinates: 

angle and velocity; they were again plotted o:h a graph and formed 

one .intensity contour. Together these contours form an intensity map. 

To lessen the amount of labor, all the graphs were plotted by a 

Calcomp. 



C. MOdifications 
r 

l. Capacitance Manometer 

In place ofthe ionization gauge previously used in the 

* ~ N2+(H2 ,H)N2H+ and N2+( CH4 ,CH3 )IeH+ experiments, a BARATRON. 

capacitance manometer was installed to monitor the scattering gas 
!, 

pressure. The BARATRON has a definite advantage over the ionization 

gauge. It is an' absolute measureme'nt of the pressure. The ioniza-
i 

tion gauge has some further disadvantages; it decomposes some· of the 

molecules of which the pressure is being monitored. This leads to 

isotope mixing in HD for example, causing erroneousjresults in<the 

scattering data. It was also found that the collector plate (platinwn) 

of the ionization gauge was attacked-by c
2
n2• Thus the ionization 

gauge interacts chemically with some compounds, and physically excites 

a portion of the gas into higher viprational states. The BARATRON 

used was factory calibrated. No further calibration was made since 

absolute total cross-sections were not measured in these experiments. 

* This short hand notation is suggested for ion-molecule reactions, with 
the ease in computer storage in mind. The order of the terms 

N2+( CH4,CH3}IeH+ 

have the following significance. Outside the brackets the projectile 
(~) is written to the left and the.ionic product (N2H+) to the right, 
whlle the target (CH4) and the neutral product (cH3 ) are written to 
the left and right respectively inside the brackets~ 

t Supplied by the MKS Instrwnents, Inc., Burlington, Mass. 

i I 
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2. Microwave Discharge Source 

Due to the rapid oxidation of the tungsten filament in a pure 

oxygen atmosphere of an electron bombardment source a microwave dis

charge source was constructed to produce o; ions. A Broida type cavity
24 

designed to operate at 3000 Me was-powered by a QK-61 magnetron and 

sustained a discharge in a l centimeter quartz tube. The basic con-

struction of the microwave discharge source is shown on Fig. 3. The 

pressure inside the source (typically 10-50 microns) is maintained 

constantly through a Granville-Phillips valve. A full account of the 

design characteristics and the operation will be discussed in some 

other reports. 25 

D. Composition of the Ion Beams 

l. 
+-N Beam 

Most of the experiments of N+ (300 series) were performed with 

the electron bombardment source. To facilitate comparison some ex-

periments (500 series) were done with the microwave discharge source. 

In the production of N+ by the electron bombardment of N2 invariably 

++ . . ++ 
some N2 were_produced. SJ.nce N2 has the same mass to charge ratio as 

N+, it (N;+) will pass successively through both the momentum analyser 

and the electrostatic energy analyser and be registered as a "mass 14". 

It is impossible to distinguish N+ and ~+ in our experimental set up. 

McGowan and Kerwin26 investigated the ~+ content in an ion beam coming 

from a. t;YPical electron impact source, using N
2
(29) as the parent gas. 

N
++ 

At a bombarding electron energy of about 100 eV, they found 2% 2 

mixing in the N+ beam. 
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Fig. 3. Microwave discharge ion source. (1) Gianville-Phillips valve 
(2) Stainless steel tubing (3) 1 em quartz tube (4) Screw 
(5) Flange (6) Viton rubber 0-ring (7) Anode (8) Extractor 
(9) Broida cavity 
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If N2H++ were formed in the reaction, it would not affect the 

NH+ signal. The mass to charge ratio of N2H++ is 14.5 and should he 

filtered out by the quadrupole mass-spectrometer. The effect of the 

N++ on the non':"reactive collisions is rather uncertain. Two processes 
2 

can happen when N;+ coliides with He. 
++ I 

First N
2 

could charge ex~ 

h h f 
. + + c ange wit He, ormlng N

2 
and He • 

++ 
In such a case, N

2 
would have 

ff th N+ . + b no e ect on e slgnal because N
2 

could e separated by the mass-

spectrometer. The second possibility is that N;+ could dissociate on 

+ + + collision with He forming N and N • Such N ions would have an 

energy centered around the peak energy of the N+ beam (see Section V 

below) and would contribute significantly to the small angle signal. 

Therefore, signal close to the beam peak (from an electron bombard-

ment source) does not have any unique interpretation. 

The use of a microwave discharge source solved the above problem 

very nicely. Since the discharge source is operated at low electron 

energy, 27 it is unlikely that any~+ can be formed--the threshold 

. ++ + . 28 . ++ 
energy for the form:atlon of N

2 
from N

2 
ls 43.5 eV. Even lf I'J2. is 

formed, due to the high pressure inside the source, it will charge 

. th *· f exchange rapldly wi the parent gas. Thus no N2 lS expected rom 

the microwave discharge source. Comparison between the data from the 

two ion sources wiil remove any ambiguity i~ the data where w;+ might 

have a part in it •. 

+ The electronic composition of the N beam from these two sources 

will be discussed in Section IV. 
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2. 
I 

The combin~tion. of low elect~on energy and high pressure •in the 

microwave discharge 
2 

tronic state ( nu ). 

source produced o; exclusively in the ground elec-

. + 
Most of the o2 beam extracted had only the first 

few vibrational states populated. , The vibrational excitation of the 

o;ip. these experiments was estimated to be about 0.6 eV to 0.7 eV. 

29 Beam attenuation experiments of the type described by Turner et al~ 

showed tha:t the o; b.eam,_contained less than Y/o excited metastable ions. 

I 

1'· 
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IV. N + EXPERIMENTS 

A. Introduction 

Recently Fehsenfeld et al.30 studied the reaction 

N+ + H2 --7 :NH+ + H (16) 

in an afterglow discharge apparatus. They; only measured the rate 

constant of the reaction (at 300°K) and found it to be about three 

times less than that of l'e+(H2,H)N2H+. The small cross-section· 

coupled with the difficulties in obtaining a high intensity N+ beam 

may account for the fact that there have been no other beam or 

.homogeneous kinetic studies of this reaction. In fact, no other 

literature was found on this reaction. We have studied N+(H2,H):NH+ 

from 20.eV to 75 eV in the laboratory system. Although no absolute 

total cross-section was obtained in the experiments, the product sig-

9 nal observed was considerably less than those in N2+(H2,H)N2H+ 

previously studied by us. As indicated in Section III, most of these 

experiments were studied with the electron bombardment ion source, 

while experiments in the 500 series were performed with the micro-

wave discharge source. 

B. Bond Energy and Electronic States of NH+ 

Our experiments indicated that this reaction proceeds via a direct 

mechanism. Like other stripping reactions that have been studied,9,lO,ll 

N+(H2,H)NH+ is thermo-neutral or slight exothermic. The exact value 

of the energetics of this reaction cannot be assessed· readily,. due 

to the uncertainty in the bond energy of NH+ with respect to the 

products N + H+ • Gaydon31 gave a value of, 3~ 7;t0. 4 eV as the bond 
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+ dissociation energy of NH • This value was calculated from the known 
. ' 

I + + 
ionization potentials of.H and NH together with the dissociation 

energy of NH (see Table I). From a recent tabulation of the heats of 
I 

formation of gaseous positive ions, 34 a bond energy of 4.13 eV was 

:Obtained, which is within the limits of the values given by Gaydon. 

Since these were the most up to data tabulations, we believe that 
I 

4.13 eV is a rnbre reliable value. With this bond energy, reaction (16) 

is exothermic by 0.6 eVo Colin and Douglas16 have determined some of 
I 
I + the electronic states of NH spectroscopically. Figure 4 shows a 

schematic of the ele.ctronic states of NH+. The assignment of the ex-

cited moleculat electronic states to the atomic states is not certain, 
. I 

but their assignments can be rationalized by the following arguments. 

The 2~- state can arise from atomic states (2) and (3). Colin and 

Douglas gave this state to be 2.67 eV above the ground state. From 

a Birge-Sponer type of extrapolation of dissociation limits, the bond 

energy of NH+(2~-) = 1.48 eV. If NH+(2~-) dissociates into 

N(
2

D) + H+(:1s), it would have a bond energy of 3. 8 eV which is much 

larger than 1.48 eV. Therefore, NH+(2~-) was arbitrarily assigned to 

the atomic state (2). The assignment of 
2
6 state is also arbitrary, 

and the 
2~ + has to come from the atomic state (4). 

I 

C. Reaction Energy Level Diagram 

Using the data available in Table I, a 'reaction energy level 

diagram (Fig. 5) can now be constructed. The diagram is drawn anal-

ogous to the Grotrian Diagram in atomic spectroscopy or the molecular 

energy level diagram in molecular spectroscopy. The reaction energy 

level diagram serves to interrelate all the bond energies and the 

:f 

·~. 
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Table I 

Thermochemical and spectroscopic data for the molecules 
N, ~' NH and H and their ions . 

I(N) ;, 14.545 ev( 32 ) 

I(NH) = 13.1±0.2 ev( 3l) 

D (NH+) = · 4.13 ev(34 ) 

D 

D 

I(H) 
' . 

(NH) 

(~) 

= 13.595 ev( 32 ) 

3. 2±0.16 ev( 3l) 

- 4. 476 ·evC 17 ) 

Electronic states of NH+ (16 ' 33 ) 

State 

c·2i;+ 

B '2.0. 

.A 2'Z-

a ~-

T (eV) 

4.284 

2.846 

2.673 

o.oo4 

0 

( ) data uncertain 

n0° (eV) 

(1.08) 

(1.485) 

( 4.13) 

ci, 

r 0 (A) 

. 1.1801 

1.1519 

1.2704' 

1.105 

1.081 
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1 -> 
Cl) -

LrJ 

Atomic States 
I 

(I) N (4 Su) + H+(l Sg) 

(2) N+(3 Pg) + H(2Sg) 

(3) NC2Du) + H+(l Sg) 

(4) N+( 1 Dg) + H(2Sg) 
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' :·: ' 

N+( 1 D)+ H(2S') 

. N{2 D)+ H+( 1S) 

N+(3P) + H (2 S) 

Nc4S)+ H+( 1S) 
I . 

' 
Molecular States 

.~ NH+(4 l:-) 

~ NH+C2n, 2I-) and (4 1:-, 40) 

~NH+(~~ 2I- 2n) 
' ' ' , 
~ NH+(2I+, 2~, 2n) 

XBL 6912-6737 

Fig. 4. + Schematics of some of the electronic states of NH • 
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I 
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N+(l D)+ H+ H 

-N(2D)+H++H 
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XBL 6912-6740 

Fige 5. Energy level diagram for the reaction N+eP)+~ • 
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ionization potentials involved in this reaction. We shall first indi-

' ' I 
cate the method of construction of such a diagram and then the usage 

I 
of the diagram: in reaction energetics will .briefly be discussed. 

The reference reaction channel was taken to be rt(3P) + ~' with 

no translational motion. An energy reference z.ero was assigned to this 

channel. With;reference to N+( 3P) + H2' the energy necessary to form 

the products N( 4~) + H+ + H w.as indicated on the diagram. Now the 
I i ' 

4- + ... 4 +. 
L: state of NH d1.ssoc1.ates 1nto N( S) + H , and >vith the v;alues 

+ 4 - + 2 from Table I the position of NH ( L: ) was located. Since N1I ( IT) has 

almost the same energy as 
I 

NH+( 4L:-), the position of mt(2ll) was dravm 

accordingly. With the ground state thus established all the other.· 

electronic states of the product could be located. The dissociation 

. ' + 
products of these electronic states of NH were drawn in with respect 

Since all the electronic leveJJs were known with 
I 

respect to the ground state the exact energy requirement for the forma

tion of NH+(2IT) from N+ + H is critical. Unfortunately, the bond en

ergy of NH+(2
IT) is not known very accurately. The assignment of the 

exact position (level) of the excited products will have the same er

ror as with t~e NH+( 2IT), although their relative values are still 

accurate. 

The Q values involved in a certain channel of reaction can 

easily be calculated. For example, .it takes 2.08 eV f~r N+( 3P) + ~ 

to reach N+H(2L:-) + Hand that it takes 2.4 eV to dissociate 

N+H( 2""- ). · . . th . 2 8 ~ There~ore th1.s react1.on 1.s endo erm1.c by .0 eV. In our 

regular terminology, the range of ·. Q allowed in this reaction is 

- 4. 48 e V < Q ~ - 2 • 08 e V 

1 I 

,. 
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The Q values of any other reaction channels can be read off from 

the diagram in like manners. Moreover, if the relative energy of 

collision were to be set at 2.2 eV, it can readily be seen from the 

4 - 2 2 -reaction energy level diagram that only the · .6 , II , and .6 states 

+ of NH could be formed. Table II is .a summary of all the energetic 

.data of N+(H2 ,H)NH+. 

D. Experimental Observations and Discussions 

l. Reaction :Map 

With these ranges of Q in mind, we can examine in detail the 

data obtained in the experiments. Figure 6 shows a contour map of the 

reaction at 5.01 eV. The circles drawn at Q = -3.5 eV and Q = +0.6 eV 

+ indicate the region of the velocity space where NH is expected to be 

4 -stable in the .6 state. It can be seen that most of the products 

formed are inside these circles. However, from Table II, the range 

+c2n) . 4"'-of E
0 

for NH formation overlaps that of ~ , so the products ob-

4 - 2 served in this experiment can either be .6 or II. There is no way 

that one can distinguish between these two species. Of course it is 

not surprising to find products inside the Q = -3.5 eV circle. At 

the center of mass the internal excitation of the product is only 

5.01 eV. There are other reaction channels which can lead to stable 

products, and it should be recognized that the resolution of our ap-

paratus is finite. The Q = + 0.6 eV circle indicates the upper limit 

of Q for the reaction; no reaction products are expected outside 

this circle. All the products formed at the negative angles are 

within this circle. 
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Table II 

Energetics of N+(fi2,H)NH+, 

Qlower Qupper Range of E0 

(eV) (ev) (eV) '1'' 

-3.5 +0.6 o.o -7 52 

-4.48 +0.6 0.01-7 67 

-4.48 -2.07 31 -7 67 

-5.91 -2.24 34 -t 88 

-6.37 -3.68 55 -7 96 

-4.48 -1.78 27 -7 67 

'·.·· 
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5 
10 em/sec 

--""' 
/"' ' 

I \ 
I J 
\ I 

. ' I ' / 
__ .,.,., 
20% 

Beam Profile 

XBL 6912-6703 

Fig. 6. An intensity contour map of NH+ at 5.01 eV. The small 
circles locate the intensity maxima in the scattering. 
The cross is the position of the center of mass ofthe 
system. 
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We need to digress a little on the intensity betvJeen + 90° and 

180°. On examination of th~ peam angular profile, a sec~ndary peak 
I .. 

with intensity 1/10 of that of the main peak was found. If a velocity 
I 

vector diagram
1

is drawn for this secondary peak using the scattering 

information from the main peak, it can be seen that 90% of the·intensity 
. I 

from the secondary peak will fall on the positive angle side of the 

map and so the intensity outside the 0.6 eV c'ircle. 
I 

For the examina-

tion of the reaction dynamics, ihe intensity on the positive side of 

the :map· should 'be ignored. Actually, it is not important to h<we a 

360°distributidn ~f the product. The scattering is axially symmetric 
. I 

and 0° to 180° information is sufficient. Recalling the calculated 

Q = +0.6 eV, it can be inferred that the exothermicity of N+(H2,H)NH+ 

is less than 0.6 eV. Since the exothermicity of this reaction depends 

on D(NH+), this also implies that the bond energy of NH+ is probably 

overestimated. 

2. Velocity Spectra 

Table III listed the experimental results of this reaction. There 

are two feature's which caught our attention; these are best shown on 
I 

Figs. 7 and 8. Figure 7 gives the velocity ratio (v/v
0

) of the product 

and primary ions. For the ideal stripping process this ratio is 0.933. 

I . ' 

Two distinct regions can be discerned in the figure: Below 45 eV, 
! 

v/v0 is 0.925, a little bit slower than that predicted by the stripping 

mechanism. Above 45 eV, the velocity ratio is about 0.932 which is 

almost exactly the ratio calculated by the stripping model. 

Figure 8 is more revealing. Again two distinct regions appear, 
I 

those below )_~5 eV and those above 45 eV. Between 20 eV and 45 eV all 

' 'I 

.,.. 
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Table III 

Scattering data for the reaction r{(f12H)NH+ 
~.: . . -:· •. 

Exp. Eo vo 
a E 0 Forward peak Backward peak 

No. s ya V/V0 Q. v V/V0 .Q. 
(eV) XlO-\mbec (eV) l0-5cm[sec (eV) xlo""5cm[sec 

--
(eV) 

313 20.14 16.67 2.52 (15.3B)b ( o. 923) ( -1. 70) 

302 30.09 20.378 3.7C 18.80 0.923 -2.59 (16.82) (0.825) ( -2.50) 

305 31.84 20.963 3.98 19.43 0.927 -2.50 17.18 0,820 -2.38 

530 35.36 22.09 4.42 20.46 . 0.926 -2.83 

301 40.09 23.522 5.01 21.70 0.923 -3.43 18.95 o.8o6 ~l. 73 

319 45.05 24.933 5.63 23.05 0.924 -3.70 20.13 0.807 -2.10 

320 49.80 26.215 6.22 24.35 0.929 -3.70 - -
300 50.09 26.292 6.26 24.50. 0.932 -3.50 21.17 0.805 -2.29 I 

\JJ 

322 53-39 27.140 6.67 25.28 0.931 -3.76 21.97 o. 809 
1-' 

-2.77 I 

323 56.61 27.952 7.08 26.05 0.932 -4.o4 (22.57) (0.807) -2.65 

324 6o. H5 28.814 7. 52 26.82 0.931 -4.31 23.25 0.807- ~ -2.73 

535 65.41 30.04 8.176 28.06 0.934 -4.27 

aV is the velocity of the product peak at zero laboratory degree and V 0 is the initial ion beam velocity. 
;For ideal stripping V /Vo. = 0~_93~ .-and for idea:l_ knockout V /V0 =. 0~ 809. 
b . . , __ , 

( ) results very uncertain. 
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Fig. 7. Product ion velocity as a function of the initial 
energy of the primary ion. For ideal stripping 
vjv

0 
= 0.933 and for ideal knockout vjv0 = 0.809. 
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Fig. 8. Variations in the translational exothermicity as 
a function of the initial energy of the primary 
ion • 
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points roughly fall on the same straight line; so do the points between 

50 eV and 60 etr. . I 
+ 

below 35 eV (N ) 

I • 

From the calculated limits of Q (see Table II), 
.I 

+(4~- 211) . only NH ~ or are expected to be stable. Above 

;.?5 eV 4z-, 2
II, 

2
6, and 2

2.:- calil be stable. Why does such an abrupt 

change occur at 45 eV? 1 One possible explanation is that above 45 eV 
I ., 

+(2 -) 2 I + 4 - 2 only NH .6 or' 6 is formed. If NH ( L: or IT) were also present 
1 / I I 

above 50 eV, we would expect a rather + broad NH product peak which 
I 

spans over G.925v and 0.932v, but the 
I 

experimental peaks were as sharp 

as the primary beam. Using the same arguments, it can be seen that 

4 - I 2 · · + 
only the L: and II states of NH were formed below 45 eV. 

I . 
If the above statement is correct, we may further speculate into 

the reason why 'the NH+(2IIj ·velocity is much slower than the ideal 

stripping reaction while NI-t (2L:-) is close to it. · Let us try to follow 

the reaction pictorially. At the instant of reaction N+ + H2 probably 

has a configuration like (N+H•••H) although it may not be linear-we 

+ I + 
shall refer to (N H·1• • H) as the transient state. As N H leaves the 

reaction site, it may rotate so that the transient state looks more 

and more like HNH+. Since the bond energy of HN-H+ is about 6 ev, 35 

the "spectator" H atom interacts with NH+ and slows it down (see Fig. 

9). If such an argument is correct, other reactions, in which the 

transient state has a known, stable, strong bonding configuration, 

) 6 12 
would behave in such a manner also. CO+(H2,H COH+ is such a.reaction. ' 

The-transient molecule H2CO+ is stable and the HCO-H+ bond is quite 

strange + Indeed, the velocity of HCO occurred below the stripping 

velocity in the primary ion (CO+) range 15 eV to 4o eV. No other 

known-example was found in the literature. 
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XBL 6912-6738 

Fig. 9. Schematics of a reaction pa~h (one dimensionai) 
of W + 112 ~ ~ + H. · 



Other possible examples are O+(N2,N)NO+ and C+(H2,H)CH+. 'I'he'ir tran-
1 ·' ,,... ' ,, 

sient 
I+ + I 

states N20 and Cif2 are stable molecules and have strong bonds. 

A better ·analysis can be g:i,ven to the transient state leading to 

NH+ (2"'-) 
0 

I the product .w There seems to be no spectroscopic data avail-

+ able on Nif2 and the arguments below are based on what little we know 

about CH2, which .is isoelectronic with N~ •. NH+(
2
L:-) + H(

2
sg) give 

the 3.6~ state (linear) and 3B
1

·state (bent) of mr;. The H atom is 

+ 3 - +) 4 36 strongly bonded to NH in the 2: state, D(HN-H ~ • 0 eV. ; The dis-
. g 

sociation energy o~ the 3B1 state, is not known. Probably D(HNH+) in 

2 ev. 37 Due to the the 3B
1 

state 1is smaller than the 32:~ by l eV to 

geometry of the reaction, we would not expect the transientmolecule~ 

Nrr;, to interact.like the linear 3.6~ state; instead the 3B1 state 

could be a close approximation to the actual configuration. No in~orma

tion is available on the 3B
1 

state o~ C~. However, after reaction, 

N+ will either be dragging the picked up H atom behind or the newly 

formed NH+ will be tumbling in space with the "spectator" H atom a 
I 

short distance behind. 
. + 

In either case, the H•••NH bond will be very 

strained and in such case the interaction is quite weak. + Hence NH 

does not feel much dragging force ~rom the spectator and we expect to 

have the NH+ velocity close to but never ~aster than the stripping 

velocity. This is exactly what was observed in the experiments done 

. + 2 -
between primary energies 50 eV to 60 eV. The product NH ( L: ) velocity 

is just below the ideal stripping velocity, indicating that the 

NH+(2"'-) .w and H interaction is very weak. To carry one step further, 

+ v/v
0 

can be greater than 0.933 only i~ the interaction between NH and 

H is repulsivee No such analysis can be extended to the formation of 
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· NH+( 4"-) and +( 2IT) · ~ NH ; our knowledge of CH2 is limited to the few states 

close to the ground state. If the above argument is correct, the 

attraction between NH+(~- or 2IT) and H is probably stronger than 

+(2 -) those in NH 2: + H. 

2 + 2 As the reaction energy is increased, products in the 2: and 6 

states will be formed. 
I . 

However, at a relative energy of9.5 eV or 

76 eV (lab), the energy is high enough to dissociate the H2 molecule. 

Above 76 eV (lab) the reaction channel N+ + H + H will compete statis

tically with other channels of reaction. The NH+ signal at 65 eV is 

quite low already, and we might not. see any NH+ with the dissociation 

channel competing in the reaction. One more point to be noted is that 

in ~ + D2 experiments, 9 collision induced d'issociation of H2 has a 

threshold of 6.0 eV, so this channel of reaction may start to compete 

with other channels around 50 eV • 

. The reaction of N+( 1D) + H2 is not important. As shown in Sec

tion E-5 below, it is not likely to find N+( 1D) in the primary ion beam 

from the electron bombardment source. 

3. Differential Cross Sections 

Figure 10 shows the differential cross sections at energies 

3.98 eV and 5.01 eV respectively. The cross sections at 100° and 120° 

of the reaction at 5.01 eV are probably in error. If the argument in 

Section E-1 is followed, these points should be lowered to the in-

dicated position. The angular distribution becomes broader as we go 

from3.98 eV to 5.01 eV. This apparently is due to a more intimate 

+ collision at higher energTes as was observed in the N2 + CH4 reac-

tion.11 Because of the poorer angular resolution of this system, the 
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N + H2 __.. NH+ +.N 
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• 0 5.0 I eV 

ro4 • 
en • • ...... • c: 
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Fig. 10. Differential cross-sections for the reaction N+ + ~· The 
two points at 100° and 120° of the 5.01 eV reaction .are probably in 
error and should be lowered to the indicated position. 
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+ differential cross-section is not as sharp as that o:f.. the N2 + CH4 

reaction. Figure ll gives the CM angular; resolution of the elastic 

+ + collisions of N2 + CH4 and of N + H2· Angle AOB is the laboratory 

resolution. As shown in the drawing, the CM angular resolution in 

N+ + H2 is 17° whereas it is onl:y 6 ° in ~ + cr-r4• For reactive scat

tering the resolution is worse than this. The maximumlaboratory 

scattering angle of N+(B2,H)NH+ is 3.6°_, compared to 8.25° in the 

elastic scattering case. The CM resolution in the reactive system of 

N+ + ~ is about 40° ~ Thus for the same laboratory resolution, we 

have a very different CM resolution in different systems. The angular 

resolution affects the differential cross-section greatly. Recently, 

Aberth and Lorents38 showed that an improvement of angular resolution 

. 2 2 
from slit dimensions 0.5 X 0.05 em to 0.1 X 0.05 em increased the 

small angle differential cross sect,ion of Li+ + He by more than 100%; 

Until the angular resolution of N+ + H2 is reduced to 5° or better, no 

meaningful comparison can be made between these systems. 

4. :Back-Scattered Product 

Like the reactions N2+(D2,D)N2D+ and Ar+(D2,D)ArD+, intensity 

maxima were observed behind the center of mass in N+(H2,H)NH+. The 

results are tabulated in Table III and in Fig. 7. In general, these 

intensity maxima are braoder than the (forward) stripping peak, in-. 

dicating many different processes lead to this back maximum. Hm1ever, 

all the intensity peaks observed centered around the so-called knock

out peak9 position as can be seen in Table III. The Q values observed 

in these intimate collisions are well below the dissociation limits of 

NH+ and their intensities remain relatively constant over the range of 

energies studied. 
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5. Conversion of Translational Energy to Internal Excitation 

Concurrent with the reactive studies, nonreactive collisions of 

+ N with He were also carried out. The only possible internal excita-

+ tion for this system is an electronic excitation of N • The range of 

energy used was too low to excite He electronically. Indeed, electronic 
I 

+ I excitations of N were observed. Figure l2 shows an intensity map for the 

following scattering 

N+( 3P) + He ~ N+( 3D) + He (17) 

The energy required for the transition is ll. 4 eV and is indicated on 

the map by the 11.4 eV circle. The scattering signal appearing at 

large angles is due to elastic collision on He. 

The i:qteresting feature on the map is the 11.4 eV intensity peak. 

Normally, it is expected that close or head-on collisions are necessary 

to transfer large amounts of energy. As a result, inelastically scat

+ . 
tered N would be expected to appear near 180° and perhaps the back-

ward elastic scattering should be diminished. To the contrary only 

small angle scattering was seen. If the primary beam profile is com-

pared with that of the ll. 4 eV intensity peak, the inelastically 

scattered N+ will come out almost exactly at 0°. Mahan39 suggested 

that in the collision, the potential energy curve of N+( 3P) + He 

crossed or came very close to that of N+ (3D) + He at some internuclear 

distance and N+ exited via the N+( 3D) + He curve (see Fig. 13). If 

N+ ('D) + He is attractive, after-curve crossing N+ will be attracted· 

toward He; as a result N+(3D) will appear to scatter through a small 

angle. 
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Fig. 12. A contour map of the relative intensity of N+ scattered 
from He. The dashed line gives the profile of the ion beam at 
2CY/o of its maximum intensity. The change in the relative transla
tional energy (Q) of the collision partners is indicated on the map. 
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Fig. 13e Schematics of an inelastic process. (a) One dimensional 
scattering: Curve crossing of N+(3p) + He anG ~(3D) + He. 
(b) TWo dimensional scattering: If there is no attraction between 
~(3D) and He, ~(3D) would proceed via the dotted pathe 
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A series of these experiments were performed with different 
1" I· ' I I '•I ' I 1 I 

, . ' I 

energies of N+ and they are summarized in Table IV, together with the 

assignment of possible transitions. No angular measurements were 

made with these collisions. Experiments in the 300 series were 

performed with thk electron bombardment source while the 500 series·' 

with the microwave source. Figure 14 is' a Grotrian diagram of· N+ with 

energy values taken from Moore.
4° From the data, the transitions of 

+3·. +3 I +5 · +3 N ( P) -7 N ( D) and N ( S) -7 N ( D) were identified. In general, an 

assignment was made based on the fact that a transition cannot take 

place with an energy less than that required for the process. For 

example, in experiments 309 and 310, the Q values involved were ..,5.6 eV 

and -5.7 eV respectively. Now the transition 3P -7 5s takes 5.85 eV 
I 

while 5s -7 3D requires only 5.6 eV. In these experiments, there was 

. 3 5 not enough energy for the P-7 S to take place. Furthermore, the 

ions from the microwave source should not have any N+( 5s), as evident 

from the arguments in the text below. The 5.6 eV :transitionwas not 

observed in all the experiments performed with the microwave source 

indicating the absence of the 3
P'-7 

5s transition. The assignments 

were then made to 5s -7 
3D unambiguously. 

It may be rather surprising not to see the 3P -7 
3P transition. 

The relative ehergies in some of these experiments were sufficient to 

cause the excitation. There are two reasons that such a transition 
I 

was not observed. If the potential curve of N+(3P) + He is repulsive 

the signal would be scattered out to large angles and missed the 

detector. Since the 3P -7 
3P transition is allowed optically, its 

radiative lifetime is very short and the presence of this transition 
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is bes.t observed optically. ,se~ondl;Y, if the,
1 

c,urve .were, attractive, 
I I j, 1' I . 

the curves might cross at an energy higher than those reached in.these 

experiments. Hence, it should also be pointed out that failure in 

observation of tl:le other transitions does not neces~arily indicate 

small cross-section. 

The inelastic scattering data also reveal the composition of our 
+ . I , 

ion beam. -N , as produced from the microwave discharge source,should 

mostly be in the ground electronic state. The source pressure is 

typically set at 10 to 50 mfcrons, and N+ will suffer several collisions 

before being extracted from the source. + In this case, aJ~ost all N 

would be de-excited before colliding with He. However, 'Experiments 

506 and 534 show that the beam coming from the microwave source may 

contain some 

1 3 to D2 ~ .. D, 

+ 1 N ( D). The Q value observed in 506 can only be assigned 

while the assignment for 534 can either be 3P ~ 3n or 

1
D ~ 3P. This is expected since the electron energy inside the source 

+ . ' ' . 
of N from the electron bombardment source is more complicated, O.ue to 

the high electron energy (about 90 eV) in the source. By comparing the 

velocity spectrum of N+ from thP. microwave and from the electron born-

bardment source at 40 eV (lab) and at 65 eV (lab), the existence of 

N+( 5s) .in the electron bombardment source can positively ~e.shown. It 
I · 1 . . 

is not likely to find the first excited state ( D) from the electron 

bombardment source since electron impact studies have not been able to 

41 demonstrate the formation of this state. Furthermore, acc.ording to 

+ 1 the Wigner.,..Witmer rules, N (D) correlates only with quartet states, 
I. 

+ but no quartet states of N2 have been observed spectroscopically. 

ll 
., 
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Table IV" 
. + 

. Electronic transitions in N +He 

Exp. Eo E 0 
s Q(peak) Possible Transitions 

No. (eV) (ev) (eV) 
,..:,, 

311 39.93 8.87 -(2. 30) 

-5.4 

507 40.00 8.88 No signal 

------------------------------------------~---------------------~--

308 50.02 ll.l2 -(3. 5) 

-6.7 

506 50.18 11.15 -10.8 

315 60.02 . 13.34 -11.6 

309 65.25 14.50 -5.6 58 ~3D 
2 7 

-11.8 3p ~ )D 

505 70.91 15.76 -11.8 3p ~3D 

310 ' 75.25 16.72 -5.7 5s ~3D 

-11.9 3p ~3D 

316 109.45 24.32 -7.6 5s ~ 3p 

-12.3 5s ~ lD 

534 110.23 24.49 -12.0 3p ~3D 
0 

lD ~3p 

( ) Data very uncertain. 
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E. Sunnnary .· 
.I .j 

In this.section, a reaction model was prbposed to explain the ob-

served data. In its simplest form, this model utilized the stripping 

mechanism at the first instance of reaction. After the reaction a 

+ I 

"chemical potent~al" was turned on between NH and H causing the 

' + 
1product NH to slow ~down. 

! 
Such a model explained the kinematic results 

. ! .·· . I 

qualitatively. Due to a complete lack of knowledge of such chemical 

potential, no numerical computation was attempted. 

In the nonreactive collisions, a curve crossing model was proposed 

to explain the tra'nsition N+( 3P) ~ N+( 3D). The assignment of 

N+( 5s) ~ N+( 3D) was deduced from experiments done with ions produced 

from both the electron bombardment source and the microwave source. 

!I 
I r 
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V. o; EXPERIMENTS. 

A. Survey of Literature 

Previous investigations iri ion-molecule reactions by beam tech

niques~·~6'9 have been limited to thermo-neutral or exothermic reactions. ! . i . . 

These exothermic reactions have the attractive features that their 

products are confined to a small forward cone due to favorable mass 

ratios and that the cross-sections of reaction are quite large. Both 

of these features enable detection of the products with instruments of 

relatively low sensitivity. Endothermic ion-molecule reactions have 

. 42,43 long been investigated by mass-spectrometry. These studies re-

vealed two distinct differences between the endothermic and the exo-

thermic reactions. First, the endothermic reaction has a reaction 

threshold behavior sharply different from that of the exothermic reac-

tion. Second, in general, the reaction cross-section at low energies 

is much larger for exothermic systems than the endothermic ones. Ho>v-

ever, these studies did not indicate the mechanism by which the molecules 

react. 

The reaction o; + H
2 

has been examined in detail by mass-spectrom

etry. The formation of o
2

H+ from o2 -H2 mixtures in a mass-spectrometer 

. b b h' . 44 Th d lOn source was o served y Sc lssler and Stevenson. ey conclude 

+ that their o2H came from the reaction H2+(02,H)02H+. Moran and 

Friedman45 studied the isotope effects (with HD) and hinted about the 

+ intermediate complex H202 • The energy dependence of the cross-section 

+ + + 
for the formation of 0 , OH from 02 + H2 was investigated by Rafaey 

46 I 

and Chupka. Again no mechanistic studies were made. Fehsenfeld 

30 et al. in an afterglow discharge experiment failed to observe any 



+ 2 
reaction for thermal o2 (' II g) +: ~· This is expected; the reaction is 

endothermic;, Guided by these previous investigations, a detailed 

+ study of the reaction dynamics of 02 + H2 was carried but. 

B. Reaction Energy Level Diagram 
. + 

A casual examination of t~e 02 + ~ reaction reveals that the 

following reaction channelS
1 

are possible. 

(l) 
+ + 

6 E~ = 1.82 (18) 02 + ~ ~ 02H + H eV 

(2) ~ OH+ + OH 6 E0 
0 = 2.14 eV 

(3) ~ ~0+ + 6 6 E0 
0 = 0.81 eV 

(4) ~ 0+ + ~0 6E0 
0 = 1.81 eV 

(5) ~ H+ + o2H 6 E0 
. 0 = 3.88 eV 

(6) ~ tr; + 02 6 E0 
0 = 3.227 eV 

The heats of reaction are indicated to the right; they are all endo-

thermic. . + Reaction channels (5) and (6) were not studled; the H and 

+ 
~ produced in these reactions have energies too low to be detected 

in our experimental system. All the other reaction channels were 

observed. 

Table V lists the ionization potentials and the dissociation 

energies of all the reactants and products involved in the reac

tions. l7,36147 From Table V, an energy level diagram for all possible 

ground state reaction channels can be prepared, as in Fig. 15. Some 

explanation of the diagram is in order. The energy level diagram is 

' drawn analogous to the ones we so often see·inmolecular spectroscopy. 

The heavy horizontal lines give the reaction channels in units of 

; + 
energy above or below the reference channel; here 02 + ~ is taken. as 

the zero energy reference channel. Positive energies indicate 
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Table V 

Thermochemical and spectrocopic data for the 
+ reaction 0 + K · 2 -c 

a 
Molecules I Dl 
or ions (eV) (eV) 

~+ 
I 

2·. 648 

0 + 
2 6.8 

0 H+ * + 
2 2.66 (02 -H) 

OH+ * 4.765 (OH+) 

H20+ * 5.68 (BO+ -H) 

H202 
+ * 4.49 

+ 
(H02 -H) *4. 40 (HO + -OH) 

H 13.595 

0 13.615 

H2 15.427 4.476 

02 12.20 5.08 

o2H 11.53 1.99 (02-H) 2.7 (H0-0) 

OH 13.18 4.35 

H20 12.61 5.113 

~02 10.92 2.12 (HO-OH) 3.88 (HOO-H) 

* (Born-Haber 
48 

Calculated value cycle). 

a. Ionization potential. 

b. Bond dissociation energy. 

. '": .... ~ 
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O++O+H+H 11 .. 27 
Q+O+H+ +H 1·1. 25 

o++O+ H2 
0 2 +H++H 

02+H + H 

0 +H+ 2 2 

+ 0 2 :+ H2 

6.80 

5.875 

4.476 0 2H+H+ 

3.227 

OH++OH 
OzH++H 
o+ +H20 
H~O++O 

+ 
_H--:2-...0..-2--2.3 5 

I 

I o++OH+ H 
OH++O+H 

3.88 

2.14 ' 

1.82 
1.81 

0.81 

Fig. 15. Reaction .Energy level diagram for ground state o; + ~· 

6.90 
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endothermic systems while negative energies give exothermic reactions. 

+ + For example, to go from 02 + ~ to the products o2H + H, the endo-

thermicity is + 1.8 eV as designated in the diagram, while the formation 

of ~o; is exothermic by -2 .. 3!5 eV. The difference in the endothermicHy 

of levels yields the, energy required for a specific process between two 

different reaction channels. 

The reaction channels drawn in the middle of the diagram are the 

six basic reactions that we referred to earlier. The-two channels on 

the right come from the disso.ciation of reaction channels from the 

middle of the diagram. Non-reactive collisions are indicated to the 

left of the diagram. Although some of these reactions may be the 

dissociative products of the reactive channels, they are listed with the 

non-reactives. 

C. Configuration of the Complex 

With the formation of a complex, we can speculate on the configura-

tion of the transition state. Of course when the collision energy is 

high enough and when the lifetime of the complex is short any geometry 

is possible for the complex. Since we are dealing -vlith a four atom 

system, there are not too many arrangements that one can make. Some 

of these can be eliminated on the grounds of rotation of the molecule. 

Figure 16 (a) displays the four possible configurations of this four-

atom system at the first instance of reaction. 

However, if the complex has a lifetime of more than a few rotations, 

the molecule will have time to rearrange itself. Thus the configura

l~-9 
tions with the lowest energies tend to be most probable. Herzberg 

has discussed some of the stable configurations of ~02 and they are 
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in Fig. 16 (b). These are the favored configurations at energies 

closed to the threshold of the reaction. 

D. General Features of the Reaction 

The existence of a collision complex in bimolecular reactions has 
i 

been postulated.many years in the Absolute Rate Theory •. Such a theory 

was applied and found good agreement between some experimental and 

' 14 
theoretical results. The occurrence of a collision or activated 

complex is central in the Absolute Rate Theory. Collision complexes 

in simple bimolecular reactions were searched in earlier efforts in 

crossed molecular beam studies. 50 However, for the majority of the 

reactions 'they examined, no evidence of a collision complex was found. 

Instead; direct mechanisms predominated in these reactions. Recently, 

groups in Harvard and in MIT15,5l found definite evidence for collision 

complexes in the reactions of alkali atoms and alkali halides. It 

seems that the concept of an activated complex is verified, although 

complexes do not exist in every reaction, as would be necessary for the 

universal applicability of the Activated Complex Theory. It is to be 

expected that in the future, further examples of both types of reaction 

mechanisms will be found. 

The efforts in the search for a collision complex in ion-molecule 

reactions parallelled those in neutral-neutral reactions. Indeed, 

investigators in ion-molecule reactions have more to hope for since 

all ion-molecule reactions involve the strong ion induced-dipole in

teraction. Early experiments in the study of N2t(H2,H)N2H+ 
4

,
6

,9 and 

Ar+(H2,H)ArH+ 9, 6 , 10 failed to find any trace of a complex even when 

the reaction energy was as low as 0.1 eV. ·Subsequent investigations 



in ~ + 112, ·52 N; + CH4, lJ- N; + c2D2 , 53 and a host of other reactions 

did not yield any evidence for. a complex. A very large domain of ion-

molecule reactions is dominated by direct reactions. 

Recently, groups in California and Colorado reported evidence of 

intermediate complex formation in ion-molecule reactions. The Colorado 

group coi!lD1unicated on the :teaction
51+ 

They observed a product distribution which was symmetric to the ±90° 

in the center of mass system. Similar evidence was also found in our 

study of o; + 112, and the initial results have been published.55 A 

more detailed analysis of the reaction is now given in this thesis. 

Due· to the complexity of this reaction we will concentrate sue-

+ + + 
cessively on each product in the following order: o2H , H20 , OH , 

+ and 0 • Contour maps and velocity spectra were made for all the 

I products observed. Because of the problem of mass separation between 

+ + 02 and 02H at energies close to the primary beam, D2 was used in 
I 

place of 112 in most experiments. We should emphasize that there is no 

t
. + + problem in separa ~ng o2H and 02D . 

l. 

a. Reactive Maps. 'Figures 17 through 20 show the intensity contour 

maps of 0 D+ in progressing reaction energies. 
2 

0+(2II ) . + 
2 g + D2 ~ o2D + D 

For 

the values of Q consistent with this reaction are given by . 

-4. 55 eV < Q $ - l. 89 eV 

.,, 

(20) 
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+ Fig. 17. An intensity contour map of o2D in the center of 
mass coordinate system at 2.76 eV. 
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Fig. 18. 
3. 86 eV. 

+ An intensity contour map of o2D in the CM system at 
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Fig. 19. An intensity .contour map of o2D+ at 5.47 eV. The cross 
indicates the position of maximum 02D+ lntens{ty. 

, .. 
.:·· ·' ' 



I 

+ I + 0 2 + 02 -020 + 0 
(75.1 eV) 

Relative Energy= 
8,34 v 

I .. 
105 em/sec 

-60-

t+90° 

!-90° 

/.,~-- ....... , 
/ \ 

I \ 
I . \ 

0
0 I ., 

I ~ 
--=--t--~1 I 

I I 
I I 
\ I 
\ I 
\ I 
'.... _,/ . ..... __ ., 
20% Beam 

Profile 

XBL 6912-6695 

Fig. 20. An intensity contour map of o2D+ at 8.34 eV. The cross 
near the peak intensity locates the ideal stripping velocity. The 
asymmetry observed at small scattering angles is due to poor mass 
resolution. 
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On the maps, the circle drawn at Q. := -2.0 eV marks the upper 

+ limit of Q. where the product o2D is expected to be formed. No products 

are anticipated for Q. larger than -1.9 eV since this reaction is endo-

thermic by 1.9 eV. Indeed most of these products were found inside 
I 

the circle. The product observed outside the cicrle could be attributed 

to the fact that our apparatus does not have ·an infinite resolution~ If 

the beam profile is taken into account, it can easily be seen that 

almost all products are within this circle. For reactions with energies 

2. 76 eV and 3.86 eV the product distribution is symmetric around the 

center of mass, with the highest intensity occurring at or very near 

the center of mass velocity. The peaking at the center of mass and 

the symmetry of the intensity about the barycentric angles of ± 90° 

indicate the occurrence of a collision complex which lasts several 

rotational periods, a time long enough for the molecule (the complex) 

to forget the initial directions of the target and the projectile atoms. 

+ Figure 21 shows the differential cross-section for o2H at 1.77 eV, 

+ + and for OH and ~0 at 2.9 eV. Within experimental error, these 

differential cross-sections display the same general shape and exhibit 

the backward-forward symmetry about 8= 90° as expected from a statistical 

complex. 

+ For the 3. 86 eV reaction, the internal excitation of o2D is. ap-

proximately 2 eV-:a substantial gmount of excitation, but not enough 

+ . to break the 02 -D bond. As the energy of the reaction is increased, 

the lifetime of the complex decreases (see. Section V-G below). At 

some energy the average lifetime becomes shorter than one rotational 

period, and the product distribution will be asymmetric with respect 

-~: ' ' 
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to th1Ld~-nter o·i: -lllas,s •. /l'his obsery:~;J.t:i,con is displayed in Fig~, 19.;-

4 . + 
at a relative energy of 5. 7 eV the excitation of o2D at the center 

6 . + 
of mass is about 3. eV, and o2D , with such velocity, is no longer 

+ expected to bel stable with respect to the products o2 and D. In 
1 

order 
+ 'I 

for a stable o2D to be formed, the product in its ground state must 

stay outside the 4.5 eV circle. We see that the peak intensity of the 

5.47 eV reaction stays just on the brink of this circle. The forward 

peaking on the reaction implies a more direct type of interaction 

(like the hydrogen abstraction reaction9). If a long-lived complex 

still existed we would expect a crater like distribution of products 

with the peak intensity evenly distributed around the -4.5 eV circle. 

Product intensity inside the -4.5 eV circle will be depleted due to its 

instability. Figure 20 shows the o2D+ distribution at a reaction energy 

of 8.34 eV. The features are more or less the same as the 5.47 eV 

reaction, except the product is more forward peaked. In fact the most 

probable velocity of o2D+ has just reached the velocity predicted by 

the ideal stripping mechanism. The contour map of the 8.34 eV reaction 

displays the same features as some of the direct reactions studied by 

us and. others, for example: N2+(D2,D)N2D+.
4' 6'9 

b. Velocity Spectra. Table VI summarizes the data obtained in velocity 

spectra studies and gives a more detailed picture of the reactto.n. The 

intensity peaks at low energies_are quite broad as can be seen in the 

reaction maps and in Fig. 22, hence the exact location of the peaks 

cannot be found uniquely. However, no ambiguity will arise if a line 

is drawn bisecting the half width at full maximum of the peak in the 

velocity spectrum. The location of the intensity peak is found where 

.'1'' 
I 



Table VI 

Reactive data for the products o2H+ and o2D+ 

Exp. Eo vo v VCM vfvo vl80° 
0 E' Q 

a 
Es 0 

No., s 
'--

0 H+ 
2 

439 24.95- 12.27 '11.64 11-.55 0•948- - 1.47 -1.-42 
4 -

- - - -3. 35Xl0-- -

429 30.11 13.48 12·73 12.69 o.944 1.77 -1.76 4 - - -5.9'(,<10 
428 35.18 14.57 13.73 13.72 0.942 2.07 -2.06 4 - - 7.21Xl0-

387 50.30 17.43 16.39 16.40 0.940 - 2.96 - -2.96 l.22Xl05 

0 D+ 
2 

436 24.80 12.24 10.90 10.88 0.890 2.76 -2.75 
- 5 

- - 1.15X10 

435 30.25 13.51 12.02 12.01 0.889 - 3.36 - -3.36 l.06x1o5 
I 

417 34.75 14;,49 12.96 12.88 0.894 3.86 -3.84 l. 59X105 0\ - 0.02 +=""" 
I 

442 42.13 15.95 14.64 14.18 0.917 - 4.68 o.69 -"3. 99 
402 49.2 17.24 15.96 15.32 0.925 13.82 5.47 1.30 -4.17 1.65X105 

443 61.14 19.21 17.97 17.08 0.935 16.23 6.79 2.51 -4.28 

561 _67 ._70 20.22 18.90 17~97 0.934 -- 7· 52 2.77 -4.75 

552 74.98 21.28 20.07 18.91 0.942 17.85 8.33 4.27 -4.07 

395 75.07 21.29 20.07 18.9~ 0.942 - 8.31.~ - 4.18 --4.16 

466 75.20 21.31 20.07 18.94 0.941 17.90 8.36 4.07 -4.29 

444 90.07 23.32 22.12 20.73 0.948 - 10.01 6.17 -3.84 

574 99.75 24.54 23.30 21.81 0.949 20.46 11.08 7.26 -3.82 

570 109.75 25.74 24.48 22.88 0.951 -- 12.19 8.12 -4. 07_ 

All energies have U:riits of eV~ AU--velocities have units of 105 ~m/sec. 
} .. , a. Arbitrary units. 

l. ( ( .-
~-:, 
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this line intersects the vel
1
ocity scale. This value is intuitively 

correct, since the primary beam intensity distribution is often sym-

metric to its peak intensity within experimental errors. 

Figure 22 is a graphical display of some of the velocity spectra 

of o2D+ at energies 3.36 eV, 4.68 eV, 6. 79 eV, and 8.33 eV. To facili-

tate comparison of the spectra at different energies, a reduced velocity 
' 

scale v/v0 is used where v is the product velocity and v0 is the velocity 

of o;. This sdale puts experiments at different energies to the same 

scale. For example, in the 02(D2,D)02D+ experiments the center of 

mass velocity would be at 0. 884 using this ne'v scale, and the ideal 

stripping velocity would be at 0.941, no matterwhat the reaction 

energy is. 

From the velocity spectra, it is clear that the reaction goes 

from a complex reaction to a direct mechanism as the energy of the re-

action is increased, and finally the intensity peak reaches the ideal 

stripping velocity at 8.33 eV. According to the ideal stripping process, 

for reactions having an energy of 8. 33 eV and beyond the o2D + will have 

an excitation exceeding 4. 5 eV. In order for the product to be·. stable, 

the reaction product has to peak forward to the stripping position. 

,This is observed experimentally. In the reactions above 8.33 eV(lab), 

+ the D atom must have recoiled away from o
2

D and in the process carried 

+ away part of the excitation in o2D • 

Figure 23 is another way of looking at the reaction data. Within 

experimental error the final relative energy E~ is a linear function of 

0 the initial relative energy Es up to a certain energy. Three.experi-

ments were performed at 8.3 eV and they indicated the magnitude of the 

;: 

,. 
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experimental error. Extrapolation of the lower portion of the curve to 

E ' o v · E
0 

s = e g1ves s ~ 3~8 eV, which is confirmed by the experiment done 

at 3.86 eV. The experiments gave us a rather unexpected. conclusion that. 

the products can hold an excitation of up to 1.9 eV. Excitation which is 

more than l. 9 eV will be partitioned between the.· internal excitation and 

the translational motion. It is not difficult to understand the mechanism 

of such energy partition if the internal excitation of o; is taken into 

account. The ions formed in the m'icrowave discharge source will have sev-

eral vibrational states populated. 
+ 

Furthermore o2H was observed from 

Q2+(H2,H)02H+ at an energy of 1.47 eV, indicating that most of the o; ion 

had a vibrational excitation Of at least 0.4 eV. From the extrapolation 

in Fig. 23, we concluded that the internal excitation of o; was about 

0.6 eV to 0.7 eV. 

Two implications came out of these observat,.:Lons. First the products 

cannot absorb an infinite amount of excitation, that is, there has to be 

an upper limit where the product can remain stable. The experiments 

showed that the products "remember" their initial directions above an en-

ergy of 3. 8 eV. 
• + . 

):ifow if the internal excitation of 02 is added to the 

3.8 eV, the total reaction energy would be 4.5 eV which is the upper limit 

+ + of the stability of 02D with respect to the products 02 + D. Further in-

crease in the reaction energy must result in its partitioning into transla

+ tional motion if the o2D is to remain stable. Thus the transition from 

a complex type of mechanism to a more direct type of mechanism is a direct 

consequence.of the Q of the reactidn. It is interesting to note that 

there is a clear break of the curve at about 7.0 eV. The products above 

7.0 eV recoiled away f:com each other more violently than those below 7.0 eV 

indicating that the interaction between the products at higher energies 

could be repulsive. 



Second, the maximum reaction cross-section would occur close to 

0 Es = 3. 8 eV. . At this energy 02+(D2 ,D )02D+ competes favorably statistically 

with other channels of reaction. Beyond 3.8 eV the channel of unimolecular 

decay of o2D+ gains in importance and we gradually lose the o2D+ intensity; 

as a result the reaction corss-section will drop. Unluckily it is rather 

inefficient for our present apparatus set up to determine toi;al cross-

sections. The few total cross-.sections that we have measured are not 

enough for us to examine this point critically. 

No threshold behavior was investigated. We could not produce an ion 

beam at this energy with sufficient intensity to do an experiment. It is 

interesting to note that Hengelin56 has done 

o; ( ~ fl) + D2 ~ o2D + + D (21 ) 

which is exothermic by about 2.0 eV. Their results showed that this reac-

tion reacts via a direct mechanism in the reaction energy range l. 7 eV to 

80 eV(lab). In contrast, in our ion beam there was only 3% electronically 

excited o;, and 97% of the beam was in the 
2

ITg state. Thus we did not 

have the interference of o;(~fl) and the reaction is endothermic as expected. 

The nature of the 1806 peak formed at high energies is not clear from 

the study of 02+(D2,D)02D+. Unlike the back scattered products in 

N2+(D2,D)N2D+ 9 and N+(H2,H)NH+?7 the o2D+ scattered through 1806 have a 

very large internal excitation. 
. + We will have more to say about. thls o2D 

when the isotope effects in this reaction are discussed. 

2. ~0+ 

Due to the low intensity of ~0+ observed, only five experiments were 

performed and the results are tabulated in Table VII. 
. + 

The energy of ~0 

is so far behind the primary beam and their masses are so different that 

we no longer have the problem of mass separation. The range of Q allowed 

+ 2 ~0+ + 0 (22) 02( llg) + ~ ~ 

are .-6 .. 49 eV ~ Q ~ -0.81 eV. 

in 
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Table/ VII 
I+ + OD+ and 0+ Reactive data for' the products + 

~0 D 0 OH , 
' 2 ' 

E 0 
.. 

Exp. Eo vo v VCM V/V0 Q, 0a 

No. s 

. + 
~0 

I i 
412 311.82 14.50 13.71 13.65 0.946 2.05 -2.05 

392 49.84 17.35 .16.33 19·33 0.939 2.93 -2.93 1.08x1o4 

D o+ 2 

416 34.82 14.50 12.89 3.87 

. 399 49.95 17.37 15.41 15.44 0.887 5-55 -5.55 
465 75.09 No signal 

OH+ 

413 34.82 14.50 13.65 2.05 

389 49e75 17.33 16.55 16.31 0.955 2.93 -2.92 

391 50.32 17.43 16.)0 16.40 0.935 2.96 -2.96 l.1lXl04 

OD+ 

397 50.20 17.41 15.62 15.48 0.897 5.58 -5.57 
562 67.7 20.22 18.5 17.97 0.915 7.52 -7-51 - ' 

463 75.45 21.34 19.38 18.97 0.908 8.38 -8.35 5.4 x:to4 

-46>7 100.09 24.58 22.90 21.85 0.931 11.12 -10.92 2.0 Xl05 

+ . + 
0 from 02 + D2 

405 50 eV No signal 5-55 
460 76.4 21~48 21.02 19.09 0.978 8.49 

459 100.59 24.64 24.52 21.91 0.995 11.18 l.49Xl0 4 
... 

+ ' + 
0 from o2 + He 

472 64.79 19.78 19 .. 60 11-58 0.990 7.20 
462 74.82 21.25 21.15 18.89 0.995 8.31 1.4 Xl03 

)+56 100.11 24.59 24.50 21.85 0.996 I 11.12 
470 148.75 29.97 29.90 26.64 0.997! 16.53 

All energies have .uni t.s:_. of:~ eV~. Alll vel.Dcri t!if:B have· uni1tW. Q f,. 105 ·: ~m/see. 
a. Arbitrar~ units. 
' 
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Figure 24 shows a contour map of this reaction at 2.93 eV~ The 

circle drawn at -2.0 eV was put in to indicate the Q values involved 

in this reaction. Again, the products have a distribution syrmnetric 

to the center of mass, indicating an intermediate complex was involved 

in the reaction. The fact that very little, signal was observed at
1 

2.05 eV may indicate that the reaction 

(23) 

has a substantial activation barrier, perhaps close to 2.0 eV. In 

+ order for the reaction to occur, o2 has to have sufficient energy to 

pass over this barrier. A threshold experiment is crucial to the under

standing o.f the formation of ~0+. However, due to the low beam intensity 

and the small cross-section involved, we are not certain about the 

interpretation of the 2.05 eV experiment. Threshold measurements are 

best done with the type of apparatus designed by Giese. 5 

3. OH+ 

The reaction 02+(H2,0H)OH+ has been studied by Refaey and Chupka
46 

who determined the total cross-sections from 20 eV to 350 eV(lab). The 

total reaction cross-section is very small, with a maximum of 0.55 A2 

at 60 eV(lab). But these 

certain, due to the large 

measured total cross-sections are very un

amounts of o;c4.rr ) in their ion beam. 
j.l . 

There are two reactions operating at different energy ranges that 

+ lead to the formation of OH : 
' 

o; + ~ ~ OH + + OH 

with 

-6 .. 90 eV~ Q ~_-2,.14eV 

(24) 



0~ + H2 - H20+ +0· 
(49.8 eV) 

Relative Energy = 2.93 eV 
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Fig. 24. An intensity contour map: of H20+ at 2.93 eV. 
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and 

+ + 02 + ~ ~ OH + 0 + H (25) 

with 

-11.25 eV ~ Q ~ ... 6, 49 -ev 
The energetics of these reactions are listed in Table VII. 

A contour map of this reaction is shown in Fig. 25. The circle 

drawn at Q = -1.90 eV roughly indicates the upper limit of Q in this 

reaction. This reaction is similar to 02+(H2,0)H20+ in every respect, 

exc~pt the intensity of OH+ is a little bit higher than ~0+. Again 

the OH+ distribution is roughly symmetric with respect to the center 

of mass. 

Figure 26 and 27 are contour maps of OD+ at higher energies. The 

circles drawn in these maps have the following significance: 

(1) Q = -6 •. 9 eV .i.ndicates the upper limit of OD + stability if all the 

excitation goes into OD+. Reaction (25) is also energetically possible 

inside this circle. (2) Some OD+( 3 TI) is expected to be found inside 

the circle Q-:::: -1L25 ev.. From the maps it is clear that in the 

+ reactions at 8.33 eV and 11.12 eV the OD product is peaking slightly 

forward. As in th~ o2H+ reaction, the reaction energy is partitioned 

into the internal excitation and the translational motion of the prod-

ucts. Thus a more direct type of interaction is taking place at these 

energies. There are two possible mechanisms which explain such observa-

tions. 

One of these models utilizes the direct mechanism, and the sequence 

of reaction is indicated as follows: 

direct 
interaction 

unimoler.ula:r 
decay 

+ OD + 0 (26) 
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0~ + H2 - OH+ + OH {50.32 eV) · t+90 
Relative Energy= 2.96 eV 

180° 

I I. , 
105 em/sec ·· !-90' 

20% 
Beam 

Profile 

XBL 6912-6700 

Fig. 25. An intensity contour map of OH+ at 2.96 eV. 
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02 + D2 ---.. oo+ +? (75.5 ev) 
Relative Energy=· 8.38 eV f +90° 

I 1-goo 
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XBL 6912-6735 

Fig. 26. An intensity contour map of OD+ at 8.38 eV. 
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Fig. 27. An intensity contour map of OD+ at 11.12 eV. 
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For an ideal stripping process the reaction is energetically possible 

only if the energy is above ll eV. But we do not have an ideal stripping 

+ process in these reactions. Comparison ·-between the data of o2D . ., and 

+ OD reveals that this reaction is .allowed experimentally-,at an energy 

as. low as 7 eV. 
+ + 

OD was found a.t ?:t yelocity slower than that of o
2

D • 

Furthermore the dtssociation 

+ + 
02-D . --) 02 .. + D 

should. greatly predominate. over. 

+ . + 
0 D ,--) OD + 0 2- --

~ H 2.6 eV 

~- H =.4.4 eV 

This partially explains· the low intensity observed in these 

experiments. 

Another possible reaction path is 

complex or 
direct 

unimoleculaY' 
decay 

+ OD + D 

(28)-

(29) 

This reaction scheme has the attractive feature that all the reaction 

+ energy is available for the internal excitation of n2o . The thermo-

dynamic threshold for reaction (29) is 6.5 eV, or 59 eV(lab). Ener-

getically this reaction is more favorable than reaction ( 26), but it 

+ -
does not predict the velocity of OD as explicitly as reaction (26)o 

More .evidence in support of these models will be given in the non-

reactive collision section below. 

The reaction 

+ + +D20(?) (30) 02 + D2 --)0 

has a Q value of anything up to -1.8 eV. Unlike the other products 

+ + + + 
(02D , OD , and D20 ) of 02 + D2 , this reaction seems to proceed via a 

completely different mechanism. Figure 28 shows a reaction map at 

' 11.18 eV. The product distribution is peaked asymmetrically forward 

of the center of mass, indicating a direct reaction. It should be both 
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'. 
o2 + D2 - o+ + ? 000.59 ev> 
Rei at i ve Energy = 1 1.18 eV l +go• 

1 
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XBL 6912-6693 

Fig. 28.; An intensity 'map of 0+ from oJ + D2 at 11.18 eV. 
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interesting and informative if we can compare the reaction with 

+ 0 + 0 + He (31) 

Helilium has the same mass as D2 , and at high energies both D2 and He 

are expected to interact with o; in similar manners. Figure 29 shows 

a contour map of Reaction {31) at a comparable energy. It is obvious 

that the two maps have the same general features with a strong peak in. 

front of the center of mass. Furthermore, if the velocity spectra are 

compared, the intensity peaks almost have the same velocity. This 

immediately leads to the conclusion that these two reactions go by the 

same mechanism. Reaction (31) has been studied in detail in the collision 

induced dissociation investigations.58,59 Threshold studies disclosed 

that no signal was observed for both Reactions (30) and (31) at 5.5 eV. 

The threshold for o; dissociation is 6.8 eV or 61 eV(lab ). Unlike 0+, 

+ + + 
OR , o2D , and H20 were detected at 50 eV, and these products were 

shqw.n to come from a complex. All these lead to the conclusion that 0 + 

+ does not come from the complex H2o2 , rather the signal we saw was from 

+ a collision induced dissociation of 02 ~ 

In at least one reaction 

+ n2 o + 0 

D 0 + 0+ 
''2 

(32) 

(33) 

we may find 0+ from the complex. However, the ionization potential of 

+ 0 is l eV above that of n2o. Therefore in the dissociation of n2o2 , 

the charge is more likely to end up in D2 0 than in 0. There may still 

+ + be some 0 coming from n2o2 ; the signal may be so weak that it escaped 

detection in our apparatus, or be completely masked by the signal coming 

+ from the collision dissociation of 02 • 

'II 

'! 
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02 +He.,...... o+ +He+ 0 (100.'1 eV) 
Relative Energy= 11.12 eV. l 

+goo 

105 em/sec 
1-90· 
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' XBL 6912-6702 

Fig. 29. An intensity contour map of t/ from o; + He at 
11.12 eV. 
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The mechanism of collision induced dissociation was discussed in 

detail in another report. 59 The version of the stripping model best 

describes the formation of 0 + in these reactions. In this model, one 

atom of the molecular ion interacts with the target molecule, while 

the other half of the ion proceeds as 'a spe'ctator and is subjected to 

little or no force. · Thus in this mode of reaction, the spectator ion 

will appear close to the velocity of the parent ion. Such predictions 

were observed in the 0+ experiments as can be seen from the data listed 

in Table VII. 

E. Non-Reactive Collisions with D2 and He 

The basic purpose of a non-reactive collision study in a chemically 

reactive system is to find information which may supplement that ob

tained in the reactive studies. Kinse~1 inferred complex formation 

in the non-reactive collision of alkali metal atoms with co2 and so2 , 

although no reaction took place in these reactions. "Sticky" collision 

bumps were also observed in the non-reactive collisions of alkali atoms 

with alkali halides by Herschbach,. et a1. 15 In these cases chemical 

reactions took place. 

We have studied non-reactive scattering together with reactive 

+ 9 + ll + 10 collisions in the reactions N2 + D2 , N2 + CH4, and Ar + D2 ; 

definite correlations could be made. For example the non-reactive 

+ experiments in Ar + D2 and He enabled us to estimate the reaction 

probability of the reaction. 

Figures 30, 32, and 34 show .,the angular distributions of the non

+ reactively scattereq o2 • The Q circles have the following meaning: 

!+.55 ev' is the dissociation limit of the D2 molecule; 6.80 eV is the 

. I 
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threshold for the ·~issociation of o;, and 9.9 eV is the vertical 
. ; ., I 

transition (Frandk-Condon type') bf ri2 (
1
2:g) to n2 (32:1J.)., For comparison 

the cohtour maps of 02+(He,He)02+ are shown in Figs. 31, 33, and 35 at 

comparable energies. [ 

i I 
Let us first, compare Figs. 30 a;nd 31. Three striking features 

appear. {l) There is no intensity inside the Q, = -6.48 eV circle 
+ I 1 

for 02 + He while l:ts of signal is (ound inside the + circle for 02 + D2 • 

(2) There is some 02 scattered very inelastically to 180° in the reactive 

system. 
+ . . 0 

( 3) Elastic scattering of 02 from D2 was observed to ±50 in 
I 

the CM system, while 180° elastic o; slightly inelastic scattering of 

+ I 
0 2 in He was observed. Apparently the presence of a reactive molecule 

I 

D2 caused all these differences. The interpretation of feature (1) is 

+ ·quite straightforward. For the 02 + He case, the oxygen molecule could 

not take up more than 6.80 eV of exditation and there was no signal 

inside· the 6.48 eV circle. + For the 02 + D2 case, part of the excitation 

+ can be transferred to D2 and 02 
I 

Features (2) and (3) imply that 

was found scattered into this circle. 

I + . . 
close collisions between 02 and D2 have 

a reaction probability near unity. Similar features were also observed 

in Iil2+(D2,2D)Iil2+~9 The intensity of o; close to the Q, = -6.48 eV circle 

I . + 
is more interesting. This also leads to the question of why the 02 

I 
wa.s preferentially scattered forward. If the signal came from the 

' + ' 
unimolecular decay of n2o2 , an isotropic distribution around the center 

of mass would be expected. It· was suggested earlier in the OH+ section 
I 

that the OD+ mig~t come from a unimolecular decay of o2D+. It was 

+ also indicated that more o2 would be coming from the unimolecular 

+ + 
decay of o2D since the 0-0 bond is stronger than the OD bond in o2D • 

I 
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o; + 02--.. o~ + o2 (99.9eV) 

Relati~e Energy= 11.1 ev 1+90° 

Q= -6.48eV 

I I 
J 105cm/sec 

... , 
\ \ oo 
1--~ 
I 
I 

_ .. ,20% 
Beam 
Profile 

.· . + + " 
Fig. 30. An intensity contour map .of 02 from o2 + D2 at ll.l eV •.. 
The cross near the intensity peak locat~s the Velocity of 0~ coming 
from a unimolecular dissociation of o2D which is formed via the 
ideal stripping mechanism. Tb,e small circles locate the intensity 
maxima of the scattered 0~. 

'' .·., 



+ + ' 02 +He~ 02 +He 000;1 eV} 
Relative Energy = 11.1 eV 
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I I 
105 em/sec 

'. ! -90° 

XBL 6912-6696 

Figo 31. An intensity contour map of .o; from 0 + + He at 11.1 eV. 
The small circles locate the. intensity maxima ol the scattered · o;. The circle labeled Q=O locates the elastic scattering of an 
infinitely sharp beam from a stationary target. 
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According to this model the reaction below took place 

cl.irect 
interaction 

unimolecular 
ciecay 

+ 
02 + D + D (34) 

The velocity of o; coming from this ,reaction should have nearly the 
I . + 

same velocity as o2D • The "X" in the contour map marks the expected 

position of o; coming from a unimolecular decay of o2D+ following an 

ideal stripping reaction. While in the N2+(D2 ,2D )N2+ coll:Lsion, it was 

concluded that.the intensity peak of.~ was due to a collision induced 

dissociation of n2/ we are inclined to think that in the present case 

the 02+(D2,2D)02+ intensity maximum was due to a unimolecular decay. 

. + of o2D • 

There are two reasons why we believe the o; case is different 

+ from the N2 case. (l) The intensity maximum from N2+(D2,2D)N2+ was 

sharp and had an angular distribution basically the same as the primary 

ion beam. 
+ + 

In the •02 case, the angular distributions of 02 is reminis-

cent to that of a stripping reaction. Thus N2+(D2,2D)N2+ and 

02+(D2,2D)02+ do not occur by the same mechanism. (2) Data from OD+ 

+ + 
and 12 seem to complement each other and they may originate from a 02 

+ unimolecular decomposition of o2D • The difficulty of such a model is 

+ + that the 02 and the OD observed at comparable energies did not have 

+ . + 
quite the same velocity, with 02 peaking slightly in front of the OD • 

One nice thing about the model is that it does explain the preferentially 

+ forward scattered 02 • 

Similar observations can be made with reactions at 8.3 eV (Figs. 

32 and 33). Again the "X" in the o; + D2 map marks the ideal stripping 

position and the data agree well with it. 
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+ 

XBL 6912-6697 

Fig. 33• An intensity contour map of 0~ from 0+ + He at 8.2 eV. 
The small circles locate the intensity maxima o'f the scattered 
0~. The circle labeled Q = 0 eV locates the elastic scattering 
of an infinitely sharp beam from a stationary target. 
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The reactions at lower energies still retained much "o:f the same 

+ 
features as occurred at higher energies, except the 02 forward peak 

disappeared; in its place some intensity plateaus were found. This is 

probably due to- energy restrictions. Figures 34 and 35 show the reac-

tions at 5.5 eV. Inside the -4.5 eV circle dissociation of D2 is ener

getically possible. .The -4.5 eV circle in Fig. 35 does not ~ave any 
I 

meaing; it was put in for comparison with _Fig. 3L~. The process as ex-

plained above still operates here. If the intensities inside the 2 eV 

circle were lifted from Fig. 19 and added to those :in Fig. 35, we would 

roughly reproduce the scattering pattern in Fig. 34. Of course some of 

these intensities might come from the tinimolecular decay of the complex: 
! 

(35) 
I 
I 

The arguments given above are speculative at best~ Scattering 

patterns close to that predicted by this model (reaction· 34) were in

deed observed, and the results in, 02+(D2,0D)OD+ and in 02+(D2,2D)02+ 

complemented each other. At present we do not have sufficient data to 

prove or disprove such models. Experiments at higher and lower energies 

covered in these experiments would definitely help. 

It is not surprising to see N2+(D2 ,2D )N2+ and r~2+(D2 ,2D)02+ 

behaving differently, because the chemical interactions. invoJved in 
/ 

these two react~ons are quite different. The great mystery would be 

the Ar+(D2,D2)Ar+. 17 Like o; and N;, Ar+ interacts strongly with D2 • 

Why then did we not see any collision induced dissociation in 

Ar+(D2 ,D2 )Ar+? Would the difference in the projectile mass make any 

disparity? Or, did the observations in the Ar+(D2,D2)Ar+ experiments 
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Fig. 34. An intensity contour map of 02 from 02 + D2 at 5.57 eV. 
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0~ + He ~ 0~ +He (49.9 eV) f +90° 
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Fig. 35. An intensity contour map' of o; from a;· + He at 5. 55 eV. The 
small circles locat~ the intensity maxima of the scattered 0~. The 
circle labeled Q = 0 eV locates the elastic scattering of an infinitely 
sharp beam from a stationary target. 
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put their weight in favor of the model propos ::d above? Dittner and 

. Datz61 have studied the nonreactive collision of K+ and Na + with D
2

• 

No dissociation of D2 was observed at energies comparable to those 

studied in Ar+(D2 ,D2 )Ar+. There are
1 

many reactions which might shed 

some light on the mechanism of dissociation of D2 in reactive systems. 

+ CO + D2 is a good case to study. + 
NO + D2 is anotber. Attempts to 

observe the formation of NOD+ from NO+ + D2 have failed repeatedly in 

this laboratory. 60 + Thus NO + D2 might be a good reaction to test the 

model experimentally, since in NO+ + D2 we apparently have a chemically 

"inert" system. A nonreactive type of dissociation of D2 can almost be 

eliminated if we fail to observe the dissociation of D2 in NO+ + D2• 

F. Isotope Effects 

Kinetic isotope effects in ion-molecule reactions have been dis

cussed by many investigators.
62 

The reactions between rare gas ions 

. 63 
and HD have been particularly well studied. Earlier experiments in 

mass-spectrometers led to the conclusion that long-lived intermediate 

complex was formed in these reactions. Later experiments with crossed 

beams produced no evidence for complex formation down to a CM energy 

.4 
of 0.1 eV. Consequently, the existence of a_complex in these reactions 

are doubtf'ul. 

In the study of 

(36) 

(37) 

+ we have shown that a complex HD02 definitely existed for several rota-

tional periods. The substitution of HD in these reactions affects 
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both the rate and the mechanism of the reactions. 
I ' ·I J • • 

The difference in 

. , + +' 
the rate of formation of o2 D and o

2
H is not surprising and can be 

explained in terms of the.unimolecular rate theory. The effect of Jill 
·I 

on the mechanism o;r the reaction at high ;energies is somevlhat unexpected. 

The influence of Jill on the mechan'ism of the reaction shall be discuss.ed 
I 

I 

first. 

1. Influence on the Reaction Mechanism 

I + 
Figure 36 shows three different velocity spectra of o2 + HD 

at 2.13 eV, 5.21 eV and 8. 57 eV. It should be pointed out that the 

dimensionless velocity scale should only be used between data of like 

~ + 
ions only. For efample, the ideal stripping velocity for o

2 D is at· 

. + I 
0. 941 while that for. o2 H is at 0. 97. The CM velocity is the same for 

both cases. 
. + + 

As the reaction energy is lncreased, o2 D and o2 H forms 

+ 
via different paths. Let us follow o2 H first. At an energy slightly 

above the t~reshold, both ions have peak velocities at the center of 

+ 
mass'implying the existence of the co~plex HD02 • As the reaction 

+ energy is increased o
2

H . starts to peak in front of the center of mass 

-
and finally reaches the ideal stripping velocity at 8, 57'eV. ' 'This a13pect 

of the reaction is completely similar to those in the 02+(D2,D)02D+. 

Unlike the formation of
1

0
2

D+ in o; + n
2

, very little intensity is 
I 

. + 
observed behind the center of mass. Let us now follow o

2
D ~ In Fig. 

. + + . + 
36(a), o

2
D is at the center of mass }ike o2H. In Fig. 36(b), o2 D 

is peaking behind the center of mass. However, the peak is not as 

+ 
prominent as that of.the o

2
H. In Fig. 36(c), we can discern two 

well-defined peaks, one peaking forward the other backward to the 
I 

center of mass, with the backward peak intensity l-l/2 times that 

·I 
I 
I 
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Fig. 36 •. Velocity spectra of o
2

D+ and o
2

H+ from 

0+ HD 2 + • 

.. 
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(b) E~ = 5. 2 I eV 

{c) E~ = 8.57 eV 

Fig. 36 . 
'• . ·~· . ' '. 

•. ' 
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of the forward. The products formed in these isotopic reactions at 

+ . b + high energies are: o2D predomlnently ackward and o2H predominently 

:forward. + The behavior of o2H at higher energies can easily be ex:.:. 

plained in terms of 'the stripping process which is not. surprising 

since we found similar effects with 02+(D2,D)02D+. Simple calculation 

+ shows that at higher energies o2D could be formed by the following 

+ . 
process: (l) 02 collides completely inelastically with the. D end of 

Hb, (2) the resulting o2D+ molecule collides elastically or inelastically 

with the H atom, C3) as a result of the collision H recoils forward 

+ while o2D bounces backwan:i. For an ideal process vjv
0 

= 0.81, as 

+ 
calculated in Section II. The charge is favored to stay on o2D since 

it has a lbwer ionization potential than the H atom. While these 

simple models do explain quantitatively the behavior of the reactions 

at higher energies but they failed to explain why one is favored over 

the other. 

There is one simple geometric explanation for all these. If we 

take the stand that the HD molecule has its center of mass shifted 

toward the D atom;. in rotation, H will be forming an outer shell 

covering the D atom. Since stripping processes take place at large 

distances, o; will be seeing the H atom most of the time and the 

formation of o2H+ is favored. At higher energies, the molecule HD 

+ . + 
will appear "frozen" in space to the incoming 02 and both o2D and 

+ o2H will be formed at the same rate. 
+ 

Since the stability of o2D 

+ and o2H at higher energies is determined by the amount of internal 

+ excitation, o2H is again favored. For the back scattered products, 

the rotation of the HD molecule gives the D atom a greater density at 



. + 
the core, hence.the formation of o2D (180°) is favored. Furthermore, 

+ + 
inelastic collision between o2H · and D, or o2D and H will transfer 

64 
more energy to the molecule in the former case. This is the reason 

+ why we did not see too much o2 H, scattered to 180° at higher energies. 
i 

Similar isotope effects for the 180° peak were also observed in 

i + 65 
N2 + Jill. The velocity spectra data are summarized in Table VIII. 

2. Influence on the Reaction Rate 

I t f th 1 . . ha . 14 t. (36) . (37) . n erms o e 1ndemann .mec n1sm, reac 1ons and can 

be written as 

(38) 

(39) 

[HDO+J*~~ [HDO+]t 0 D+ 2 ~ 2 ~ 2 (40) 

where the * * fndicates that the molecule has an internal energy E 
"" ! 

equal to or greater than the critical energy for dissociation (E ), c 

t denotes an activated complex, and kal' ka2 are the first order rate 

constants for the decomposition of an excited ROO; into the products. 

In the present experiments, only the forward reaction in Equation (38) 

was investigated. 

The k involved has been the subject of intensive studies iri the 
'a 

theory of unimole~ular rate theory. Using a quantum_statistical 
I 

model: Rice, -Ramsperger, Kassel and Marcus developed the so called 

. ·t· 66 , 67 I th· th k RRKM theory of unliDolecular decompos1 1on. n · lS eory, c a· 

in its simplified form, in which rotation is inactive, is 

> • .,.. 
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s-1 

s-1 . 

s 
l1 

i=l 

* s-1 
v .j II 

l i=l 

the rotational partition 

the unenergized molecule 

V. .l 

t 

functions for 

respectively, 

(41) 

(42) 

the 

t *· t E = E - E , E and E are the zero point energies of the molecule c z z . 
+ i· . 

and the activated complex [HD02 ] • The first product in equation (41) 

is of the fundamental vibrational frequencies (v.) of the unenergized 
l 

+ . HD02 and the other 1s of the frequencies of the activated complex. 

The total number of vibrational modes of the molecule is s. 

By. semi-empirical reasoning, Rabinovitch and Diesen67 modified 

the semiclassical energy level density expression of Equation (ln) for 

s vibrational modes, 

( 43) 

by the inclusion of an empirical correction factor "a". It gives 

(E* + a *)s-l;r· ( ) s Ez s til hvi (44) 

svbstituting (44) into (42) we obtained the expression rl (45) 

14 Slater using a dynamical model derived an equivalent expression for 

k a 

[
E* E J 

ka = (v) E-J<- c (46) 
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where \v) is the weighted mean frequency of the molecule, and n 

is the numberof normal coordinates that contribute to the reaction 

coordinate. Comparing Equations (46) and (45) orie notes that (v) <;md 

v are similar. Monte Carlo calculations for simple molecules by 
. 68 I 

Bunker ·· showed that these two terms are within a factor of two within 
: ! 
I 

dne another. Since \v) of the Slater formulation is much easier to 

·calculate, we substitute \v) into equation ( 45 ). With this simplifica-

tion, one is left with 

k ""' a 

s-l 

(47) 

In the decomposition of IID02+, E 1of reaction ( 40). is greater than 
cl 

Ec of reaction (39). An examination of equation (47) gives ka2 /kal > l. 

Actually, the ka2/kal ratio is also compounded by the energy level 
'~ .. ,; .. 

c . + 
densities of the activated complex which again favor the product o2D 

as can be seen in equation (41). 

Now the collision' rate constant k is given by 

(48) 

+ where n
1

, n2 are the density of the colliding particles 02 . and HD, 

0
0 

D+ is the total reaction cross-section leading to o
2

D+, g is the 
2 

relative velocity vector and f(g) is a distribution function of the 

velocity vector. A similar equation can be written for the formation 

+ of o2H • Comparing equation (36) and (35), we see that 

.k ;2/k l ex: ·" a a 
\ 

··\ 

0 0 D+ 
2 > l 

' 'i 
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At higher reaction energies, direct interaction: took place and.the 

isotope ratio would be reversed as predicted by the ideal stripping 

model. Table VIII presents the data obtained in the isotopic studies 

of these reactions. 
1 

In these investigations total ci·oss-sections were 

not .measured; they cannot be determined conveniently in our appar.atus. 
. . I . . , ~ 

Instead, differential cross-sections I(X) were calculated according-

to equation (11+) where I(X) = I(Oa) + I(l80 6
). At low energies, the 

ratios of I(X) are good approximations to the ratios of the total 

reactive cross-section. In the region of the energy where a complex 

is expected, I(X)02D+/I(X)02H+ gradually rises to a maximum value of 4; 

then direct reaction becomes more important and the ratio drops to 0.121 

at 100 eV(lab). One should not take these ratios too seriously,. but 

they do give qualitative values as expected from a statistical complex. 

We should further point out that the isotope ratios as calculated above 

could be meaningless at high energies, since the mechanism of formation 

+ and o2D are quite different. 

G. Lifetime of the Complex 

Attempts were made to detect the complex 
+ 

~02 directly at thresh-

old energies. All efforts failed, indicating that 
+ 

the ~02 lived less 

-5 than 10 seconds--the time an ion takes to get from the reaction cell 

+ 
to the detector. We cannot rule out the possibility of finding ~02 

with a lifetime longer than 10-5 seconds. Norton69 observed a mass 

peak 34 when a mixture of 02 and H2 were introduced into a Nier 60° type 

of mass spectrometer. Of course the complex could be stabilizedby 

collisions in the mass spectrometer. 



Table VIII 
'Isotope effects . 

Exp. Eo vo VH 
a 

VH/Vo QH I c VCM 
v b VD/VO ~ 

I c :t(x)D/I(x) Eo 
(x)H ,D - (x)D s 

44o .· 
12.24 ll.l8 1.145><103 ll.l3 4 2.13 441 24.82 0.913 -2.13 11.19 0.909 .,..2.11 2. 49; XlO 2;17 
' 

•' 

513 37.18 14.98 13.84 0.923 -3.00 3.23 Xl02 13.70 13.54 0.903 -3.04 8.88 Xl02 
2:.75 3.19 514 

509 50.00 17.38 16.31 0.938 -3.74 2.0l2Xl03 15.89 15.86 0.912 -4.28 8.27lXl03 4;.11 4.29 510 

516 6o.8o 19.16 18.17 0.948 -3.95 3.264xlo3 17.52 17.15 o. 895 -4.30 6. 626x1o3 2.03 5.21 517 

518 74.66 21.23 20.34 0.958 -3.81 2.188xlo3 19.41 18.91 o. 890 -4.80 3 6.40 
519-

2.16 XlO 0.99 
I 

522 5.24 X102 I-' 

22.46 0.961 -4.03 l. 521Xlo3 20.70 0.886 o. 34. 7.74 
0 

90.27 23.35 21.35 -5.23 0 
523 I 

546 
547 100.02 24.57 23.66 0.962 -4.34 6.05 Xl02 22.47 21.77 0.886 -5.58 7.348xlO l 0.121 8.57 

543 74.98 21.28 - - - - 19.45 18.95 o. 890 -4.86 - - 6.43 

550 139.89 29.06 - - - - 26.57 25.69 0.884 -7.21 - - 11.99 

All energies have units of eV 
All velocities have units of 105 em/sec 
a + H denotes 02H b· + _ D denotes 02D cArbitrary units 
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The lifetime of the complex (1:) at different energies can roughly 

be estimated if all the terms in k are known 
a 

* 

1 
k"" 

a: [ 
* J s-1 E + aE 

(v) * z 
E +aEz-Ecl 

Since E is specified in the experiment and E can be calculated 
c 

(50) 

accurately from the known quantities listed in Table V, the problem. 

now is in the evaluation of (v) and aE . Both of these terms require 
z 

+ knowledge of the fundamental frequencies of D2o2 • 

No spectroscopic data is available on D2o;. However, a good 

. estimation can be had if v1 , v2 , v 4, v
5

, and v6. could be taken the 

0 70,71 d . f 72 . same as a normal D2 2 an v
3 

lS set equal to v2 o HNO s1nce 

+ 
HNO is isoelectronic with H02 • The moment of inertia IB' around the 

73 . c2 axis of n2o
2

, was measured by microwave techniques. These molecular 

constants are tabulated in Table IX. 

With the knowledge of v., (v) 
l 

was calculated as the root mean 

. · square of v. and the zero point energy E was also calculated • 
l z The 

''a" factor was evaluated by the method outlined by Whitten and 

b . 't h 74 Ra 1nov1 c • In general for this reaction the "a" factor is slightly 

less than 1 at the threshold energy; for example, a = 0.98 for reac-

tion (20). "a" can be set equal to 1 if E 2 10 Ez without causing 

much error. The constants required to calculate "a" are also tabulated 

in Table IX. 

In calculating the lifetime of a complex, it is convenient to 

express 1: in terms of molecular rotations ( 'L t ). ro 

frequency (v t) of a complex can be estimated by . ro 

.The rotational 
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Table IX 

Molecular constants 

Dimensions 112°2 + D202 
+ 

-1 3610 2670 vl em 

-1 
1315 ],042 v2 em 

-1 
I 

v3 em :1562 1562 

-1 
170 131 v4. em 

-1 3614 2680 v5 em 

-1 1266 947 v6 em 

-----------------------------------------------------------------------

v 

s 

. . 

2 
g em 

2 
g em 

eV 

2.96x1o-40 

34 Xl0-40 

0.673 

1.5398 

6 

5.6x1o-40 . 

~ 34xlo-40 

0.56 

1.3791 

6 

1.1493 

-------------------------~------------------------------------------~-
sec 

rot/sec 

-14 
l. 485X10 

0.26Xl013xg 

v1 = symmetric vibrations of stretching of 0-H 

symmetric vibrations of bending 

=vibrations of 0-Q·stretching 

torsional'vibrational. frequency 

v5 = antisymmetric vibrations.of 0--D stretching 

v6 = antisymmetric vibrations of bending 

I 

6. -14 
1.88 XlO 

·0.49 X1013xg 
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I v == J-.Lbgj27T .. rot . (51) 

where J-.1. is the reduced mass and b is an impact parameter. However, 

the gas kinetic cross-section o(gas) is defined as 

a (gas) == 7T b
2 

(52) 

Ordinary o(gas) varies from l i 2 
to 10 A2 

so 
' 

b 

to the variations in a( gas). We arbitrarily set b 

is not too sensitive 

equal to 10-S em. 

With the measured moments of inertia IB and IA' the rotational fre

quencies of the complexes can be estimated by equation (51). 
+ For D

2
02 

Vrot (IB) ""'0.49 X 10
13 X g rotations/sec 

Vrot (IA) ""'0.30 X 10
14 

X g rotations/sec 

v rot ( IB) ""' 0.26 X 10
13 

X g rotations/sec 

v (IA) ""' 0.30 X 10
14 

X g rotations/sec rot 

where g is the relative velocity and it has a unit of 10
6 

em/sec. 

The lifetime T of D2o; and H2o; with respect to the total reaction 

* * energy E is tabulated in Table X. E is defined as 

* E Eo E 
+ "b S Vl 

(53) 

The vibrational energy of o; (Evib) was ~stimated earlier to be 0.6 eV 

to 0. 7 eV. Here we took Evib == 0. 6 eV. ,':Of course any meaningful 

comparison between the calculated T and the experimental data depends 

on the accuracy of the numerical results used in the computation of T. 

We believe that the T tabulated in Table X were underestimated. 
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Table X 

Calculated lifetime of the complex 

E 0 * Eo vo s E T T 

(eV) Xl0-5cm/sec (·ev) (eV) (sec) rotations· 
I 

' + For D20,2 

16.2 8.07 1.2 1.8 1.27><10-9 5.02x103 

34.75 14.5 3.86 I 4.5 l. 48xl0-12 10.5 

42.13 15.95 4.68 5-3 8. 49XlO-l3 6.6 

49.2 17.24 5-47 6.1 5·31Xl0-13 4.5 
61.14 19.21 6.79 7-4 3.06XlO-l3 3 

75.20 21.29 8.36 9.0 l.90XlO-l3 2 

For 11202 
+ 

20.67 11.17 1.22 1..82 . 4. 41Xl0-10 1. 28x1o3 

50.0 17.4 2o94 3.54 2.91Xl0 -12 13 

65.89 19.94 3.88 4.48 • l.05X 10 -12 
5 

i 

'I 
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Ho-wever, some qualitative statements can still be made even though the 

above calculations were an order of magnitude off from the actual 

value. 

Comparison between the experimental data and ~ can be made 

* * ' conveniently at E == 1. 8 eV, 4. 5 eV arid 9. 0 eV. E l. 8 eX is the 

thermodynamic threshold for the reaction a2+(D2,D)a2D+; the lifetime 

+ 
of D2o2 is fairly long but not long enough for a direct detection by 

our apparatus. Examination of equation (50) tells us that we might 

* have T = oo at a reaction energy of E 
I 

== l. 8 - E eV. z Such a measurement 

is a direct proof of the validity of the statistical model at an 

* energy close to the threshold. At E 4.5 eV and above, the reaction 

mechanism changes to a more direct type of interaction. Contrary to 

the ordinary definition of a direct interaction, the complex still 

* lives about 10 rotations at this energy range. At E == 9.0 eV, the 

experimental data show-s that o2D+ has a velocity close to that of an 

ideal stripping process. However, the calculated ~ is about two 

rotations, a time maybe long enough for the complex to forget its 

initial directions_. If the common belief that direct interactions took 

place in less than one rotational period were correct, the present 

experiments and computations hinted that statistical models may not be 

applied to situations where the lifetime of the complex is shorter 

than, say, 10 rotational periods. A more accurate calculation of -r 

is required to examine this point critically. 

In summary, the lifetime of the complex n2o; at various reaction 

energies was calculated. + As expected the lifetime of n2o2 at energies 
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closed to the reaction threshold was quite long. Difficulties in the 

comparison between the experimental data and the computed value arise 

in the higher energy regime. At high reaction. energies and when the 
,, 

lifetime of the complex is short, the ,choice of the molecular constants 

in these calculations becomes more critical. In view of the lack of 

experimental data in the molecul~r constants of D2o;, care should be 

taken not to over interpret the calculated lifetime at energies above 

4.5 eV. ·Moreover, the configuration of the complex at 4.5 eV and 

+ above may not be the same as an ordinary D2o2 as suggested in Section 

H below. Thus the computation at 4.5 eV and above could be off by 

several orders of magnitude. We should also keep in mind that the 

. + 
unimolecular rate theory may not apply to small molecules like D2o2 

as successfully as to large molecules. 

H. Mass Spectrum 

+ 
We have shown that a complex was formed in the reaction 02 + ~· 

Earlier Field, Franklin; and Lampe75 found that if a complex were 

formed in an ion-molecule reaction, the decomposition pattern o'f this 

complex could be similar to the mass-spectrum of a molecule ~hich had 

the same composition. Thus a comparison between the mass-spectra of 

+ + 11202 and 02 + 112 could be both interesting and instructive. Such a 

comparison is done in Table XI. To facilitate comparison, the intensity 

+ of o2H was normalized to 1. All the other intensities were calculated 

+ relative to that of o2H • Of these data, it is felt that the work of 

Hudson and Foner,76 and Kerwin and Cottin77 to be most reliable. Data 

from 1120; all exhibit the· same general results, that is the intensity 

! i 
'! 

... l 
I 

I 

! 
I ., 
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Table XI 

Mass Spectra of H202+ Intensity 

Products Cottin and Foner and ':78 Gruffy and This Robertson· 
Kerwin Hudson Lindeman79 work + 

4o eV e - -100 eV e 50 eVe 70 eV e 50 eV 02 

'+ 
0 12 0.05 < 0.2 : 0.23 0 

OH+ 37-5 1.32 20 2.3 0.09 

E20+ 122 3.3 (10)) (l~) o.os 

02 
+ 

12.5 0.4 (1B) (7.6) 

. 0 H+ 1 1 1 l, l 
2 

+ 
1J202 1.5 22.0 10 11.5 0' 

( ) Data very uncertain 
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+ . + + 
of OH and H20 are larger th~n that of o2H • Our data is exactly 

opposite; the o
2

H+ inte~sity was 10 times those of OH+ and 

result is rather puzzling. It was calculated earlier that 

+ 
~0 This 

+ -)(-
the (~02 ) 

had a lifetime of about 10 rotations, at a reaction energy of 3. 54 eV. 

Under such conditions the (H2o;) may not have 'enough time to become 

+ equilibrated and behave more like a H202 and a mass-spectrum like 

+ . 
1~02 lS not expected. It is tempting to conclude that our intermediate 

+ did not have a configuration like an ordinary ~02 , at that particular 

energy. 

*(H2o;) is the complex from o; + H2· 
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VI. SUMMARY AND PERSPECTIVE 

The dynamics of N+(H2,H)NH+ has been studied in detail from 20 eV 

to 70 eV(lab); in this energy range the reaction occurs mainly by a 

direct mechanism. Some of the electronic states of the products could 

be identified due to the restrictions of the Q value limits. How-

ever, the more interesting energy range 0 eV to 20 eV could not be 

reached by the present experimental set up. Hence the existence of a 

reaction complex at low energies is still unsolved. Naturally, future 

investigations should concentrate on low energy experiments, on the 

threshold behavior of the reaction, and on the angular distributions 

of the products. Because of the simplicity of the reaction, it should 

be a very attractive system for theoretical computations. The initial 

quantum states of the reactants could be specified unambiguously and 

the final quantum states (vibrational and electronic) of· the products, 

particularly those formed at low reaction energies, could also be 

identified by virtue of energy conservation arguments. Thus the data 

generated in the present and future experiments of N+(H2,H)NH+ should 

provide a rigid test for any theoretical calculations. 

The mechanism for the conversion of the translational energy into 

electronic excitation is still not well understood, though a mechanism 

was proposed to account for the observations. The difficulties in the 

interpretation was compounded by the uncertainty in the initial states 

of the primary ion. Generation of the ground electronic state of 
J~:~,~ ~;; 

atomic ions must be further developed. The translational energy spec

trum of 0+, C+ and F+ on He should be more revealing than N+ studied 

here, because the first few electronic energy level spacings of these 
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+ ions are separated further apart than those in N • Thus the identifica-
,' 

' ! 
tion of the states of. the ions after a collision with He could be made 

with less ambiguity. Again such excitation process should be within 

reach by theoretic~l investigations and the data obtained here serve 
. I 

to be a guide and a test for any computational models. The non
i 

r 1eactive N+ studied here are by no means complete; the uncertainty in 

the assignment of the electronic states is still waiting to be con-

firmed. 

In the o; experiments, we have made a rather extensive study on 

the major features of the reaction. From the angular measurements 

(contour maps) and the velocity spectra, it was observed that five dif-

+ + + + 0+ ferent products o2H , H20 , OH , 0 , and 2 came out from the reaction 

+ 02 + H2· At lower energies, the contour maps and the velocity spectra 

led to the conclusion that an intermediate complex was formed in these 

reactions. However, each channel of reaction gives a different insight 

into the details of the reaction mechanism and dynamics. 

+ . 
The formation of o2H has the biggest cross-se.ction among the 

+ + + + 
products o2 H , OH , H20 , and 0 • About one half of the efforts in 

+ these experiments were concentrated on o2H • This channel of the reac-

tion gave a rather detailed picture on the partition of the total 

reaction energy into the internal excitation and the translational 

motions of the products. The reaction mechanism involved in this 

channel is as follows: at low energies a reaction complex was formed 

and the o2 H+ came from the unimolecular decay of ~o;, while dire~t 

reactions took place at higher energies. This is the first case where 

a clear transition from complex to direct reactions is observed. It 

'' 
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would be interesting to see if such transitions could be de~ected in 

the energy_dependence of the total reaction cross-secti0ns. 

The formation of OH+ was similar to o2 H+ at low energies. At high 

. + 
energies the formation of OH seemed 1to proceed via a two step process: 

first o2H+ was formed in a direct reaction, and then OH+ came from the 

unimolecular decomposition of o2 H+. Recent experiments80 on 

o; + c2D2 ~ OD+ + c2D + 0 

gave further support of such mechanism. · 

(54) 

. + + + 
Unllke o2H and OH , H20 came only from a reaction complex. Its 

. + 
range of reaction energy was quite narrow compared to those of o2H 

and OH+. From the investigation of H20+, a suggestion was made that 

the reaction o; + H2 had a substantial activation barrier. Such a 

proposal is best verified by a threshold measurement. The threshold 

behavior of the different reaction channels plays a very important 

+ role in the understanding of 02 + H2· Unfortunately, at present we 

+ could only determine the threshold for the formation of 0 . 

It is surprising to find that the majority of 0+ formed via a 

direct process--that of a stripping. The formation of 0+ is similar 

to the 0+ from o; + He, indicating that the mechanism involved was 

some type of dissociation induced by collision. 

Using the unimolecular rate theory, the lifetime of H2o; at dif~ 

ferent reaction energies was calculated. Such computations did not 

agree with the experimental data at high energies, and when the life-

time of the complex is short. 

+ for the formation·of o2H and 

The isotope effects, at low energies, 

+ + o2D from o2 + HD came out as expected 

from the unimolecular decay of a complex. Careful measurements of 
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the tqtal cros~-sections for the formation of o
2

D + and o
2

H+. should·· 

offer. a most stringent test for the u.riimolecular rate theory. Sur-
. . j . . . . . . . . 

pris'ingly_, isotopic substitution also affected the mechanism of· reaction 

at high energies. The reaction mechanisms were identified)· but the 

+ + 
:ilntrinsic difference between 02 + ~ and 02 + 'HD remains unclear. ! . 

·., 
I· 

I 

·I 
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