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DYNAMIC ISarOPE EFFECTS IN ION-MOLECULE REACTIONS 

Arthur Stephen Werner 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 

Department of Chemistry, University of California 

Berkeley, California 94720 

ABSTRACT 

An ion-beam scattering cell apparatus was employed to measure product 

ion velocity and angular distributions from the reactions of 02+ with HD. 

Five pairs of contour maps of the specific intensity of 02D+ and 02W were 

measured at collision energies between 2.5 and 8.6 eV. At energies below 

4 eV the product distributions are isotropic about and peak at the center

of-mass velocity, indicating that 02D+ and 02n+ are produced primarily 

from the decay of a long-lived complex and that these products are highly 

internally excited. It is also found that most of the system total 

angular momentum appears as product-ion rotation. 

At high collision energies the o2+(HD,~)~=~ reactions are direct. 

The 02H+ is strongly forward scattered and the 02D+ is primarily back-

scattered. Spectator stripping is invoked and a double head-on impulsive 

collision model is proposed to account for the high energy dynamic isotope 

effect. Integrated total cross-sections for 02D+ and 02W formation are 

calculated, and the 02D+ / 02H+ isotope ratio is found to vary from 5 at 

low energy to 0.9 at 8.6 eV. 
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The reactions 02+(HD,~)g~ w~re.inVestigated in the relative 

collision energy range from 4~3 to 21.5 eV and are direct at all energies. 

Both product distributions are extremely broad in the center-of-mass 

system and most of the available energy goes into product excitation • 
. ·+.. ..... ·: . . . . .· 

The OH d~str~butions are forward peaked at all energ~es. The on+ 

specific intensity sp~ctra are highly symmetric about the center-of-mass 
. . . 

velocity, but at large relative energies backscattered product predominates. 

The on+joH+ isotope ratio decreases from near unity at low collision energy 
' 

to 0.07 at 21.5 eV. A doUble pickup mechanism is devised to partially 

accotult for th~velocity spectra and isotope effects. 

Contour maps of the o2+(H2,0)H2o+ reaction were measured at 

collision energies of·7.3'and 8.9 eV. 
. +. . 

Product H20 ions are backscattered 

at both energies and at 8.9 eV the neutral 0 atom is formed in an excited 

electronic state. A two step "rip-off" mechanism is used to explain the 

dynamics of this reaction. 

· Quasi.equllibrium theory (QET) is used to calculate product. ion 

intensity ratios and lifetimes of the H2o2+ complex formed by low energy 

collisions of o2+ and H2• These computations are canpared with our 

previously measured 02g+, oa+ and H20+ intensity distributions. It is 

concluded that the large excess of 02W over the other two products is 

due to direct formation of this ion at all collision energies. By 

inclusion of anharmonic contributions and vibration-rotation interactions 

in the QETrate constant caJ.cula.tio~, the H202+ decomposition life-

time. can be made to agree with measured product ion velocity-angle 

scattering distributions. 

i 
I 

~l 

I 
·-t: 
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CHAPrER. I. INTRODUCTION 

A. Ion-Molecule Reaction Dynamics 

Experimental studies of gas phase ion-molecule reactions over the 

past 15-20 years have provided chemists with significant insight into 

the dynamics of molecular interactions. Recent progress in the ion

molecule reaction field has been the subject of several recent reviews.
1

- 3 

Classical theories4 of chemical kinetics postulate the existence of an 

intermediate complex between reactant and product channels, which has 

been interpreted to mean that chemical reactions proceed via formation 

of a long-lived intermediate species. 

The development of molecular beam techniques permitted the measure-

ment of product velocity and angular spectra. These early experiments 

showed that, in fact, many reactions proceed directly, even at low 

collision energies. 3' 5 The most extensively studied ion-molecule reac

tions, N2+(H2,H)N2W
6 and Ar+(H21H)Ar~, 7 * were found to proceed 

principally by the spectator stripping modelJ
8 

that is the ionic projectile 

* This shorthand notation will be used throughout the thesis to stand for: 

Two reactive channels are abbreviated: 

+ H 
for 

+ D 
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abstracts one hydrogen ata:n from the neutral without transferring any 

momentum to the spectator atom. In the N2 + reaction, 6d as well as in 

the ~(H.2~H)NH+ reaction,9 the product scattering distributions also 

indicat~ ~ small contribution to the total cross-sections of a mechanism 

wbich results in products backscattered in the center-of-mass coordinate 

system. This type of interacticn is peculiar to small impact parameter 1 

or head~on, collisions. 

Subseq}lent dynamic studies have uncovered interesting examples of 

ion-molecule reactionswilich do not proceed.thro:ugh formation of long-

1. d ll. i . 1 lO,ll Th d th rmi ti f 0 + •th J.Ve co J.S on comp exes.. .· · . e en o e. c reac .. ons o . 2 Wl. 

H2, l2,l3 which are discussed in Chapter III, involve a long-lived inter-

mediate at .low energies, but become direct as the relative collision energy 

is increased. 

B. Intramolecular Isotope Effects 

Kinetl.c.isotope effects have long been a valuable aid in deducing 
. 14 

chemica.l reaction mechanisms. When an. atom of a molecule is replaced 

by an isotope of the same element the mass dependent molecular parameters, 

such as vibrational and rotational frequencies, may be substantially 

altered, yet the potential energyand structure of themolecule.are 

changed only negligibly. 15 The most significant frequency shifts are 

those accomplished by hydrogen isotopic substit~tion because the per

centage change in mass of the atom of interest is substantial. 

Intermolecular isotope studies of ion-molecule reactions were first 

made by Stevenson and Schlissler16 to test the Langevin model of ion-

I 

""' 
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molec~e ;collisions.' Later, F~iedman and. co;..workers17 examined the 

reactic>ns of -rare gas and diatatnic ions with HD at low collision energies . . 

in an attempt to find evidence for complex formation. The reactions 

. ·(· ·• H)ArD+ 18 _ ( H)N n+ 6d, l7b, 19 . 
Ar+ HD',D ArW and N2+ HD,D N~u+ · have been studi~d 

thoroughlY from_ thermal energies to collision energies up to 20 eV. For 

both reaction pairs, approximately equal amounts of xu+ and_xn+ are 

produced _at low energies ( < 1 eV), but_ as the collisio~ energy is in- . 

creased. xu+ "Qecomef? the dominant product. The excess bf xu+ at high 

e%lergies is .in qualitative agreement with the prediction of the idea_l 

stripping model th,at the xu+ jxn+ should become izif'inte ~bove a critical 

collision energy. 

... ~. ,; . c. Thesis Motivation 

rn"the reaction of o2+ with H2, lO,l2,l3 the products 02H+, on+ and 

H20+ are formed by a collision complex mechanism at collision energies 

bel~ 4 eV, and by direct interactions at higher energies. This system 

provides a unique opportunity to investigate the factors governing long-

lived intermediate formation .and also to study the effects of a deep 

potential well between reactants and product channels upon high energy 

impulsive interactions. By studying the reactions of 02+ with HD we 

are able to uncover details in the reacti en mechanisms that are averaged 

The apparatus and experimental techniques employed in this investi

gation are briefly described in Chapter II. Chapter III is a recapitula

tion of the 02+(H2)D2 experiments and same· new- resUlts are presented-a-;d 

/' 
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analyzed. +( oH)on+ and 02 · HD, OD O~ 

reactions are discussed in detail a.nd t~ high energy mechanisms are 

proposed. The low energy reactions of 02+ with the pure and mixed 

hydrogen isotopes are analyzed in Chapter V within the context of 

statistical unimolecula.r dec~ theory. 

I 
'I 
:! 

i 
~I 
! 

i 

i 
~, . ..,, 
I 

i 
! . I 
I 
I 
I 

j 

! 



..... 

-5-
' . -. ~ 

References for cha.pte~·r 
.· . .-., 

, .. ·.~ . • - . ,.",' . . l ·.. . •, ~ . ' ~. 

l. . Ion--MolecUle Reactions in the Gas Phase, -Adv. Chem. Ser. 58 (lg66). 

2. v. Cermak, A. Dalga.rno, E. E. Fe:['guson,- L. Friedman and E. w. 

M~Daniet, Ion ... MolecUle Reactions, Wiley.~Interscience·, N~ York (1970). 

3. L~ Friedman _and B •. G. Reuben, Adv. Chem. Phys. Vol. l2 (to be 
.. · 

published)·. 

4. H. s. John~ton, Ga.s Phase Reaction Rate Theory, Ronald Press Co., 

N~ York (ig66). 

5. D. R. Herschbach, Adv. Chem. Phys., ed. J. Ross, Vol. l2 (lg66), 

pp. 319-393. 

6. a.) K. La.cma.nn and A. Henglein, Ber. Bunsenges. Physik. Chem. ~ 292 

· (i965). 

b) L. D. ·Doverspike, R. L. Champion a.nd T. L. Bailey, J. Chem. Phys. 

45, 4385' (1966) •.. 

c) z. ·Herman, J. D. Kerstetter, T. L. Rose a.nd R. Wolfgang, J. Chem. 

Phys. · 46, 2844 (1967) • 
. ,··. 

"d) w. R. Gentry, E. A. Gisl.S.son~ B. H. Ma.ha.n and c. w. Tsao, J. 

Chem. I'hys. !±2_, 3058 (1968) • 

7. a) K. La.cma.nn and A. Henglein, Ber. Bunsenges. Physik. Chem. -~ 286 

(1965). 

b) L. D. Doverspike, R. L. Cha.mpion a.nd T.; L. Bailey, J. Chem. Phys. 

45, 4385 {1966). ---
c) z. Herman, J. Kerstetter, T. Rose a.nd R. Wolfgang, Disc. Faraday 

Soc. ~ l23 (1967). 

d) M. H. Chiang, E. A. Gislason, B. H. Ma.ha.n, C. W. Tsa.o and A. S. 

We~ner, J. Chem. Phys. 52, 2698 (1970). 



-6-

8.; A. Henglein, K. Lacma.nn and G. Jacobs, Ber. Bunsenges. Physik. Chem. 

§2., 279 ( 1965) • 

9. E. A. Gisla.son, B. H. Mahan, c. w. Tsao and A. S. Werner (to be 

publtshed) • ·. 

10. a) E. A. Gisla.son, B. Ho Mahan, C. W. Tsao a.nd A. s. Werner, J. Chem. 

Phys. 50, 5418 ( 1969) • 

b) A~ Ding and A. Henglein, Ber. Bunsenges. Physik. Chem. TI_, 562 (1969). 

11. z. Herman, A. Lee and R. Wolfgang, J. Chem. Phys. ,2b 452 (1969). 

12. c. W. Tsao, University of California, Lawrence Radiation Laboratory 

:Report 'ucRL-1914o (1970). 

13. M. H. Chiang, E. A. Gisla.son, B. H. Mahan, c. w. Tsao and A. s. Werner, 

May 14, 1971 issue J. Pbys. Chem. 

14. a) M~ J. Gold~tein, Science 154, 1616 (1966). 

b) R. E. Weston, Science 158, 332 (1967). 

15. E. B. Wilson, J. C. Decius and P. c. Cross, Molecular Vibrations, 

16. 

17. 

18. 

19. 

Mc-Graw Hill, New York (1955). 

D. P. Stevenson and D. o. Schissler, J. Chem. Pbys. ~ 282 (1958). 

a) F. s. Klein and L. Friedman, J. Chem. Pbys. ~ 1789 (1964). 

b) T. F. Moran and L. Friedman, J. Chem. Phys. 42, 2391 (1965). 

M. A. Berta, B. Y. Ellis and W. s. Koski, Ref.l, Chapter 6. 

a) A. Henglein, K. La.cma.nn, and B. Knoll, J. Chem. Phys. 43, 1048 ( 1965) • 

b) M. T. Bawers, D. D. Ellemafi and J. King, J. Chem. Phys. 50, 184o 

(1969) 0 

' 
o.:i-) 



'·i 

-7-

CHAPrER II. . EXPERIMENTAL 

_,.• .. . A. .. Apparatus 

:· ~ ··. " - . .. ' ·: . ' 

The apparatus used for the experiments discussed in this thesis has 
.· ' · ... ' . . . ;.·. 1"·2· 

been described in detail previously. ' It is displayed schematically 
~ ' '4 • 

in Fig. II-1. Briefly, the apparatus consists of three main parts: 
·r~. . . . . 

a source which prepares and focuses a momentum analyzed beam of ions at 
. - . .. . . . . . 

a select'ed energy, a scatter:i.ng.cell containing neutral gas at room 

temperature,·and a detection train consisting of a 90° spherical electro

static. energy. anai;Yzer' a quadrupole mass filter' and a semiconductor 

counter. 
,. 

Ions are prepared in a Broida.-type cavity by means· of a· 30 GHz 

diathe~zricrowave discharge. 3 Ga~eous oxygen inside this 1-cm diameter 

tube is kept at a pressure of about 30 1-L· Ions extracted from the source, 

which.is floated at a fixed energy, are focused l::>y a series of cylindrical 

lenses into a magnetic momentum analyzer. A series of lenses focuses 

the ions emerging from the magnet into a scattering cell consisting of 

two concentric cylinders. The l;>ressure in the scattering cell is monitored 

by a capac;.tance manometer. 3 Scattered products enter the detection train 

which is ·mounted on a rotatable lid. The angular resolution of the 

detector is 2.5° full width and the .energy analyzer has a revolution of 

3 ofo FWHM. 

..;,·',.... 



I on 1 02,o: 
Source 

Scattering 
Cell Energy 

02 --I Analyzer 
02H+ 
020+ 
OH+ 
oo+ 
Hoo+ 

o+ 

Mass 
1 1

. I on 
02D+l Counter 
(v' ,8) 

Filter 

XBL 714-647 

Fig. II-1. Schematic representation of the ion-beam scattering cell apparatus. 

~ \ 4\' .{: 

I 

~ 
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B. Procedure 

Arterpre;B.ratio~·and characterization of a stable primary ion beam, 

the scattering cel:J.. is filled with gas to a pre~s~e "'7 x lo-4 ~orr and 

the detector mass filter is set to a fixed mass. Centerline spectra ~re 

determineci by s'cannirtg the 'ene~g; ~naly~er at the primary bea.m peak angle. 
~" _, . ' . 

To obtain a contour map, about 15.,.20 angular scans are made at a series 

energy analyzer voltages properly spaced to overlap the entire product 

scattering distribution. At each angle and energy setting Signal is 

counted. for 20-30 sec. The background at each point is measured by noting 

the pressure in the main vacuum tank, emptying the scattering cell of.. 

gas, .Sf~·· filling the entire tank to the proper pressure. Except near 

the primary beam, the background is usually less than one count per second. 

After each countirtg period the counting time, energy analyzer voltage, .· 

scattering cell pressure, and number of counts are automatically recorded 

on a teletype. The angle position ·must be typed in manti.ally. 

c. Data Ana1ysis 

Each data point is normalized with respect to counting time, pressure, 

scattering volume, detection volume, and primary beam intensity. The 

quantity obtained, the specific intensity i,. is definedby Eq. I-1 

r(e) = 
. 00 .. 

f I(e,¢,u)u2 du 
0 

( II-1) 

where r(e) is the barycentric differential cross-section at angle e and 

¢ and u are respectively the azimuthal scattering.· angle and product 
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velocit'y in the center-of-mass coordinate system. · The total reaction 

cross-section cr is just 

1'( 

cr = 2rc f I(G)sinBdG 
0 

(II-2) 

The differential and total cross-sections are evaluated numerically from 

I. 

D. Scattering pynamics 

Figure II-2 is a Newton diagram for scattering of a particle of 

laboratory velocity v
0 

by a station&ry target. The position of the center

of-mass of the system is determined by the masses of the colliding 

particles: 

vcm = 

where ~ and~ are the masses of the incident and stationary molecules. 

The elastic circle represents the loci of possible final velocities of 

the incident particle after an interaction in which there is no energy 

or atom exchange between reactant particles. The center-of-mass velocity 

of the projectile, u, is the. same before and after collision. A particle 

scattered inelastically will have a barycentric velocity, u ', less than 

its initial velocity. Products are said to be forward scattered if 

e < l90o I and be.ckscattered when e > l90o 1. There are two barycentric 

angles corresponding to each laboratory scattering angle. 



. .c. g { t--: 

goo 

f1E!0 ll . -- I I . - .. z ' I I ~ 0° 

Laboratory 
Origin 

-90° 
XBL 714-649 

Fig. II-2. Newton diagram for collisions between a heavy fast moving particle 
and a light stationary target. Initial and final velocities and 
scattering angles of the projectile molecule are shown in both the 
laboratory and center-of-mass coordinate systems. 

I 
1--' 
1--' 
I 
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E. Contour Maps 

The raw data for each experiment are punched on IBM cards and analyzed 

by a wogram on a CDC 6600 computer. The program generates a series of 

graphs of Ivs. scattering angle at fixed energies and another set of 

plots of specific intensity vs. velocity at constant angles. Contour maps 

are derived by drawing smooth curves throUgh these graphs and recording 

the angle-velocity coordinates of each graph at predetermined intensities. 

The po~nts cho~en are then plotted separately for each intensity: a contour 

map is produced by superiniposing these graphs. 

F. Reaction Energetics 

From conservation of energy: 

E~ + U = E~ + U' + ~ (II-4) 

where E~ and E; are the initial and final relative kinetiG energies, 

U and U' are the internal energies of reactants and products and &:I .is 

the heat of reaction. We can define the quantity Q, the reaction 

exoergicity by: 

or equivalently 

Q E' + E0 
s s 

Q = U - U' - tH 

(II-5) 

(II-6) 

The Q value is therefore the amount of relative translational energy 

which is transformed into reaction endothermicity and product excitation. 

j 

.:..J. 
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Measurement of 'the· scattered Q. distribution thus enabies one to determine 

the internal: state distributions of the collision products. Since the 

internal ·energy of the reactan.t·s is generally small compared with the 

other quantities in Eq~ II-4 it can usually be neglected. For a reaction 

which produces a polyatamic ion and· a neutral atom,· we can set limits 

on the allowed· values of Q.: 

-D(ion) - m < . Q. < - m (II-7) 

The low,er limit to Q. corresponds to the transfer from kinetic to internal 

of an amount of energy equal to the heat of reaction plus the strength 

of the weakest bond in the ionic product. 

In a reaction in which the neutral product is po1yatamic, large 

continuous amounts _of energy can be put into internal energy of the neutral 

even in excess of its diSsociation limit. Excitation above the neutral 

dissociation energy appears as relative translation between the neutral 

fragments •. Thus no lower limit to Q. can be specified for this type of 

reaction. 
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CHAPI'ER III. THE REACTIONS OF 02 · .WITH H2 AND D2 

Over the past. severai years the reactive and nonreactive scattering 
. . . . . . l-4 

of 02 + by H2 and D2 has been investigated in some detail in this laboratory. 

This work will be reviewed in this chapter. and some new experiments will be 

presented.and discussed. Since no intermolecular isotope .effects were un

cove:red.; II2 and D~ will be used interchangeably in the following discussion. 

The ~eaction channels which were inv.estigat~d are: 

(A) o2+( 21(g) + H2 .. ~ + H2 02. + '• . . ·,\ 

~' .·.: (B) -+ OH+ + OH 6H = 1.87 

. {C) ~ o+ + H20 6H 1.66 

(D) ~ H2o+ + 0 6H = 0.66 
''· 

(E) -+ 02H+ + H 6H 1.96 

Reactions (B), (D), and (E) proceed via formationof a persistent 

collision complex at relative kinetic energies below 4 eV, as evidenced 

by barycentric product scattering distributions that are very nearly 

isotropic about the center-of-mass velocity. In this low energy region 

the cross section for formation of.02W is about ari order of magnitude 

larger than cross-sections for OW and H20+ production. At higher energies 

these products are formed by direct mechanisms. Reaction (c) is direct at 

all energies at which it is observed. 

'~ 
,, 
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The low energy nonreactive scattering of 02+ from D2 is notable for 

its large degree of inelasticity and for its small intensity at barycentric 

angles great~r than 135°. The scattering maps, of 02+ by He ha,;e a large 

amount of signal at all barycentric angles. They also show that the in-

elasticity of the scattering increases with angle. This inelastic scattering 

was interpreted in terms of classical theories of vibrational excitation.
2 

A comparison of the low energy nonreactive scattering of 02+ by He and by 

D2 indicates that the 02+-D2 interaction is strongly influenced by chemical 

forces. The_ small impact parameter collisions, which would be expected to 

lead tola.rge angle scattering in Reaction (A), apparently lead to chemical 

reaction or to highly inelastic scattering with large amounts of excitation 

of both 02+ and D2. The strong chemical interactions evident in the non-

reactive scattering profiles are consistent with formation of an intermediate 

At collision energies above 6 eV there is a small inelastic secondary 

maximum in the small angle region. Similar maxima were observed in the 

nonreactive scattering of N2+ by D2
6 

and by CH4 •
7 As in the N2+-D2 case 

the amount of inelasticity was found to increase with increasing collision 

energy, ~eaching a Q value of about -10 eV at a collision energy of 14.7 eV. 

Two explanations have been advanced to explain this phenomenon. In the 

N2+-D2 system this feature was explained as the excitation of D2 to its 

lowest 3 Eu_ state by grazing collisions. The N2+-CH4 data was rationalized 

in a similar manner. The same process probably occurs in the o2+-D2 

I 
.JJ 
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,, 

' . . ' . . ' 

collis-ions~ but· since this inelastic small angle pe!3.king cannot be separated 
. . 

:f;om th'e r~st of the inelastic f~rw-ard 'scattering, it is not possible to 

test thi$ hypothesis unequivocaily. 

The· instability of 02D+ formed by spe~tator s.tripping6 at energies 

above 8.6 eV,proviaes a further explanation for this inelastic feature. 

Since 02D+ scattered wit~ the ideal stripping. velocity has an internal 

. excitation greater than 2.6 eV, the 02+-n bond energy, it will dissociat.e 

to 02+ and Dbefore reaching the .detector •. The res:ulting 02+ ions will 

therefore be traveling at sp_eeds close. to the 02D+ stripping velocit;y-. 

Further evidence for this explanation will be given. in Chapte·r Tv in con-

nection with, the. nonreactive scattering_ · of 02+ by liD. ,, 

.... 

. , -·B. 

The contour maps of Reaction (B) show large degrees of symmetry about · . 

the ± 90° line in the center of mass coordinate system at both high and low 

collision energies. Since the ionic and the neutral products are identical 

except ':for charge, a symmetric spacial distribution can be rationalized as 

the result of either complex formation or direct interaction in which the 

oxygen atoms are dynamically equivalent. At high collision energies (above 

8.3 eV) where the ·existence of a long-lived complex intermediate is ruled 

out, there is a slight degree of asymmetry which 1?robably arises from an 

interaction in which the oxygen atoms are not dynamically equivalent. 
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This reaction was not observed at collision energies below 5.55 eV. 

The cross-section for collisional dissociation increases with energy, as 

expected~· but is only 0.05 1t2 at 11 eV. The scattered o+ distribution is 

strongly forward peaked, indicating that the dissociation process proceeds 
. ' 

by a direct mechanism. 

The o2+(n2,D20)o+ distributions are similar to those of o+ formed by 

the collision of 02+ and He, 5 which suggests that both processes proceed 

by similar mechanisms. Two mechanisms were proposed to explain the collisional 

dissociation of 02+ by He. Both mechanisms require that the target collides 

with only one atom of the molecule-ion and that this collision reduces the 

force between the atoms of the molecule-ion to a negligible value. One 

+ mechanism assumes that the collision excites the 02 to a weakly bound state 

(there are at least four such low-lying excited states of the oxygen molecular 

ion)
8 

from which the fragments, which are in unspecified electronic states, 

separate under the influence of weak forces. In the second mechanism, col-

lision of one atom of the projectile with the target is accompanied by adi

abatic formation of a complex between 02+ and He in which the atoms of the 

molecular ion are weakly bound. As the interaction occurs, the spectator 

atom proceeds with its initial velocity only slightly abated, while the 

other atom slows down. The target atom then leaves the collision region 

and the o2 + isleft in its original electronic state, with its atoms sepa..; 

rated by a large distance. Since the atoms of the molecular ion are not 

strongly bound, they continue separating at their new relative velocity. 

_,J 
I 



Reac.tion (ti) is. 1. 3 eV less e~d~thermic than Reactions (B) and (E) 

and wouid·, therefore, be expected to h~ve th~ largest cross -section of the 

th~ee react~~ns at low collision energies, particularly if all reactions 
. .. . . 

proceedtm:oUg}l an intermediate complex~ In fact, H20+ is lower in intensity 

than eith~r oJi+ or 02W. This would seem to imply that there is a signi-
. . •... . . . . . . +·., .. · ' . .· .. 
ficant energy barrier to formation of H20 from the complex; however, Foner 

and H~ds.on9 by ·.electron .bombardment of hydrogen peroxide .have found no such 

barrier. 
.. ·.· .·., ·.· .. · .. ·.. . . 4. . . . 
It was' alternatively suggested that the transition state configu-

ratiori ieadi~ to H20+ is highly constrained, perhaps resembling a nonplanar 

formaldehyde inolecuie. If this critical configuration for formation of 

.H20+ and O.is indeed "tighter" than the transition states for the other. 
. . . . 

channels, then this channel would b~ expected to be relatively unimportant. 
. . . ' ~ . 

· Tlie center-of-mass distribution of scattered H20+ is isotropic at 

colliSion energies upto 5.9 eV. This indication of complex formation at 

high relative energies supports the constrained critical configuration 

hypothesis, since such a structure could exist for several rotational 

periods at energies well above the dissociation threshold. These points 

will be dis'cussed further· in Chapter V in connection with the structure and 

properties of the intermediate complex. 

Figure III-1 is a plot of the differential cross sections of scattered 

H2o+ vs. barycentric angle .at relative collision energfes ranging from 

2.93 to 8~89 eV. Within experimental error, the three lower energy plots 

evince foniard-backward symmetry indicative of 9omplex formation. At 
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Fig. III-1. Differential ~ross-sections of 
scattered H
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7.25 eV I(e) has iost,it.s symmetry about e = ~o, and the product specific 

inte~sity is mostly in the ba~kscattered region. The bottom curve in 

Fig. III-i.shd~s 'that at 8.89 eV almo~t all of the product is scattered 

beyond '9oo and that .H20+ is formed principally by zero impact parameter 

collisions. 

Figure in-2 is a contour map of the specific intensity of H2 o+ at 

7. 25 eV. The cross hi the c'enter of the figure indicates the position of 

the centei'';;.of-ma~s velocity of the system. The 20% beam profile drawn 

about the ·aot representing the velocity of the nominal primarybeamvelocity 
. . 

encloses ·So% of the primary beam angular and velocity spread. Values 
.. ~ . . 
·. ' . 

assigned to the contours are in arbitrary units. The map shows that the 

dist~ibution is asymmetric with respect to the center-of-mass velocity 

and that most of the product is backscattered. Apparently at this energy 

a direct mech~nism ··contributes substantially to the reaction. Figure III-3 · 

shows ·a_ similar'm~pat a ~ollisi~n energy of 8.89 eV. ']he degree of an

isotropy of the distribution indicates that the reaction is proceeding 

entirely by a direct mechanism at this energy •. · This appears to be the 

first example of an ion-molecule reaction in which the ionic product is 

totally backscattered. The velocity distribution is very broad compared 

to the 20% beam.profile, indicating a large distribution of internal 

energies in the H2 o+. The small cross along the l8o0 line marks the 

v~locity at which H2 o+ would be found if it were formed by the stripping 

mechanism (the reverse of the spectator stripping or pick-up model, which 

is used to explain forward scattering). Most of the H20+ specific intensity 
'· . 

is found at slightly larger relative velocities than predicted by the 



-22-

0~ + H2 ___.. H20+ + 0 (123.3 eV) 

Relative Energy = 7. 25 eV f +goo 

105 em/sec 

1-90" 

20% Beam 
Profile 

XBL 712-288 

Fig. III-2. A specific intensity contour map in the center-of-mass 
coordinate system of scattered H2o+ from the reaction 
of o

2 
and H2 . The Q = -5.7 eV circle represents the 

loci of velocities inside of which the neutral 0 atom 
is formed in an excited electronic state. 
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. 0~+ H2 ~ H20+ + 0 (151.14 eV) 

Relative Energy= 8.89 eV 

t +900 

I I 
I05 cm/sec 

Q=-5.7eV 

20% Beam 
Profile 

XBL 714-6680 

Fig. III-3. A contour map of scattered H2o+ a.t a relative energy 
of 8.89 eV. The Q = -5.7 eV circle has the same 
meaning as in Fig. III-2. The Q = -8.1 eV is drawn 
through the intensity peak. The small cross indicates 
the velocity at which H?O+ formed by stripping if 
found. -
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stripping model. This feature is similar to that found in high energy 
. . .· 6 

forward spectator stripping reactions such as.N2+(D2,D)N2D+ where the 

product was found to peak at velocities greater than t~at predicted by 

the spectator stripping model. The explanation generally accepted for 

this phenomenon is that the separating products recoil from each other to 

produce stable p~oducts. 

This reaction differs from the pick-up reactions in that in this case 

a large part of the H20+ intensity at 7.25 eV (Fig. III-2) and almost all 

the intensity at 8.89 eV (Fig. III-3) is inside the Q = -5.7 eV circle, 

which represents the loci of instability of H20+. For H2o+ ions to be 

found with velocities inside this circle, the neutral 0 atom must be formed 

in an excited electronic state. Atomic oxygen has two low lying states, 

a 1 D at 1.97 eV and a 1 S at 4.19 eV. The critical value of Q for instability 

of H20+ if neutral 0 is formed in the 1D state is -7.7 eV. Therefore, the 

substantial fraction of H20+ found inside the Q = -8.1 eV circle (which 

corresponds to the peak velocity) must be due to production of 0 in the 

1 S state. 

This"rip-off" mechanism, which requires that the collision be suf-

ficiently violent to electronically excite the oxygen atom which is kicked 

out, .cannot be satisfactorily described by either of the two mechanisms 

proposed for collisional dissociation nor by either the knockout or re

bound models.5 The arguments against the knockout and rebound mechanisms 

are basically the same as those presented in Ref. 5. 

The first mechanism proposed for Reaction (C) requires the collision 

between the target and one atom of the projectile to leave the molecule-

I 

I"' 
I 

.... 
I 
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ion in an excited electronic state from which the ion dissociates. The 

initial colltsi.on ~t send the target in the. forward (initial direction 
~ . . . . 

of the p::r,ojeCtile) direction and the struck atan in the reverse direction. 

By the time the atoms of the ion are completely separated, the target, 

which is ''very light·, will most likely be too far from the struck projectile 

. atom for a bond to be f~rmed~ . 

Mechanism (2) involves the adiabatic formationof a,short.lived complex 

between targ.et and projectile in which .the unstruck projectile atom is 

weakly l:>ound. ·•· The potential curves for this process as well as those for 

other possible reaction channels are illustr~ted in Fig. III-4. The 

~eas6n that the reacti~~ is unlikely to produce an oxygen atom in an 

excited electronic state is that the most likely curve crossing is between 

the lowest two 'curves, the result of which is the formation of oxygen atom 
-r.· 

in fts grom1d electronic state • 

.A' ~ore plausible mechanism for the "rip-off" is that the collision 
.. 

between the target and one atom of the projectile 

the 02+ to a state asymptotically connectedto an 

. . ~ . . 
electronically excites 

I 
I 

oxygen atom in the 1 s 

state. The excited molecule-ion and the hydrogen molecule then adiabatically 

form a short-lived complex with·the force between the oxygen atoms greatly 

diminishe9..· This process is indicated by the arrows in Fig. III-4. By 

this mechanism the uncollided oxygen atom leaves the scene with its velocity 

only. slightly abated and the H2o+ is scattered backward in the center-of;.. 

mass coordinate system. This process is not inconsistent with the velocity 

distributions for Reaction (C), since, if the charge remains on the 

spectator oxygen, this atom will be found in·the forward direction at a , 

velocity only slightly slower than the original projectile velocity. 
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Fig. III-4. 

' ' ...... 
...... ...... 

~ ....... ...... 
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o2* + H2 
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Potential curves relevant to the 0 +(H ,O)H o+ 
reaction at 8.89 eV relative energf. i11 2 

curves are qualitative but the asywptotes are 
quantitatively correct. The arrous indicate 
the path of the "rip-off" mechanism. Dashed 
lines represent 0-0 separation and solid 
lines stand for H2-o separation. 
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.·: •. 

At.relative collision energies below.4 eV.02H+ is distributed iso-
;.• . 

. . ·~ ... -.-. ' ' 

tropically about and peaks at the center-of-mass. This isotropic behavior 

strong~ suggest's that this reaction occurs ~·i~ a long-lived collision 

~ompi~x/and that a l~ge fraction of the angular momentum of the complex 

goe~ i11to int'ernal a.n€;uJ.~r· momentum of theJ ionic produ~t. The cross

section ":for this r'eaction at· law energies, about 2 J/, is about an order 

of magnit~d~ greater than the cross-sections of Reactions (B) and (D). 
. ' . . . . 

The lowest laboratory energy at which product intensity was measured 

is 25 eV, which corresponds to a .relative translational energy of 1.47 eV; 

diminished primary beam·intensity at 'lower energies.prevented a threshold 

deterni:ii1ati~n. Franck-Cond.on factors indicate that the v = 3 vibrational 
' . ' .. ·. ·+ ·: . ... · ·:' . :. . 

state of 02 , which ~as 0.7 eV excitation energy, is the highest signif-

icantly popUlated level of the ions formed in the di~charge. 9 Furth~rmore, 

there is a.rl uncertainty in the relative collision energy of ±.2 eV due to 
,. . 

. .. ': ·. 6·. ·:. ' 
target motion. Thus, if the total kinetic and internal energies are 

available for reaction, 10 an upper limit to the threshold for this reaction 

can be set at 2.37 eV. 

ll + Foner and Hudson found a barrier between 02 and H2 and the hydrogen 

peroxide complex of 2.5 ± 0.5 eV, which is consistent with our finding. 

Ding and Henglein, 12 who have also determined the translational spectrum 

of 02 D+ from Reaction (E), found a threshold for reactant 02 +( 2rcg) ions 

at a relatl.\re energy of ·about 1. 9 eV. Their primary oxygen ions were 

' 
produced in an electron bombardment source and contained a large fraction 

of 02 +( 4 rcu). Ground state oxygen ions produced in such .a source would 
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certainly have at least as much vibrational excitation as those produced 

in a microwave discharge. Thus, their translational energy treshold value 
··~. .;- ' . ·. 

for this .. l. 97 eV endothermic reaction appears to be somewhat high •. 

As the relative collision energy of the reactants is increased beyond 

5 eVthe 02D+ product distribution begi~ to lose its isotropy and forward 

peaking appears. At a relative energy of ll eV the product is totally 

forward . scattered and peaks at the ideal stripping velocity. The forward 

scattered product distribution is broader in both angle and velocity than 

the high energy product distributions from the N2+(n2,D)N2D+ and 

Ar+(n2,D)AI'n+ reactions. 6' 13 Additionally,· in the latter two reactions 

there is a small but distinct peak at l8o 0 which can be attributed to a 

separate backscattering mechanism. In the o2+(n2,D)02D+ reaction at 

energies beiow 9 eV there is also measurable backscattering; however, the 
. . 

scattered specific intensity at angles beyond 90° does not peak at l8o 0 

as would be expected from a separate· impulsive small impact parameter 

mechanism, but rather, as illustrated in Fig. III-5, decreases with in

creasing barycentric angle. At ll eV there is no observable 02D+ scattered 

beyond 135°. In the N2+(n2,D)N2D+ and Ar+(D21 D)ArD+ reactions the only 

other channel available is non-reactive scattering. Thus, the small amount 

of backs~attered 02D+ is probably best ration.alized as a consequence of 

the increasing importance at high energies of the other reactive channels 

for small impact parameter collisions. 

There is another difference between the high energy N2+(D2,D)N2D+ 

and Ar+(D2,D)Arn+ reactions and Reaction (E), which indicates that the 

II 
I 

I 
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Relative Energy = 8.34 eV 

180° 

Q= -4.7eV 
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Fig. III-5. A contour map of o2n+ scattering intensity at an o2+-D
2 collision energy or 8.34 eV. Signal outside the · 

Q = -2 eV circle is due to apparatus resolution and 
beam spread. Products found inside the Q = -4.6 eV 
circle are electronically excited. The small cross in 
the forward direction indicates the position of the 
spectator stripping (pickup) peak. 
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mechanisms involved in the latter are more complicated than simple spectator 

stripping and impulsive backscattering~ The high energy N2D+ and ArD+ 
.• t~ 

distributions have large craters about the center of mass positions cor-

responding to an absence of scattering in the region where either product 

is unstable with respect to dissociation to N2+ and D or to Ar+ and D. 

In Fig. III-5 this region is enc.losed by the Q. = -4.6 eV circle (2.6 eV 

is.the_estimated upper limit to the dissociation energy of 02D+). 3 There 

is a large amount of intensity inside the circle par:t;icularly at angles 

greater than 9(} 0
• This intensity can be only partially reduced by a three 

dimensioriai deconvolution technique which removes the velocity and angle 

spread of the measured distribution due to primary beam spread and neutral 
. . •.•... 14 ' ·. . . 

target motion. Consequently, the intensity which remains in this region 

must be due to formation of either 02D+ or D in an excited electronic state. 

The lowest excited state of D, the 2P0
, is 10.2 eV above the ground state 

·' 

and hence is not accessible at a collision energy of 8.34 eV. Since an 

ion formed in the scattering region takes 5 x 10-5 sec to reach the detector, 

the 02D+ must be excited to a state which lives at least this long with 

respect to dissociation. 

Unfortunately, nothing is known about either the symmetry or location 

of any electronic states of 02D+. Only two low lying states of the DNO 

molecules, which is isoelectronic with 02D+, have been observed. The 

higher r.ta't;e ('A") is 1. 7 eV above the lower ('A'), 15 which may not be the 

ground state. There is also a predissociation limit of 2.2 eV above the 

('A') state, which probably results from the crossing of a repulsive ( 3L~) 

state with the ('A"} state. 16 Thus, the excited state of 02D+, which is 

formed in the beam experiments, does not correlate with any known states of DNO. 
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·.··,. CHAPI'ER rl • lSCYrOPE EFE:'ECTS 

A. Introduction 

The experiments discussed in Chapter III, while providing a deep 

insight into the dynamics of the 02+-H2 reactive system, left numerous 

I 1 

unanswered questions about the dynamics of the various channels. The 

mixed isotopic experiments to be discussed in this chapter were undertaken 

to obtain both a better idea of the nature of the low energy collision 

;, .. ' ··~ 

'' ' 

complex and a clearer understanding of the high energy impulsive mechanisms. 

Two intramolec~ar isotope effects were studied over the relative energy 

range from 2. 5 - 21.5 eV. The channels investigated were: 

la) o2+ + HD ..... 02D+ + H 6H = 1.92 eV 

lb) ... 02W + D 6H = 1.99 eV 

2a) ... on++ OH M= 1.85 eV 

2b) ... OW+ OD M= 1.84 eV 

3) ... 02+ + HD 

Replacement of the homonuclear hydrogen by the mixed isotope effec-

· tively introduces two additional reaction channels; that is, Reaction (E) 

of Chapter III is broken down into Reactions (la) and (lb) above and 

·Reaction (B) of the previous chapter is subdivided into Reactions (2a) 

and (2b). The electronic potential curves are independent of isotopic 

substitution, so that it is only the parameters associated with nuclear 

motion which.are being altered. 
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The qualitative effects of isotopic substitution on the reaction 

rates and product'v~loc:i.ty distributions are different not on:cy for dif

ferent channels, but .. ~so for the high and low energy mechanisms within 

each channel. .For re~ction.s that ,proceed through formation qf a lOilg:"'. 

lived qol1i,sion compl~x, tb,eproduct barycentric:a~ar distributions, 
• , , ·r 

whiqh .. a;re ~.l,ways ,.SY:JII!Detric about. the. li;ne 4:!7aw:n ,between ± 90°, ar.e 
'' . . 

determined solely. by the disposal of .a.Iigula.r momentum. Tl:J.e high energy 

isotope .. effects are .derived b.oth from tl:le dynamics of the collision processes 

and the gifferences.in. energetics of the isotopic reactions. 

B. Pre'V.iousl;y Investigated Systems and Models: Ar + + HD and N2 + + HD 

1. coli:fsion Complex Models 

The rea.ctions in which intramolecular 

exte~sive4r studied are Ar+(HD,~)~~ and 
·. . ·..... . ' ·. . 

isotope effects have been most 

+( . H)N2D+ 1 . N2 · HD'DN
2
Ht· These react1.ons 

. .... '. 

have aiso,'been ext~nsively investigated over the past 15 years in the 
\" .. . ' 

thermal and low collision energy regimes (< 1 eV) in conventional and 

tandem mass spectrometers, and more recently by means of ion cyclotron 

2 
resonance. The isotope ratio in the argon reaction, kArwlkArn+, in-· 

creases continuously from sli,ghtly less than unity at thermal energies3-5 

to greater than three at a collision energy of 4.5 ev. 5-7 The nitrogen 

isotope ratio, which has been measured at collision energies from then:nal 

to 20 ev_, similarly favors N2D+ in the thermal region2 '8 and N2W above 

about 1 ev. 7'9 

In an extremely perceptive paper, Klein and F:dedl!ia.ri
4 

proposed two 

mechanisms to account for the thermal and low energy rate gas ion-HD 

.. '·: 
i 
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isotope effect. 
. . 8 

Moran and Friedman subsequently extended this analysis 

to explainthe energy dependence of the isotope ratio in diatomic ion-HD 

reactions. The fact that the ~+(~n+ ratio is less than unity at thermal 

energies was explained on the basis of the formation of an intermediate 

complex. H)X'n+ , whose internal energy is randomly dist~ibuted among 

its vibrational degrees of freedom. This complex then undergoes uni

molecular dissociation. The xn+ product is favored by virtue of its lower 

zero point energy and higher density of states. At energies above the 

thermal region Moran and Friedman suggest that the reactants can form a 

short..:lived complex with the XHD+ or XDH+ structure; the former is then 

shown to be favored on the basis of its lower activation energy of forma

tion. This.intermediate energy model predicts that the XH+jxn+ ratio will 

be greater than one, in agreement with experimental data. 

The first product ion velocity spectra measuredby Lacmann and 

· 10 · .· . · .(D D)ArD+ 
Henglein were those of ArD+ and ArH+ from the reactions Ar+ H~:H Ar~ 

at collision energies above 1 eV. The.reactions were found to proceed by 

a direct impulsive mechanism. This mechanism, which results in strong 

forward scattering of the product ion, was shown to agree with the pre

dictions ·of the spectator stripping model. 11 Subsequently, these experi-

menta were extended down to a relative collision energy of 0.1 eV by the 
. ·. ~ . . .·~ ~ 

Henglein group and by Bailey and co-workers . and by Wolfgang and 

co-workers. No evidence for complex formation was found by any of these 

investigators in either the Ar +. or N2 +- hydrogen reaction and the basic 

concept of spectator stripping was accepted as the principal reactive 

mechanism at all energies. The lack of evidence for complex formation in 
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the argon ion reaction has been explained by Mahan15 as a consequence bf 
I 

the inability of Ar+ and H2 to form ground state H-Ar-H+. ( 

2. 

In the spectato7 stripping model the pr()jectile _ion collides only 

with one 1lydrogen atom of the target without transferring any momentum to 

the other atom. This is equivalent to a completely inelastic collision 

between the projectile and the abstracted atom. The internal energy, U' 

of the product ion is, thus, equal to the relative collision energy be

tween the primary ion and the abstracted atom minus the heat of reaction. 

U' 
( 

m ) . a 
- E -&I - m. + m . ·LAB 

~ a . 
(IV-1) 

where ELAB is the laboratory energy of the primary ion, 6H is the heat of 

reaction, m is the mass of the abstracted atom,and m. is the mass of the . a ~ . 

incident ion. For the product ion to be stable, U' must be less than the 

dissociation energy of the ion. The first term on the right hand side of 

Eq. (Dl-1), the kinetic energy of the primary ion relative to the stripped 

atom, is twice as large for D-atom abstraction as for H_.atom abstraction. 

This equation contains the essence of the high energy-isotope effect· 

which strongly favor~ Xfi+ aver :xn+. It pred~cts an infinite isotope 

effectXH+/xn+ above the energy U' equal to the X- n+ dissociation energy. 

For the N2+-HD system this critical energy value corresponds to a relative 

collision energy between target and projectile of 3.53 ev, 9 and to 4.83 ev16 

+ for Ar + HD. This infinite isotope effect is in fact not observed, in-

dicating that there is stabilization of the stripped ionby recoil of the 



.. 

-37-

products. 9 In the N;+_HD system the stripped N2H+ exceeds the N2D+ by a 

factor of 20 at relativecollision energies above 7 ev.9 

J. Kinematic-Orientation Model.s 
I 

Light and Chan17 have extended the "modified stripping model" of 

Wolfgang14bto predict isotopic.product distributions of low energy ion-
< ' ~ \" • 

molecule reactions. This direct model breaks down the mechanism into 

three steps: the incident two-body trajectory under the influence of 

polarization forces, "reaction" at a particular intermolecular radius 
. . 

and instantaneous velocity, and the trajectory of the separating products 

under the influence of polarization forces. For the reaction radius, 

Light and Chan substitute a three-dimensional surface surrounding the HD 

which is divided into three zones, corresponding to reaction with H, 

reaction withD, and no reaction. By considering the separation of the 

center-of-tnass from the center-of-charge of HD, and by taking angular 

momentum into account they calculate reaction probabilities and cross

sections for XH+ and xn+ formation. 

· The predictions of the Light and Chan model agree reasonably well 

with the experimentally determined isotope ratios for the Ar-HD+ and · 

· Kr-HD+ reactions but fail. to explain the isotope effects and total. cross-

~ect~ons of theAr+-HD reaction above a relative energy of a few electron 

volts. ~.'hey explain the latter discrepancy as a consequence of the . 
instability of ArD+ formed by spectator stripping above a relative energy 

of 4.8 eV. 
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The weaknesses of the Light and Chan model are the assumption of 
. . . . 

decouplingbetween reactant translational and internal energies and the 
. . ·. ; " 

assumption of unit reaction probabillty for incident re~~ta.nt trajectories 

entering a reaction shell. 
. . . . ' 18 ' 

Recently, George and Suplinskas applied their kinematic reaction 

model to the .Ar+(Iill,~):~: isotope effect. The essence of the kinematic 

model is': the reactant io~, a hard sphere, approaches a diatomic molecule, 

two hard spheres in close prox:tndty, under the influence of the ion

induced-dipole potential. The reaction probabilities are runctions of 

relative velocity, impact parameter, and angle of orientation. The actual 
.. 

reaction process may involve a sequence of impacts; the ion may abstract 

the atom it first hits or it may react with the other atom in a secondary 

collision. The products then separate in an ion-induced ~dipole potential. 

From this model product a.ngular and velocity distributions, differential 

cross-sections, and product internal energy partitioning are calculated 

and compared with experimental results. The predictions of the kinematic 

model are in reasonable agreement with the specific intensity contour 
· . 18a 

maps of the Ar+(n2,D)ArD+ reaction measured in this laboratory. George 

and Suplinskas conclude that in the collision energy range of several 

electron volts the chemical interaction is dominated by repulsive core 

interactions and that the description of interactions in terms of stripping 

and rebound may not be valid. 

. · +( H)Arn+ For the calculation of the isotope effect J.n the Ar HD,D ArH+ 

reactions, the kinematic model was modified to accourit for the separation 

of the center-of-charge from the center-of-mass of HD. This introduces 

an orientation effect which causes the lighter H end of the molecule to 

.\ 
I 
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rotate toward the incident ion. The calculated isotope ratios agree with 

the exp~r·i~~nts ofHenglei.n et al. 7 at. relative collision energies above 
', . . :. 

3.8 ev, wh~rethe principal controlling factor in the isotope ratio is 

the instability of ArD+. As expected, orientation effects are not very 

import~t at these energies. 

The orientation-kinematic model qualltatively.fails to predict the 
. . . . 4..;6 

experimentally d,etermined energy dependenc~ of, the isotope ratio below 

2.1 eV •. This .failure . is due to the importance at low energies of the 

effective potential between the reactants, which is not well understood. 

Nevertheless~ George and.Suplinskas were able to demonstrate the signifi-

cant contribution to r.eaction cross-section of t~e torque-orientation 

effect at low energy. 

C. Previous Investigations of the 02+ -HD Reactive System 

The only other study of the 02+-HD isotope effect is the work of 
. ··. . .· 8 

Moran and Friedman. It is not possible to compare their experiments 

with those presented here since all their 02g+ and 02D+ products resulted 

from the 2 eV exothermic reaction of 02+( 4 nu) with HD. From their total 

cross-section measurements at relative collision energies up to 0.54 eV 

they correctly concluded thAt a significant amount of OH+(on+) is formed 

by the reaction. They also briefly alluded to the effect of collisiqn 

orientutioii upon the reaction mechanism. This point will be more fully 

explored in this chapter. 

Same preliminary- centerline (0° in the laboratory) velocity spectra 

of the products of-Reactions (la) and (lb) meas'ured in this laboratory, 
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were prese:ri~ed by Tsao. 19 By assuming that the sum of the barycentric 

differential cross-sections at 0° and l8o 0 are proportional·to the total 

reactive cross section, he found that the isotope ratio (ala/alb) de~ 
' . . . ·'· .·. 

creases from a value much greater than one at low collision energies to 

less thano.2 at a relative collision energy of 8.6 eV. The approximation 

of the proportionality of the centerline differential cross-section to the 

total cros~-section is reasonable at low energies where the product angular 

distribution is isotropic in the center-of-mass system (vide infra); but 

it is not valid at high relative collision energies where the 02D+ specific 

intensit;y .peaks at angles other than 0° and l8o 0 and the 02H+ distribution 

is higl1ly anisotropic• Nevertheless, the energy dependence of the .cal-

culated isotope ratios are in good agreement with those computed :by il,l-

tegratipg. r:Jv:er all scattering angles (!. !:· )'. 20 We have also published a 

brief COJIIII!.uni.cat;!.on on our initi.al observ~tion of the unique. high energy 

dynamic, isotope effect to be discussed in this chapter. 

D. Reaction Energetics 

FiguTe IV-1 is a schematic energy level diagram for the reactions of 

02+ with the three molecular hydrogen isotopic species which have been 

studied in this laboratory. The thermochemical values for the o2+-H2 

system were taken from Fra.nklin
21 

and the energies in b) and c) were cal

culated from the data in a) by correcting for zero point energy differences 

between the deuterated and dideuterated molecules and the pure hydrogen 

species •. The frequencies used for the zero point energy determinations 

as well as activation barriers are tabulated in Chapter V. It should be 
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noted that,the difference in zero point energy between 02D+ and 02W is 

0.07 eVwhile the difference in energy of formation of on++ OH and 

OH+ + QD .is only 0.01 eV •. 

1. General Features of the Reaction Contour Maps 

Reactions (la) and (lb) were studied in the energy range 2.39 - 8.59 
" ' 

eV. Complete contour maps of both reactions were obtained at relative 

c~llisi~h energies of 2.51, 3.49, 4.88, 6.45, and 8.59 eV. Centerline 

(0° velocity) distributions were obtained for the produ~t pairs at 2.39 

and 2.93 eV. Maps or centerlines of ponreactively scattered 02+ were 

also measured at these energies. Figures IV-2 - IV-5 show the sets of 

reactive contour maps determined at 2.51 and 3.49 eV. The product dis-

tributions are symmetric about the center-of~mass (represented by the 

cross :tnthe center of the figure) to within experimental precision. 

The contour maps are presented in velocity space with the dot in the zero 

degree direction representing the velocity of the incident ion. The 

elipse drawn about the point marking the incident velocity encloses 8t:Y/o 

of the primary beam spread. · The arrows represent barycentric angles. 

As the relative energy is increased the product distributions begin 

to lose their symmetry about the ± 90° line. Figures IV-6 and IV-7 show 

that at a. relative energy of 4.88 eV the 02W begins to evince forward 

peaking and the 02D+ has more intensity in the backward than in the for

ward_direction. The shift to forward peaking or the 02~ continues at 

6.45 eV :(Fig. IV-9) and is complete at 8.59 eV (Fig. IV-11). The 02D+ 
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0~ + HD--.... o~+ + H (29.3 eV) 
Relative Energy = 2.51 eV 

180° ... 

.... --, 
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I \ 
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Q = -2.0 eV 
' I ' / 
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Fig. IV-2. 

XBL 712-274 

A specific intensity contour map of scattered 0 D+ 
from the o

2
+(HD,H)0

2
D+ reaction at 2.51 eV relative 

energy. S1gnal found outside the Q = -2 eV circle 
is due to apparatus resolution and beam spread. 
The large cross in the center indicates the position 
of the center-of-mass velocity. 
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Relative Energy = 2.54 eV 

180° ... 

Q = -2.0 eV 

,. .... - ..... , 
/ ' / \ 

I \ 

/ \ 
I • I 
I I 
\ I 
\ I 
' I ' / 

Z~c;~ 
Beam 
Profile 

105 em/sec 

Fig. IV-3. 

XBL 712-273 

+ + + A contour map of scattered o2H from the o2 (HD,D)02H 
reaction at 2.54 eV. Because of overlap between masses 
32 (o

2
+) and 33 (0

2
H+) product intensity could not be 

measured in front of the center-of-mass. .. , 
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Fig. IV-4. A contour map of o
2

D+ specific intensity at a 
relative ener~J of 3.49 eV. 
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ot + HD ~o2H+ + D (40.7eV) 
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Fig. IV-5. A contour map of o2H specific intensity at a 
relative energy of 3.49 eV. 
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+ + 02 + HD--. 02D + H (56.9 eV) 
Relative Energy = 4.88 eV 

5 
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=-2.0 eV 
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...... __ ..,.. 
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XBL 712-282 

Fig. IV-6. + A contour map of o2D specific intensity at a relative 
energy of 4.88 eV. The Q = -4.4 eV circle is drawn 
through the side peaks. The isotropy of the distribution 
begins to disappear at this energy. 
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0~ + HD __.,. 02H+ + D (56.9 eV) 

Relative Energy = 4.88 eV 
t+soo 

105 em/sec 

Q= -2.0 eV 

............. -- ..... , 
oo I \ 

~' ' I I 
\ I ' / .... _f_ ....... 

20% 
Beam 
Profile 

XBL 712-281 

+ 
Fig. IV-7. A specific intensity contour map of scattered o2H 

at a relative energy of 4.88 eV. Forward peaking is 
evident at this energy. 
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0~ + HD __. 0 20+ + H (75.2 eV) 
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Fig. IV-8. + A spe~ific intensity contour map of o
2

D at a 
relat1ve collision energy of 6.45 eV. 
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0~ + HD--+- 02H+ + D (75.2 eV) 

Relative Energy = 6.45 eV. 

180° 

105 em/sec 1-go• 

---/ ' I \ 
I \ 

' ' o• I I 
I 1 
\ I 
\ I 

' "' 
.... _,20% 

Beam 
Profile 

XBL 712-280 

Fig. IV-9. + A specific intensity contour map of o
2

H at a 
relative energy of 6.45 eV. 
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0~ + HD ---. 02D+ + H 
(100.20 eV) 

· Relative Energy= 8.59 eV 

180° 

105 em/sec 

-51-

1+90° 

!-90• 

Q= -2.0 eV 
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/ ' I \ : \ oo 

I • 1--+ 
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' I , __ / 

20% 
Beam 
Profile 

XBL 712-283 

+ Fig. IV-10. A contour map of the specific intensity of o
2

D at 
a relative energy of 8.59 eV. Note the low lntensity 
near the spectator stripping velocity of o

2
D+, which 

is marked by a cross . 
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+ + 02 + HO ----. 02H + 0 
(100.20 eV) 

Relative Energy = 8.59 eV 

180° + 
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XBL 712-291 

Fig. IV-11. + A contour map of o2H at 8.59 eV. The small cross 
in the 0° direction indicates the position of the 
ideal stripping velocity. No scattering is observed 
beyond 70°. 
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',·,· 

distributiombecome increasingly complex as the relative energy increases 

and the formation of .this isotopic species is clearly qynamically dif

. ferent from the. formation o·f 02H+. F~gures Tv -8 and. IV -10 are contour 

maps .of .the 02D~ distr~buticm. at. relati.ve energies of 6.45 and 8.59 eV 

respectively. 

2. Low Energy · ( < 4 eV) . Experiments 

a. Apparatus Effects. Figures IV -2 - IV -5 are contour maps of the 

specific. intensity of the products of Reactions· (la) and. (lb) at relative 

collision energies of 2.5 and 3.5 eV. These relative energies correspond 

to laboratory energies of the incident 02+ ion of 29.5 and 4o.7 eV respec-

tively. Below laboratory energies of about 50 eV the velocity and angular 

widths of the primary ion beam, represented by the 2r:fl, beam profile drawn 
. . . 

about the nominal primary beam velocity on each contour map, are significant 

compared with the size of the product ion scattering distributions. This 

is evident in Figs. IV-2 - IV-5. Compounding this spread at low energies, 

are diminished primary ion currents, which, since the scattered signal is 

proportional to the primary beam intensity, reduce.the product ion signal 

to noise ratio to 3 to 1 for the lowest intensity contours. There is also 

the additional problem ofthe cwerlap between masses 32(02+) and 33(02H+). 

of about 2%. This overlap factor was determined by scattering 02+ from 

He and measuring the 02 + signal at quadrupole settings corresponding to 

peak transmissions of masses 32 and 33. The combination of these factors 

accounts for the discontinuities in the 02H+ contours {Fig.s. IV -2 and IV -4) 

in the fo~ward scattering regions. 
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' ' 

To correct for the m~ss overlap1 .~ of the net 02 + signal at each 
~ ' t' .. . :. ~ . . :. ·-: .· . . . .. 

experimental point is subtracted from the net 02JI+ signal: 

N
02

H+ fs the real net 02If+ signal; S th~ gross number of counts and B the 

nmnber of' bac'~round COUnts. At velocities near the primary beam, the 

.scattered 02+ sigrtai is so larg~ that it floods the detector to such an 

extent that 'the net 62+ signal and hence the net 02W signal cannot be 

determined. 

There is·, also an~ther reason that nonreactively scattered signal 

cannot be measUred 'izi the n~ighb~rhood of the primary beam. For velocity 

elements'~alliilg within the extent of 'the primary beam sp~ead two processes 
' ' 

contribute to the measUred signal; scattering of primary ions frcim' other 
I. 

regions into the detected velocity element and scattering out of particles 

from thi~ velocity element. If more particles are scattered out than in, 

the number of background counts will be larger than the gross number of 

counts. This phenomenon is often encountered in our nonreactive scattering 

measurements even at·points in velocity space where the gross signal is 

not sUfficient to flood the detector. 

~e importance of these apparatua effects increases markedly with 

decreasing p:rimary beam energy and consequently prevents measurement of 

02W scattering at energies below the lowest energy experiment reported· 

here~ 

AS stated in Chapter III, the Q = -2 eV circle represents the loci 

of center-of-mass product ion velocities outside of whiGh measured scat-

tering intensity is due to a combination of several effects; vibrationa.J.ly 

.! 
'I 
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'+'' excited primary 02 ions, velocity-angle spread of the primary beam, 

thermal motion of the neutra.l scattering gas, and detector resolution. 
. . 

The broa.deni~g due to beam spread, neutral gas motion and detector resolu-

tion can be removed or at least significantly reduced by deconvolution. 

To date, one dimensional iterative and Fourier deconvolution techniques 

have been appli.ed to. ion-molecule product distributio~s to compensate 

for one or more' of the abo\re effects, and the results are:promising. 22 ' 23 

This procedure is described in the appendix. A three-dimensional decon-

volution method employing a set of analytical basis functions is currently 

24 being developed in this laboratory to remove product distribution angular 

and velocity broadening caused by primary beam spread, neutral gas motion, 

and apparatus resolution. 

Since these procedures have not yet been applied to the experimental 

data presented here, the product ion distributions of Reactions (la), (lb) 

and (3) were measured simultaneously at each energy so that the maps could 

be ·directly compared. This was possible at all reactant energies except 

for the.lowest energy set at 29.5 eV laboratory E;!nergy, where it was not 

possible to maintain a primary beam of sufficient intensity for the seven 

or eight hoUrs necessary to determine three contour maps. Thus, at this 

energy, only the distributions of 02H+ and 02+ were measured simultaneously; 

•the 02:J+ distribution was measured in a separate experiment. The severity 

of apparatus effects at an energy as low as 29.5 .ev render the 02W map 

in Fig. IV-3 of only qUalitative import • 

. b. Energy Partitioning. The qualitative features of the 02D+ and 02H+ 

distributions at relative energies of 2.5 and 3.5 eV are similar to those 
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found f9r the reaction with hamonuclear hydrogen below 4 eV. '.rhe product 

specific intensity peaks at or near the center-of-mass velocity and the 

contours are isotropic about this point in velocity space. This evidence 

reinforces the hypothesis that the r~action proceeds through the forma-

tion of an. intermediate complex which lives for several rotations before 

decaying. P.eaking of the specific product intensity near the center-of

mass ~e,l.o~ity indicates that the complex has small angular momentum and 

that the'02n+ and 02H+ are formed with large internal excitation. Products 

found exactly at the center-of-mass velocity are formed with zero relative 

velocity~ The apparatus resolution does not permit precise determination 

of the velocity peak (8), so the partitioning of total reaction energy 

between internal and translational modes cannot be . accurately determined 

for distributions as broad as those. on these low energy maps. The breadth 

of the velocity distributions can be seen more clearly in Fig. IV-12 which 
' . + . + ' 

shows the 0°(laboratory) velocity spectra of 02D and 02H produced at 

collision energies of 2.5 and 3.5 eV. 

At both 2.5 and 3.5 eV the average Q. value, the amount of initial 

relative kinetic energy transformed into product excitation and heat of 

reaction, is larger for Reaction (la) than for (lb). The probability 

density for Q. can be written as:9 

P(Q.) = [r(e,u)u3 ]/[2E'r(e) J . . s (IV-3) 

where ·E~ is. the relative translational energy of the products, u is the 

product velocity in the center-of,.;mass system, r(e,u).is the specific 

intensity at u ~nd e, and r(e) is the differential cross-section at the-

~· ' 

i . i 
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+ Centerline velocity distributions of o
2

D 
and 0 H+ from the reaction of 0 + ;.ri th HD 
at coflision energies of 2.5 an~ 3.5 eV. 
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barycentric angle e. The average Q. va1ue of a scattered distribution 

is thus: 

~· 
<Q.> = ZP(Q) (IV-4) 

'l'll.e product distributions are nearly isotropic; ·thus, for computa-

tional Rimplicity, the contours are taken to be circular about the center-

' of-mass. Unique values of u, Q., and E are then associated with each . s 
~·- ' J 

contour and r(e) is independent of angle. Thus, Eq. IV-4 can be simplified 

to: 

(IV-5) 

where Ii and Q.i are the intensity and Q. values of the i th contour and Es 

is the initial relative energy. The Q.i·, s are determined by averaging 

over all points of the ith contour. 

Table IV-1 lists the average Q. values and the percent of the total 

avflilable energy (initial relative energy minus the heat of reaction) 

which ~ppears as internal excitation of the 02D+ or 02~ product for the 

reaction sets at 2.5, 3.5 and 4.9 eV. While this calculation is admitte~ 

crude, particu:.la.rly for the 02D+ and 02~ product distributions at 4.9 eV 

~~pwfl ~n f:~§~ ~ IV -6 ~p4 IV -7 ~ Y[llere ~he isotropy h&s broken down, the 

qualitative· results are most revealing. At all energies the 02Ht has a 

· ·considerably larger internal energy than the 02D+. The average Q. values 

calculated for the 2.5 eV experiments, which are both greater than -2 eV, 

the maximum physically allowed limit for ground vibrational state reactant 

ions, should caution us not to overinterpret the results. These lowest 
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TABLE IV-1 

"' 
Product Energy Partitioning 

Experiment Product 0 <Q> < U'> < E I> % Total E I (calc) E .s s Energy as s 
Number (eV) (eV) (eV) (eV) . (a == .44) Internal (eV) 

705 02D+ 2.51 -1.66 0.04 .85 4.5% .22 

701 02H+ 2.54 -1.82 0.13 ·72 15% .• 21 

702 02D+ 3.49 -2.60 0.98 .89 52% .60 

703 02H+ 3.49 -3.21 1.52 .28 84% .57 

689 02D+ 4.88 -3.35 1.73 1.53 53% 1.12 

690 02H+ 4.88 -4.26 2.57 0.62 81% 1.09 

• 

.I' 



energy Q values are barely allowed when the average vibrational energy of 

the primary ions are. included in the total available energy, yielding 

maximum Q limits of -1.69 for 02W and -1.62 for 02D+. All the calculated 

Q values are upper limits since the product distributions used to compute 

these numbers are greatly broadened. due to the previously discussed 

apparatus'effebts. 

The validity of the qualitative conclusion that 02W is more highly 

excited than 02 D+ can be demonstrated by considering the kinematics of 

the separation of the product pairs. From conservation of momentum the 

velocity of the product ion with respect to the center-of-mass is: 

(IV-6) 

where m
1 

and :inn are the product ion and neutral masses respectively, and 
t 1 

g', the final relative velocity, is equal to (2E /~) 2. The measured s . 

laboratory energy of the product ion is then 

B.Y inserting Eq. IV-6 for u and rearranging we get: 

E' 
LAB 

(IV-7) 

(IV-.8) 

(IV-9) 

(JY-lOa) 

• I ! 

• 

·.' 

.I 



"' 

-61-

Since 'at each -energy the primary beam parameters ar~ identical for the 

two isotopic experiments, the distribution of the center-of-mass velocities 

is the same- for b~th the 02D+-H and 02af-D product pairs. Thus, no 

generaii ty is lost by taking v CM at its nominal value. Equation IV -lOa 

can ther.efore be written simply: 

(IV-lOb) 

where A and B are constants. B is the same for both product pairs but A, 

which is the iaboratory energy of a product ion traveling at the center-

of-mass velocity, is proportional to the product ion mass. Since the 

reduced mass of the 02D+-H pair is about half that of the 02H+-D products, 

and if both th~,O~H+ and 02D+ have the same E' distribution, the right 
s 

hand side of Eq. IV -lOb tells us that the barycentric 02W energy distri-

· bution will be ~2 times broader than the 02D+ spectrum. Since the apparatus 
. . . . 

effects will broaden both distributions in a like mamier, the wider spread 

of the 02n+ spectrum cannot be dismissed as the consequence of detector 

resolution. For identical E~ functions, Eq. rv..:6 similarly predicts that 

'the o2lf'" velocity distribution will be wider than that of o2n+ by [2. 

An examination of Figs. IV-4 - IV-7 indicates that in fact the opposite 

is true. 

Frdm the definition of Q and conservation of energy: 

Q = U - .6H - U' (IV-11) 

Since the Q values are all upper limits, the product internal energies, 

U', and fractions of the total energy appearing as product excitation 
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listed in Table IV..,l. are then lower limits to their actual values. Ex-
•' .. 

eluding the 2.5 eV experiments, it is clear that most of the available 

energy of Reaction (la) and almost all of the available energy of Reaction 

(lb) winds up as internal excitatio~ of the ionic product. 

The large internal excitation of the products cor~elates ~ith the 

quai.itative features of the contour maps. As mentioned in Chapter III, 

the dissociation limit of 02D+ is about 2.6 eV; thus, 02H+ or 02D+ formed 

with greater than this internal energy will be unstable and will not live 

long eriough to reach the detector. This explains the deviations from 

centroid peaking evident in Figs. IV -6 and IV .:.7. . The minimum average 

e~citation of 02~ at 4.9 ·ev listed in Table IV-1 is 2.57 ev, essentially 

the dissociation limit for this ion. 

The specific intensity peak.s in the forward direction indicate that 

another mechanism has became significant for 02H+ fo~ation at this 
.. ~ 

energy. It must be emphasized that this forward peaking is not solely 

from this new direct mechanism, but it does indicate that this new process 

preferentially scatters the ionic product in the 0° direction. 

Similarly, Fig. IV-6 shows that the specific intensity of 02D+ pro

duced tram 4.9 eV collisions is no longer isotropically distributed about 

the center-of -mass velocity.· Although the minimum average excitation of 

the 02n+ is oilly 1. 73 eV, a substantial fraction of the ions are probably 

excited beyond the dissociation limit. It is also apparent that sane of 

·the 021Jf".ions at this energy are formed by a mechanism which preferentially. 

backscatters products, but the diffuseness of the distribution makes a·. 

more s~ecific definition of this process impossible. 

I 
~~ 

.. ' 

....,_,! 

I 
' 
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Klotz25 has pointed out that the relative prOduct translational 

energy is equal to the translational energy in the reaction coordinate . . . 

plu.S the energy barrier betwe~n the camplex and prOducts. · This barrier 

is, for R.~actions (la) and (lb), just the energy necessary to surmount 
·: '.· 

the a.ngul~z. momentum ·barrier.·in the product. channel. By measuring the 
.. 1 ' • • . -

kinetic energies of fragments formed by electron bombardment of a series 

of molecule~, having .from four to nine atoms, Haney and Franklin 
26 

found 

that for large excess energy that the transul.t.ional energy in the reaction 

coordinate is related to the available energy by: 

(IV-12) 

where E* is the availabl.e or excess energy, .N is.the number of oscillators 

of the molecule ( N = 6 for HOOH+) and a. is an empirical para.m~ter (a. =. 1 

corresponds . to the high . energy limit for a highly constrained complex) • 

Mo~e recently, Fr~lin and co-workers27 applied the quasiequilibrium 

theory of unimolecular decomposition and the direct count of states method 

(see Chapter V) to the data of Haney and Franklin and concluded that a 

"loose" (N-3 effective oscillators) transition state is a more.appropriate 

model for the dissociation process. 

The Franklin treatment ignores the effective potential barrier, 

certainly a reasonable procedure, since ions formed by electron bombard-

ment of neutrals at roam temperature would be expected to have small 

angular momentum. As we shall see in the next section, the effective 

potential barriers in.the exit channels of Reactions (la) and (lb) are 

negligible compared to the total available energy. The classical treat-

. ment, as can be seen from Table IV-1, with a. = .44 underestimates the 
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translatio!lal energy. of ean+ by about 3CY/o and overestimates the 02W 

kinetic ene~gy by about a factor of.2• A further analysis·ofthe dis-

crepanc;:y be:tween the 02W and :.02D+. eJ(;citation energies must await a 

full deconvolution of the experimental data. 

c. Ang\Uaf Momentum Effects. The total angular momentum of the complex 

is: 

(IV -13) 

where ~ is the orbital angular moment:um of the reactants and .J.o and J,H 

are the internal anguJ.a.r momenta of the 02 + and HD respectively. The 
.' . . . "• . ' . . . l 

most prob~"9le yalue of .J..o ,is about 9 i'l, 
28 

and that for J.:H: is 2 11. 

Thus the magnitude of the total angular momentum is: 

' 
(IV.:.14f 

Averaging over all orientations of the ~ and ~ vectors gives: 

.r = (IV -153.) 

(IV -151:>) 

The initial orbital angular momentum, ~, is equal to !-lgb, where 1-l is the 

reduced mass of the reactants, g is their relative velocity, and b is the 

impact parameter. To get the average orbital angular momentum at a 

particular relative collision energy, L must be averaged over all impact 
. "' 

parameters less than b 
max 

\ 
c ! 

' . ' 
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(IV-16) 

Since atotal nb~ax' 

<L> (IV-17) 

+ . . . 
For 02 -HD Eq. IV-17 can be more conveniently written as: 

(IV-18) 

where E0 is the initial relative energy in (eV) and a is the total crosss 

section for complex formation in (A2
). 

Conservation of angular momentum requi;es that the sum of the internal 

and orbital angular momenta of the products equals ~· The final average 

orbital angular momentum, L', can be calculated from Eq. IV-17 by assuming 

the ma.xi:mum product impact parameter is equal to b . This assumption 
max 

is made more for convenience than from any theoretical justification. 

However, the maximum incident impact parameter which leads to complex 

formation is about l X, which is approximately equal to the perpendicular 

distance between the H or D atom and the 0-0 axis. Since, as Mahan et 

28 
al. have shown, the departing hydrogen atom most likely separates from 

the molecule-ion parallel to the 0-0 axis, the JDa.ximum product impact 

parameter is also probably not very different than l A. 
. .. 

Using this value of b' and the maximum final relative kinetic energies 

.listed in Table IV-l, we find, analogous to Eq. IV-18: 
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l 

<L'> = 8. 25(E' cr)2 -1'1 s for 02D+-H (IV-19a) 

l + 
< L'> = 11. 50(E' cr) 2 -11 for 02H -D (IV-19b) s 

The magnitude of the internal angular . momenta of the products can then be 

determin~Q. from.~ and ~·: 

=. L' 2 +. j .. , 2 + ,.,L, . , .::;'""' • ,I . (IV..,20a) 

which upon orientation averaging becomes: 

(IV-20b) 

Solving for j' yields: 

(IV-21) 

If we treat the separation of the . products as a two-body problem 

with an attractive ~otentiai .energy ~(r), then rotation of the transition 

state creates a maximum in the effective potential Veff for separation 

of the products: 

(IV-22) 

where cp is the ion-induced dipole potential -C4 /r
4 and r is the separation 

of the products. This two-body approximation assumes that the maximum in 

the effective potential comes at a value of r sufficiently large that the 

internal motions of the fragments are essentially decoupled from their 

motion along the reaction coordinat.e. 

The maximum which occurs in the effective potential energy. curve can 

be viewed as a barrier that the transition states must cross in order to 

become products •. In terms of the present discussion it can be pictured 

... 

# 

. ; 

. j 

! 

: .. ' 
j 
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as an ejection potential wP,ich supplies part of the final relative kinetic 

energy to product~ which have crossed it. The height qf this barrier with 
' . : . . 

respect to products is: 

To -get "<\J3> it is necessary to average Eq. IV -23 over b: 

'.·, 

. <v > 
B 

(IV -23) 

(IV-24) 

This expression-can be written in terms of the final relative energy and 
. ' . . 

the cross-section for formation of the intermediate: 

(IV-25) 

. ;_, ~ ~ . 

The average height of the barrier to formation of the complex from re-

actants can be found from Eq. IV-25 by substituting the initial relative 

kinetic energy, E~, for E~ and by using the proper potential constant 

for HD. · 

Table rv~2 lists the energy barriers and angular momenta in the 

reactant and product channels along with the relevant parameters, not 

, listed elsewhere in this chapter, used to calculate these quantities. 

In accord with the qualitative observations made from the contour 

maps, most of the angular momentum of the complex goes into internal 

angular momentum of the molecule ions, about three times the amount which 

appears as _L' ~ This tells us that the critical configuration of the 
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TABLE IV-2 

Angul.ar Momentum Partitioning and Rotational. Barriers 

Product E o a 
s TorAL 

(eV) (Jt2) 

02D+ 2.51 

02H+ 
3~62 

2.54 

02D+ 

02H+ 
3.49 3·49 

02D+ 

02H+ 
4.88 3.27 

C4(HD) = 5. 78 eV - A4 

C4(D) = C4(H) = 4.87 eV - A4 

<VB> <L> <J> < v t > 
B 

(eV) . ("fl) (il) (eV) 

o.ol.6 
0.122 42 43 

0.012 

0.017 
0.217 49 

0.002 

0.043 
0.372 55 56 

0.007 

< L' > < J' > 

(11) (il) 

14 '41 

19 39 

15 47 

ll 48 

18 53 

l.6 53 

' #'; 

. i 

. ' 
i 

I 
. I 
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complex ·fo; dissociation into 02D+ and 02H+ is very "loose," in accord 
' ~-. 

with the finding ofFranklinand co-workers. This point will be discussed 

further in Chapter V in connection, with the choice of normal mode fre,.. 
,· ' \i •': ,· ·.;,: . '. . . ': . . . ·· •. ' ?. . ... ·. 

quencies for the 02D+ and 02~ critical configurations. 
. . 

. · .. ' . ;, 28 ' . ··.. . . . . ' ·.·· ... 
Mahan et a.l. have discussed the distribution of the total angular 

momentum between the principal axes of the D202+ i:ntermedia.te and con

cluded that most of the angular mo~entum resides in the low frequency 

tumbling rotations aboot the perpendicular axes rather than in the higher. 

freque'ncy spinning rotation about the unique axis. This explanation is 

also consistent with the large rotation~l excitation of the product 

molecule-ions, since an H or D atom 'separating from a. rapidly tumblirig 

HD02+. (the OOD angle in the equilibrium hydrogen' peroxide structure is 

105°) ~o,:D.d move away in a. direction roughly parallel to the 0-0 bond 

axis and thereby produce a. torque capable· of rotationally exciting the · 

product ion. On the other hand, an H or D atom leaving a rapidly spinning 

hydrogen peroxide ion would separate in a direction more perpendicular to 

the 0-0 axis. Rotational excitation of the remaining H(D)o2+ would be 

considerably more difficult in this case. 

The assumption of statistical equilibrium of the cemplex, corresponding 

to a. rotational temperatUre T leads to an expression for the probability 
r 

distribution of quantum numbers, K, for rotation about the unique axis of 

a. prolate top: 29 

P(K) ·exp(-~/~) (Dl-26) 

.where 
1 

K = jkTrij~2j2 a 
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' ·. 

and 

The total rotational energy of a prolate complex in the transition state 

is: 

= (IV-28) 

Assuming that ~ << .r, E can be ca:iculated from Eq. IV -28 and T can be 
r r 

inserted into Eq. IV.,..27. The rotation constant, Ka' the moments of inertia 

of HOOD+, a:nd the average quantum number for rotation about the unique axis 

are listed in Table IV-3 for the exper:i!llents at 2.5, 3.5 and 4.9 eV. For 
. . 

all three experiments only 20% of the total angular momentum is concentrated 

in the unique axis. Those few complexes with large K probably dissociate 

. to products other than 0 2W and 02D+ ~ince their inability to convert this 

angular ~oment~ to rotation of the product ion would result in the erection 

of a h~gh effective potential energy barrier. The effective barrier is 

much lower for products of more equal mass since the barrier height is in-

versely proportional to the square of the reduced mass. Further evidence · 

that 021)+ and 02W are formed principally from transition state structures 
. . . 

where the angular momentum is concentrated in the tumbling rotations are 

the negligible exit barriers and consequent independence of the product 

internal rotation quantum numbers upon reduced mass of the separating 

partners. 

It has.been show29 that the shape of'the angular distribution cor

relates with the mean tilt of J with respect to the direction of the final 
. - . . . . . 

velocity vector. The degree of tilt is.represented by the parameter 

·] 
i 
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TABLE IV-3 

+ .. 
HOOD Rotational Constants . 

E o K s ·a 

2.525 .235 13.0 

3.49 .297 14.6 

4.48 -379 16.5 

a 
4 -40 . 2 IA = . ·35 X 10 g em 

. 4 -40 2 
IB = IC = 3 x 10 g em 

I = 5 X 10-40 g cm2 
r 

<K> 

10 

11 

. 13 

a 

X 

1.6 02D+ 

+ 2.2 02H 

. + 
1.5 02D 

+ 1.1 02H· 

1.6 02D+ 

+ 
1.5 02H 

a J. T. Massey, C. I. Beard and C. K. Jen, J. Mol. Spec. 

2_, 4o5 (1960) 0 

,, ,. 
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X = L IK , where L is the maximum product orbital~ momentum. For 
'rif a m 

a prc;late top complex with large X the distribution peaks at 0° and 1.8o0
• 

t • • .. ' 

As X decreases the distribution approaches isotropy~ The values of X 

for the; experiments discussed. in this chapter are listed in Table IV-3 •. 

They are sufficient~ small that marked forward-backward peaking is un-

expected and hence in.accord with the nearly isotropic distributions ob

se~ec:l in the 1.~ energy cont.our maps. 

Further ,evidence for complex formation is the larger intensity of 

02D+ t~a,n g2w . in .. the low energy region. . This is predicted by HHKM 

theory on the basis of the lower zero point energy .and larger density of 

states of 02D+. U~imol.ecul.ar decomposition phenomena will be discussed 

in . detail. in . Chapter y. 

3• Energy Dependence of Total. Cross-Sections 
. . 

The cross-sections and isotope ratios, (cr02n+/cr~2W), for formation 

of 02D+ and 02H+ at the five energies at which these quantities were 

determined ~e listed in Table IV-4. The cross-sections, except for the 

02H+ value at 2.5 eV, are .Precise to within ± 3fY/o but the isotope ratios 

are good to within ± l(J'/o. Absolute values of the cross-sections were 

obtained by the following procedure. The cross-section for the reaction 

N2+(D21 D)N2D+ at.9.3 eV is measured and normalized to the total cross

section at this energy determined by Hyatt and Lacmann~ 30 The conversion 

factor thus determined is used to convert our integrated total. to cross

sections to (A2
). Since the experiments with o2+ were done over a period 

of several months several such normalizations were performed to account 

for changing apparatus effects. 

_, : 
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TABLE IV-4 
· .. 
. ' 

Total-Cross Sections and Isotope Effects 
\ii:l 

Experiment Relative + crT (02H ) crT (02D+) crTOTAL crT(02D+) 
Numbers Energy (eV) (12) (Jl2) (.1\.2) crT(02H+) 

705,707 2.52 1.44 (?) 2.48 3-92 (?) 1.72 (?) 

702,703 3-49 0.484 2.38 2.86 4.92 

689,690 4.88 0.448 2.25 2.70 5.01 

686,687 . 6.45 0.529 . 2.05 2.58 3.87 

669,670 8.59 0.114 0.099 0.21 0.87 
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The cross-sections for 02D+, 02W and their sum are plotted vs. 

relative collision energy in Fig. IV-13. Se~era.l interesting observations 

can be made. The cross-sect:i.ons decrease extremelY slowly with increasing 

energy in the 2.5 - 6.5 eV range; the relationship cr a:Es -l/6 describes. 

the func-tionality of 'the o2n+ and the total cross,..sections. The flatness 

of the curves in this energy range is surprising in view· o:f the dyna.mic 

ch~es of the reaction mechanisms evident from the contour maps. The 

only.obvious explAnation for this behavior is that while the contribution 

to the cross-sections from the complex mechanism decreases with energy, 

the im~ortance of the direct higher energy processes is increasing.r 

Another possible cont~ibution to.the constancy of the cross-sections is 
' . . .. . . . . : . ' . ' . 

that even though the cross-section for :formation o:f the intermediate de-

creases with energy, the dissociation pattern o:f the· complex is such that 

the 02D+ and 02W ·channels become mor~ favorable at higher energies •. 

Between 6.5 and8.6 eV the02D+ and 02W cross-sections decrease by 

factors of 20 and 4.6 respectively. The 02H+ map at 8.6 eV (Fig. IV-11) 

shows that this product is formed by a process akin to spectator stripping, 

the cross-section :for which has been shown to have a steep energy dependence. 30 

The mechanisms for 02 D+ formation at 8.6 eV are considerably more complicated, 

but it is reasonable to assume that a large fraction of the 02 D+ ions are 

:formed with an internal energy higher than the 2.6 eV required t6 break.the 

02+-D bond. For example, 02D+ ions formed by pure spectator stripping at 

relative collision energies above 6. 9 eV are unstable with respect to . 

dissociation to 02+ and D. 

. j 

' 
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6 

4 
Slope= -1/6 
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• cr02o+ + cr~H+ (/) 

0 

ACT~D+ -I 0 
"C 
CD 

0.8 • cr02H+ 0 0.8 :::0 
c 

o cr02D+/CT~H+ -0.6 0 

• • • 0.4 0.4 

0.2 • 0.2 
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Fig. IV-13. 

Es (eV) 
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Energy dependence of the total + 
cross-~ections o! the o

2
+(HD,H)02D 

and 02 (HD,D)02H react1ons. 
The cro

2
n+;cro ~ isotope ratio 

is also showii. 
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4. High Energy Experiments 

As noted in Section (2) the symmetry of the scattered OaW and Oan+ 

distributions about the line connecting ± 90° begins to disappear at 
- . . 

energies above 4.5 eV. The angular distributions of the two ions, as 

shown in Figs. IV-8 - rV-ll are of drastically different shapes. The 

diffe~ential. cr~ss-section ~urves for scatte~~d o~w and OaD+ at collision 

energies of 4.00, 6.45 and 8.59 eV are displayed in Fig. IV-14. In accord 

with the contoUr map representations, 0 2 W is scattered mostly into the 
. . 

small angl.e regions, the degree of forward peaking increases with relative 

collision eri.ergy. At 8.89 eV OaW is found exclusively in the small 

angle region. At this highest energy no OaW was obs~rved beyond 70°. 

The OaD+ I( e) curves have the same shape at all three energies; the 

curves monotonically increase by a factor of about five between 0° and 90° 

and then fall to hal.f their peak values as e goes to l8o 0
• Although the 

differential cross-section plots conceal the complexity of the 02 D+ 

velocity-angle spectra, they indicate that 02 D+ is preferential.ly back

scattered at energies above 4.9 eV. The characteristics of the OaD+ 

angular distributions, which differentiate them from previously investi-

gated ion-molecule reactions, are the peaks at barycentric angles other 

than 0° and l8o 0
, and the diffuseness of the angular distributions. 

From the contour maps and differential cross-section curves it is 

clear that at energies above 4.9 eV stable 02W and OaD+ are formed by 

mechanisms which are dynamically different. Direct application of the 

kinematic models of Light and Chan17 and George and Suplinskas18b to the 

Oa+-HD reaction would be inappropriate since neither of these models con-

siders the effect of a deep well in the potential energy surface. However, 

i 
"b':'.~·' l 

! 
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XBL 713-410 

Fig. IV-14. Energy dependence of the center
of-mass differential cross-sections 

+ + of o2D and o2H . 
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the calculations of these authors point out the degree to which the 

geometric anisotropy of HD affects reaction probabilities and product 

trajectories. 

The effect of isotopi~ substitution on reactive collision can also 

be seen by comparing the maps of the o2+(HD,~)g~~: reactions with the 

02+(n2,D)02n+ map at the same relative collision energy. Figure III-5 

shows the velocity angle distribution of the monoisotopic reaction at 

8.34 eV relative energy. Comparison of this map with those of the mixed 

isotope reactions at approximately the same energy (Figs. IV-10 and Iv-11) 

shows that' although the o2+(n2,D)02D+ map has featur~s in common with 
. . 

both the O~D+ and 02~ distributions from 02+~HD, such as forward peaking 

(as for 02~) and scattered product at all angles (as for 02D+), the 
. . 

homonuclear reaction map is by no means a "weighted sum" of the mixed 

isotope maps. The major qualitative difference between the o2+-n2 map 

and the mixed isotope distributions is the absence of substantial back

ward scattering in the o2+(D2,D)02D+ reaction. 

Figure IV~l5 is a specific intensity contour map of the reaction 

o2+CH2,H)02H+ at a relative collision energy of 5.89 eV. This map can 

be contrasted with Figs. IV~8 and IV-9which show the scattered 02D+ 

and 02H+ distributions from Reactions (la) and (lb). The 02W specific 

intensity from the homonuclear hydrogen reaction lies mostly in the 

forward hemisphere, but sizeable scattered signal is found at all angles. 

In the mixed isotope reaction 02~ is forward peaked and 02D+ is mostly 

backscattered. As opposed to the pure isotope reaction, most of the 

total intensity (sum of o2n+ and 02H+) is in the backward hemisphere. 
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+ A contour map of the specific inten~ity of o2H 
formed in the reaction o2 (H2 ,H)02H at a 
relative energy of 5.89 eV . 
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It . ~holl.lci be. noted at this point that the angular distributions of 
·. . 

nonreactively scattered o;+ corroborate the obse~ation that most scattered 

product comes fr~ small impact parameter collisions • Figures IV -16 and 

rV-17 are contour maps of 02+ nonreactiv~ly scattered by HD at collision 

energi~s of 6.45 and 8.59 eV respectively. The absence of substantial 

backscattering in both figures implies that small impact collisions lead 

almost exclusively to reaction or very ineiastic nonreactive scattering. 

A similar conclusio~ was made for the N2+(D2,D2)N2+ system9 where charge 

t~ansfer arid dissociative charge transfer are important channels. The 

large difference between the ionization potentials of 02 ·and HD (- 3:3 eV) 

and the"sti.bstantial endothermicity of dissociative charge transfer 

(- 6 eV) make these processes less important in the 02 + -HD system than 

in the N2+-D2 case. The larger amount of backscattered 02+ at 8.59. eV 

than at 6.45 eV is consistent with the much smaller O~D+ cross-section at 

the higher energy. 

The difference between the high energy mechanisms by which 02~ and 
. . . 

02D+ are formed from o2+-HD can be attributed to a complex combination of 

geometric and energetic factors. Since these effects favor formation of 

02H+ over 02D+,9,l7,l8b while complex decay preferentially leads to more 

02D+ than 02W, the fact that (a 02n+1 a 
02

W) > 1 at collision energies up 

to 6.45 eV implies that formation of the HOOD+ intermediate is important 

even at this relative energy. Comple~es formed with 02+ and HD nearly 

parallel to each other and perpendicular to the incident relative velocity 

vector will, because the center-of-mass of the molecule is closer to the 

D-atom than to the H-atom, tend to rotate with the ~ end moving in the 

initial projectile direction. If the complex .dissociates in less than 

,, 

... 



-81-

0~ + HD-+ 0~ + HD (75.2 eV) 

Relative Energy = 6.45 eV 
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Fig. IV-16. A contour map of o
2
+ nonreactively scattered by 

HD at a relative energy of 6.45 eV. 
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0~ + HD-0~ + HD (100.20 eV) 
Relative Energy= 8.59 eV 
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Fig. IV-17. 

XBL 712-278 

+ . A contour map of o
2 

nonreact1vely scattered by HD 
at a relative coll1sion energy of 8.59 eV. The 
inelastic inten~ity maximum falls very near to the 
velocity of o2D formed by spectator stripping, 

'which is indicated by a cross . 
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' . : 

one rotation, 02W will be primarilY scattered in' the forward direction 
. ' 

and 02D+ will appear at large angles. Since vibrational equilibrium occurs 
. ' . . . 

on a time scale shorter than or comparable with one rotational period, 

the intensity of the deuterated product from unimolecular decay will ex

ceed that of.02W. · 

As Light and Chan17 have shown, the separation of the geometric center 

from the center-of-mass of HD leads to a larger probability that the in-

cident ion will collide with the H end of the molecule. This effect is, 
·. ' . 

of course, most important at energies where complex formation is not the 

dominant mechanism. Therefore, large impact parameter or grazing col

lisions are more likely to result in abstraction of a' hydrogen atom than 

a deuterium atom. As Fig. IV-ll. shows, 02 W is almost entirely formed 

by grazing collisions at a c~llision energy of 8. 59 eV •. 

As noted earlier, 02:b+ f~rmed by pure spectator stripping at. relative 

collision e~ergies above 6.9 eV is unstable with respect to dissociation 

to 02+ and D. On the other hand, 02W produced by this mechanism does 
. . . . . ' 

not have sufficient internal energy to break the o~H bond at collision 

energies below 13.8 eV. Further evidence for the dissociation of 02D+ 

formed by spectator stripping at energies above 6.9 eV is found on 

Fig. IV-l7· The small.angle inelastic peak, enclosed by the 10 K contour 

line, is located close to the 02D+ spectator stripping velocity. This 

velocity is marked by the small cross. As discussed in Chapter III this 

intensity maximum·can arise in part from dissociation of.unstable 02D+o 

The insufficiency of this explanation to account for the absence of 

:f'o~ard peaking of 02D+ is evident in Fig. IV-8, which sho~s that.even 

at a collision energy below 6. 9 ev, 02D+ does not display small angle 
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peaki~. The prevalence of backscattering in Reaction(la) is most likely 
; . 

) ·• ' . .· ' . . 

related to the previously mentioned separation of the center-of-mass from 

the geometric center of HD. Since the impact parameter is defined with 

respect.to the centers-of-mass of the reactant particles, nearly head on 

collisions willresult.in a higher probability of the incident ion reacting 

with the de~terium atom than with the hydrogen atom. This type of collision 

is more intimate than a grazing collision and, thus, can more easily 

achieve product stabilization. 
.. ·+ 

There is another explanation for the absence of backscattered 02H • 

Referring to Fig. IV-18, consider the following head-on collision mechanism 

with the HD internuclear axis parallel to the incident relative velocity 

vector. In the first step the 02+ ion (m3) having laboratory velocity v3 

collides impulsively with one atom of the diatomic (m1 ) which is at rest. 

The resulting laboratory velocities of the three particles are 

= (IV-29a) 

= (IV-29b) 

The struck atom (m1 ) then impulsively collides with its partner (m) and 

bounces back. After this second collision the velocities are: 

II 
v' (IV-30a) v3 = 3 

v" 2(ml - m~)( m3 ) (IV-30b) = + m2 ml + m2 v3 1 ml 

v" = (m
1 
~1m2)(m1 ~3m3 ) v3 (IV-30c) 2 

~ / 1·. 

i 
1 ' 

' i 

I' 

._. i 
I 

.,. 
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Fig. IV-18. Schematic representation of the double 
impulsive collision model. The velocities 
and in the laboratory frame and are drawn 
to scale. 
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The internal energy, .of the backsc.atterep. o2x+ ion is .then 

u• = ! ~"g"2 (IV-31) 

where 

~II = (IV-32a) 

and 

g" = v"-v" .. :3 . 1 

·crv-32b) 

Usilig the value of 2.6 eV as the 02+-H and 02+-D dissociation energy and 

Eqs. IV-31 and IV-32, we find the following upper. limits to the initial 

relative energy, at which product formed by this double impulsive rebound 

mechanism will be stable: 

02+(HD,H)02D+ 

o~+(n2,D)02D+ 

14.85 ev, o2+(HD,D)02H+ 

5.56 ev, o2+(H2,H)02H+ 

4.65 ev, 

5.25 ev. 

These findings are consistent with the persistence of large 02D+ signal 

at 18o0 from 02+-HD at high relative energies and the lack of substantial 

backscattering in the other three reactions. 

l. Velocity Spectra and Contour Maps 

Fifteen pairs of centerline velocity spectra and two pairs of contour 

maps were determined for Reactions (2a) and (2b) at collision energies 

between 4.27 and 21.53 eV. As in the 02D+-02H+ experiments, at the same 

II 

'i,: 

~-

i 

I 
. I 
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energy the on+ and ow intensities were measured simultaneously so that 

the apparatus parameters are identical for both the on+ and OH+ distribu-

tions. Figures IV-19 - IV-22 show thirteen sets of centerline scans. 

Several significant observations can be made from these curves. The on+ 
·., 

· spectra are all very broad and peak near the center-of-mass velocity at 

each energy.· . They also display a remarkable degree of symmetry about 

centroid, but as the collision energy is raised backscattered signal in-
';· .. 

creases relative to 0° barycentric intensity. 

The maxima in the OW distributions are always forward of the center

of-mass veiocity; the .sharpness of the peaking becomes more pronounced 

with increasing collision energy, but the peak r~ains close to v/v0 = .95 

at· all ·energies. The curves drop off more slowly in the backward than 

forward direction. This asymmetric behavior increases as the collision 

energy is raised, showing indications of a shoulder above l2 ev. 

Figur~s IV-23, - IV-26 ~e specific intensity contour maps of on+ and 
- . . . 

OH+ formed at relativ~ kinetic energies of 8. 55 and 13-30 .eV. These maps 

show that at high energy OH+ is predominantly forward scattered and on+ 

is mostly backscattered. The product specific intensities, however, are 

broadly distributed ov~r velocity-angle space. 

The dissociation energies of OH and on are 4.35 and 4.4 eV respectively 
. . • ...+ . 16 

and are 5.06 and 5.ll for 0.11· and on+. Therefore, in the 8.55 eV experi-

ments, formation of on+ or OW ions with center-of-mass velocities inside 

the Q.= -6.3 eV circles in Figs. IV-23 and IV-24 may be accompanied by 

dissociation of the neutral product. At 13.30 eV formation of stable 

product ions with barycentric velocities within the Q = -ll.3 eV circles 
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Centerline velocity distributions 
+ formed in the 02 - HD reaction at 

energies from 4. 27 - 21. 53 eV. 
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on Figs. rv~25 and IV-26 must result in neutral dissociation or electronic 

excitation of ion or neutral. 

The average Q values for the four complete contour maps have been 

calcUlated by the procedure outlined in Section (E) ~d it is found that 

almost all of the available energy goes into product .excitation. In the 

8.55 ~V experiments both oH+-OD and on+-OH product pairs have average 

internal excitations of 6.55 eV. At 13.30 eV the average internal 

~xc:it~tion of,both is ll ev; thus, at this high energy, ion formation is 

almost exclusively accompanied by neutral dissociation. 

2. Cross ... Sections and Isotope Ratios 

The differential cross-sections at 0° and l8o 0 for both product ions 

are listed in Table IV-5. While the absolute values of I(O) and I(l8o) 

are not particularly d.nteresting, the ratio [I(l8o)/I(O)] is a sensitive 

measure of distribution of scattered intensity about the center-of-mass 

velocity. An examination of the dependence of this parameter upon energy 
. . . ,. 

reveals several trends. At collision energies up to about 8.5 eV on+ is 

scattered backward or forward with about equal probability. As the relative 

energy is raised backscattering becomes increasingly more important, 

reaching an [I(l8o)/I(O)] ratio of more than 4 at 21.53 eV relative energy • 

The ()11+ product, on the other hand, is always primarily forward scattered 

and the [I(l8o)/I(O)] ratio is independent of collision energy. 

The total cross-sections for Reactions (2a) and (2b) can be estimated 

by assuming that they are proportional to Is' the sum of I(O) and I(l8o). ·· 

This quantity is also listed in Table V-5 for each reaction along with 

the isotope ratio (Is(on+)/Is(OH+)) at each energy. The isotope ratios 
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TABLE IV-5 

Differential Cross-Sections and Isotope Effects 

~·, 

Experiment Product EIAB E o I(O) I(l8o) I ~ Is(on+) s s 0 Number (ev) (ev) (xl.0-3
) (xl0-3

) (xlO -3
) 

I (oH+) . s 

538 OD+ 1.84 1.29 3-13 0.70 

+ 49.8 4.27 1.48 
539 OH· 1.57 0.54 2.11 0.34 

582 OD+ 0.92 0.18 1.10 0.20 

OH+ 
68.4 5.86 1.10 

581 0.98 0.02 1.00 0.02 

541 OD+ 2.04 2.53 4.57 1.24 

OH+ 
75~0 6.43 1.34 

54o 2.76 0.66 3.42 0.24 

578 OD+ 0.65 o.4o 1.05 0.62 

OH+ 
79.8 6.84 0.89 

577 1.12 o.o6 1.18 0.05 

565 OD+ 1.32 1.11 2.43 0.84 

OH+ 
88.0 7-54 0.93 

566 2.35 0.27 2.62 0.11 

572 . OD+ 1.38 1.09 2.47 0.79 
9().2 7-73 0.84 

571 OH+ 2.60 0.34 2.94 0.13 

OD+ 
•. 

576 0.97 1.17 2.14 1.21 

OH+ 
99.8 8.55 0.95 

575 1.97 0.29 2.26 0.15 r· 

544 OD+ 1 .. 02 2.72 1.67. 
., 

1.70 

OH+ 
100.0 8.57 1.04 

545·. 2.14 0.48 2.62 0.22 

; . 

. ~ . ill 

I~ '• ·i: 
';: i 
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TABLE' IV-5 

(continued) 

EXperiment Product ELAB E o I(O) I(18o) I ~ 
I (on+) 

s s s 
Number 

. 

I (OH+) 
· {ev} · {ev} {xl0-3

) {x10 -3
} {x10-3

) . s 

587 ··on+ 1.89 . 2.13 4.02 1.13 

OH+ 
110.2 9.45 0.66 

586 5.38 0.72 6.10 0.13 

569 on+ 1.09 1.81 2.90 1.66 
'+ 119.7 10.26 0.73 

568 o:H 3.44 0.54 3.98 0.16 

548 on+ 0.70 0.96 1.66 1~37 

OH+ 
139-9 11.99 0.54 

549 2.61 0.44 3.05 0.17 

585 On+ 1.43 4.17 5.60 2.92 

OH+ 
. 155.1 13-30 o.66 

584 7·13 1.36 8.49 0.19 

552 On+ 0.59. 1.04 . 1.63 1.76 

OH+ 
171.0 14.66 0.32 

551 4.37 0.75 5.12 0.17 

553 on+ 0.30 0.65 0.95 2.17 

OH+. 
209.2 17.93 0.16 

554 4.92 0.98 5.90 0.20 

556 · OD+ o.o8 0..34 0.42 4.25 

. OH+ 
251.1 21.53 0.07 

555 4.68 1.12 5.8o 0.24 

f 
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XBL 712-277 

Fig. IV-23. + A contour map of the specific intensity of OD at a 
relative energy of 8.55 eV. Ions found within the 
Q = -6.3 eV circle may be accompanied by dissociation 
of the neutral product. 
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0~ + HO-.oH+ + 00 (?) 

(99. 75 eV) t +9oo 
Relative Energy= 8.55eV ------

... 180° 

Q=-8.4 eV 
20% 
Beam 
Profile 

XBL 712-276 

+ 
Fig. IV-24. A contour of OH specific intensity at 8.55 eV. 

The Q = -8.4 eV circle is drawn with a radius 
equal to the peak velocity. 
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Fig. IV-25. A contour map of OD+ at a relative collision energy 
of 13.3 eV. Product ions formed with barycentric 
velocities within the Q = -11.3 eV circle must come 
from the reaction o

2
+ + HD ~ OD+ + H +D. 
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+ Fig. IV-26. A specific intensity contour map of OH at a 
relative energy of 13.3 eV. 
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are also plotted as. a function of incident relative energy in Fig. IV-27. 

The two crosses in Fig •. IV -27 represent the isotope. effects computed from 

the ratios of the integrat.ed total cross-sections for OW and on+ forma

tion Ctilculated at the_ en~rgies at which complete c_ontour maps were 

measured. At_ these two energies there is excellent agreement between the . -

isotope eff_ects calc:ulat~d this way and those calculated bY the Is ratio. 

3. Discussion 

The smali cross-sections of Reactions (2a) and (2b) (-.2 A2
) and 

. - . 
diminished primary beam intensity prohibited meaningful experiments from 

being c&.rried out at relative collision energies below 4·ev. The lack 

of symmetry about the center-of-mass velocity of the ~ centerline dis-

tributions at all energies at which Reaction (2b) was studied indicates 

that dissociation of a long-lived complex is not the dominant mechanism 

by which this reaction proceeds at energies above 4 eV. Although the on+ 

velocity spectra are symmetric about centroid at collision energies up 

to 8.5 ev, the near identity of the on+-oH and OW..,.OD product pairs pre-

eludes one from interpreting a symmetric distribution as implying forma-

tion of a persistent complex. Furthermore, it would seem impossible to 

maintain that a long.;.lived intermediate exists when the .relative energy 

is as high as 8.5· eV. The same conclusion was reached -for the o2+(H2,0H)OH+ 

reaction,
28 

in which product ion symmetry at 8.3 eV was observed. This 

interpretation is consistent with the observation that above a relative 

energy of 4 eV direct mechanisms become important in th~ formation of 

o2b+ and o2:H+. 
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Fig .. IV-27. + + Energy dependence of the OD /OH isotope ratio. 
Values calculated from total cross-sections 
are indicated by crosses. The points denoted 
by open circles were detennined fro~ the Slli~ 

of 1(0°) and 1(180°). 
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A co.rnparison of the. on+ and OH+ centerline distributions and contour 

maps indicat~s that these products are formed at leas.t partially by 

dynamica.u.Y different mechanisms at all energies at which Reactions (2a) 

and. (2b) .;,;ere studied. The geometric factors governing collision prob

abili tie~ are und~~bt~d.ly similar to tho.se ill'lo.lved in 02n+ and 02H+ 
. . . 

formation. As in .these latter reactions 1 the H product is principally 

forward scattered at all energies where the reaction is direct, but un

like the 02W distribution, o:f!+ scattering is found at all angles, even · 

at a collision.ene~gy of 21.5 eV. The on+ distribution is similar to 

the 02D+ angular spectra in that . product is found at all barycentric 

angles and scattered intensity is larger in the backward than forward 

hemisphere, but is different in that the on+ velocity spectra peak is 

very close to the center-of-mass at ali a.I!gles. There is, of course, an 
! 

important difference in the energy di~posal problems of on+ and 02n+ in 
I I . 

that the former has an essentialzy continuous energy sink in the form of 

internal energy of OH and relative tr~slation between 0 and H, while the 

latter must transform its excess energy into electronic excitation. Thus, 

the position of.the on+ peak is not limited by product recoil. 

The observations suggE!st that at least two mechanisms determine the . l 
on+ and· ow scattering distributions; one which results in the product 

ion 'distribution peaking at and symmetric about centroid and which give~ 

on+ or OW with about equal probability, and another which is responsible 

for forward scattering of oo+ at all energies and which to a lesser degree 

contributes to on+ backscattering. The rapid fall-off of the on+joH+ 

isotope ratio (Fig. rv-27) suggests that the second mechanism becomes 

increasingly domin~nt as the collision energy is raised. 

li: 
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The second process can.be described as a "double pickup" mechanism. 

In this model the 02+ ion approaches the HD molecule with the two inter-

nuclear axes parallel to each other and perpendicular to the incident 

relative velocity vector. Each 0 atom, with ~ ELAB and velocity v 
0 

picks 

up an'H or D atom. The laboratory velocities of the products .after the 

collision are: 

16 0.941 v (IV -33a) vOH = 17 vo = . 0 

16 0.889 v (IV-33b) VOD = IS vo = . . 0 

where VCM 
32 6.914 v (IV-33c) = 35 vo = 

0 

The peak OH+ and on+ velocities are pJ.otted in Fig. IV-28 and com-

pared with the predictions of. this model. The double pickup mechanism 

obviously gives poor agreeme~t ~ith the on+ peak velocities, which are 

all very close to the center-of-mass velocity. On the other hand, the 
. . 

OH+ peak velocities are ~11 larger than that predicted by the model. 

This latter deviation can be explained as a consequence of forward recoil, 

which has been used9 to explain deviations from the ideal stripping model 

at energies above which product ions found at the stripping velocity would 

be unstable. However, since the product ion distributions are so broad, 

the centerlines may be misleading. The maps show clearly that on+ is 

backscattered, and that there is quite a bit of recoil. Recoil of either 

product is inconsistent with the simple double pickup model; however, 

this model may contain the reason w~ OH+ is forward and on+ backscattered. 
. . 

Tha.t is, it shows that the transient high..;ener&Y- HOOD+ complex rotates 

'II 
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+ + Peak OD and OH velocities plotted as functions 
of energy. The flatness of the OD+ velocity 
spectra at all energies (see Figs. IV-19- IV-22) 
makes precise location of the on+ peaks 
uncertain. 
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with OH moving. in the forward ·and on in the backWard direction. It is 
' ' 

also possible that the 0~ forWard peaking is related to the slight for-

ward peaking observed in the o2+(n2,on)on+ reaction at very high energies, 

which, it was suggested, 
28 

ma:y be caused by the increasing importance of 

a process in which both 0 atoms are not equivalent. 

We can also calculate the internal energies of the·prod:ucts formed 

by the double pickup model. If we assume that the energy necessary to 

break the o2+ and HD bonds comes equalJ¥ from the 0-H and O-n relative 

kinetic energies and that the exothermic_ heats of formation of the OH 

and OD bonds are transformed into excitation of these bonds, we can write 

the following equations for the internal energies, U', of the OH+ and 

on+ ions. 

uon+ 
- [n(o2+) + ri(HD)] + n(on+) ELAB 2 

(IV-34a) = +-- IB" 2 ' ' 2 

I - [D(02+~ + n(HD)] + n(OH+) . EIAB 1 (IV-34b) uow = +-- 17 2 

The upper limits to the laboratory energies at which on+ and OH+ will be 

stable are 99 and 190 eV respectively. .. These correspond to relative 

energies of 9.0 and 17.2 ·ev. This energy effect, thus, partially explains. 

the steep decrease in the on+joH+ curve in Fig. IV-26 at rrlative col

lision energies above 9 eV. 

For the 02+(n2,on)on+ reaction the double pickup model predicts on+ 

peaking at the center-of-mass velocity and product stability below 9 eV 

relative energy, in accord with our experimentally determined28 contour 

map of the o2+(n2,on)on+ reaction at a collision energy of 8.38 eV• 

' > ' ., 
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G. Summary 

·.·.;f, 
', 

Reactions (la.) and (lb) were studied over .the r.ela.tive collision energy range 

from 2.5 - 8.6 eV. Below 5 eV both reactions proceed through formation of a 

persistent complex, with th,~ 02D+, cross-section about five times that of 02H+. 

Most of the avaiiable energy of Reaction (la.). and a.lmost ail of the excess 

energy of Reaction (lb) goes into product excitation. .Furthermore, the total 

angular mC)Dlentum of the system appears chiefly as interml rotation rather 
.-• . . -

than as orbital angular momentum. 

Above 5 eV the o2+(HD,H)02D+ and o2+(HD,D)02~ reactions proceed by 

dynainically different mechanisms. The 02W distribution, which is almost 

exclusively forward scattered, is consistent with spectator stripping. On 

the other hand, the 02D+ distribution is very complex but largely backsca.ttered. 

A binary impUlsive collision model is.proposed to explain the stability of 

ba.cksca.ttered 02D+ and the absence of ba.ckscattered 02H+~ It is further con':" 
I 

eluded that geometric factors strong.l;Y influence the observed high-energy 

isotope effect. 

The o2+(HD,OH)OD+ and o2+(HD,OD)oo+ reactions were investigated at col-

lision energies from 4.3 to 21.5 eV and found to be direct at all energies. 

Both p~oduct distributions are extremely broad and most of the available energy 

goes into. internal excitation. The OW product is'forward peaked at all ener

gies and a. double pickupmodel is proposed to partially explain_ the OH+ velocity 

spectra. At all collision energies on+ intensity is highly symmetric 'about · ·• 

the center-of-mass, although at high relative energies backscatt.ered product . 

predominates. It is concluded that Reactions (2a.) and (2b) proceed by tw~ 

processes, the double pickup mechanism and a second mechanism which scatters 

product ions symmetrically about center-of~mass velocity. 
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ClfAPl'ER V. . UNIMOLECULAR DECOMPOSITION 

A. Introduction 

The purpose of this chapter is to analyze the low energy homonuclear 

and mixedisotope reactions on the basis of statistical unimolecular decay 

theory. The principal advantage to studying unimolecular decomposition in 

beam experiments is that each complex formed is a chemically activated 

species with well k:D.own total energy and angular momentum. The short 

lifetime (-lo-12 sec) of small excited molecules makes an investigation 

of their equilibrium decomposition :i.n conventional batch experiments 

exceedingly difficult because very high pressures are needed to insure 

statistical equilibrium. Statistical theories have been used successfully1 

to treat th.e ve'loci ty and angular distributions from alkali atom-alkali 

halide and alkali halide-alkali halide reactions at thermal energies. 
. . 

The ability of unimolecular decomposition models to predict scattering 

profiles in these three and four atom systems is encouraging evidence 

for the applicability of these theories to small molecules. The ion-

molecule reactions with which we are concerned occur at energies considerably 

higher than thermal energy. The highest relative collision energy a.t 

which all ionic produc:ts of the 02 +-H2 reaction appear to be formed solely 

through intermediate complex formation is 4. 5 eV. Ground state HOOW is 

thermodynamically stable with respect to 0
2
+( 2 ng) and H

2 
by 2.4 eV. 

Therefore, the intermediate formed by reactants with 4.5 eV relative 

energy has an internal excitation of 6.9 eV, or 1.15 eV per vibrational 

mode. There is an additional 2.4 eV barrier to formation of HOOH+ from· 



+'2 ;, •. · .. ·. 
02 ( ng) and H2 , 
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and therefore, the low~st dissociation path of the inter

eV to H
2

o+ and 0. Since this minimum amount of energy 

must be located in a particular "reaction coordinate" for the HOOH+ to 

decompese, j,t Js reasonable to conclude that. the excited complex will 

live lo,ng eno~ .to establis}l.vibrational equilibrium. 

The plan of' this qhaptel' is .to discuss briefly thE! quasieq'!lilibrium 

theory', ex4mi.J:le a.pp. apply this theory to the product ion spectrum of 

e+ectron b~bardmemt of . hydrogen peroxide, and then disc:uss. the Q2 + ~H2 
reaction pro,duct ion intensitie.s anq. isotope effects with particular 

emphasis o.n /the. r()le of angular momentum. 

B •. Quasiequilibrium Theory 

. ,· . ' 2 
The quasiequilibr.ium theory (QET) was developed by Rosenstock et al. 

to explain the relative product intensities of ions formed by electron 

bombard.ulent of polyatomic molecules. The basic underlying premise of the 

QET is.tha.t' ionization of a neutral species does not directly lead to 

ionic fragmentation, but rather, the molecule-ion formed has a certain 

amount of vibrational and electronic energy with respect to its ground 

state. Decomposition of the molecule-ion is not immediate but occurs 

only after several vibrational periods. The assumption is made that an 

isolated molecule-ion can be represented by a microcannonical ensemble and 

that within this ensemble systems are uniformly distributed over all 

states in the region E, E + 5E. Energy exchange between states is 

assumed to be rapid since the vibrat~onal modes are not purely harmonic. 
I 

For each possible dissociation produclt a "reaction coordinate" can be 

i 
i 
L 

'' 
'' 

'>, 
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chosen and ~ 'iactivated complex" or "transition state" configuration can 

be selected at a. saddle point in the potential energy surface, such that 

translation past the saddle .. point corresponds to dissociation. 
·.· 

The rate 
. . . ,, 

constant for dissociation is just the frequency of prossing the saddle 

point. 

The rate constant for unimolecular dissociation can be derived as 

follows. Let p(E)oE be the state density function of the .excited molecule-

ion. The activated complex has total energy between E and E.+ oE, potential 

energy E0 , and translational energy €t in the reaction coordinate. The 

activated complex energy density is: p*(E,E0 ,Et)pt(Et)5EEt, where pt is 

the density of translational statesper length r of the reaction coordinate 

and p* is the density of states in the remaining degrees of freedom. The 

one-dimensional translational energy Et is taken to be the energy of a 

particle in a one~dimensional box: 

= (V-1) 

where m is the reduced mass for translation. The translational state 

density function is given by: 

= (V-2) 

The frequency of crossing the barrier, with velocity v along the reaction 

c oordinat.e, is: 

= v = .!. ( 2€ t)t .! 
r 2 m r 

(V-3) 

where the factor (1/2) .is inserted to account for outward trajectories only. 

li 
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The unimolecular rate constant for crossing the barrier is the integral 

over ~t .o:f the ratio of .thE! act:J.vated com.plex phase space to the molecule

ion.'ph;~SE! .s,pace times the frequency of crossing .the barrier: 

k(E) = . (V -4) 

where s· is the symmetry number. This equation can be written more 
i 

cortveniently as·: 

k(E) = ! w* (E-~0). 
h . · p(E) 

(V-5) 

* . . . . ' ' . 
W (E-e

0
) is the number of states of .the activated complex with energy less 

than or equal to (E-e0 ). The most widely used approxinla.tion to the total 

number of states of a system with energy 5 E is that of Vestal et al. 3 

The enumeration of the number of states is accomplished by an exact 

counting of possible assignments of zero quantum number to one or more 

oscillators and the use of a semiclassical approximation for the remaining 

excited oscillators. 

4 Buttrill has written a com.puter program applying the QET and the 

Vestal counting of states method to the calculation of unimolecular de

composition product ion intensities. A copy of this program was obtained 

from the author and was used to compute the rate constants and breakdown 

curves discussed in the following sections. 

; ... i 
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C. Electron Bombardment Dissociation 

By means of electron bombardment Foner and Hudson5 have measured 

the product ion appearance potentials from hydrogen peroxide. The 

appearance potentials of 02~, og+, H
2

o+, 0
2
+ and a+ relative to the 

. .· '.· ' ' ,' . +' ' 
ionization potential of HOOH are listed in. Table V-1 along with the 

thermodynamic formation energies·. of these ions. .. Corresponding values 

for the ionic products from noon+ and HOOD+, computed from zero point 

energy differences between hydrogenated and deuterated species, are also 

listed. 

All products are formed at their lowest possible energies except 
' 6 . + ,· . 

02+ and o+. Mahan has shown that 02 (
2 ng) and H

2 
correlate electronica~ 

with an excited planar configuration of HOOH+, rather than with the non

planar ground state. · Additionally, dissociation of planar hydrogen peroxide 

ion to 02~ and H would produce an excited state of 02W, while the non

planar ground state would yield this ion in its ground electronic state. 

The barrier to o2 +( 2 ng) formation and the appearance of ground state 0
2
W 

therefore suggest that these products are formed from the decay of HOOH+ 

in its ground electronic state. 

The barrier to o+ formation can be understood as a consequence of 

Stevenson's Rule, 7 which states th~t if the ionization potential of A 

is greater than that of B, the process 

requires an appearance potential greater than the sum of the ionization 

jll ,, 
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TABLE V-1 

Thermodynamics of Hydro~en Peroxide Ion Unimolecular Decomposition 

a b 
Molecule Products Mo Appearance E E 0 (Threshold) 

0 z.p. s 

(eV). Potential ( eV) (eV) (eV) 

HOOH+ + 02H ,H 4.34 4.34 .388 1.96 
E . =.745 OW,QH 4.25 4.25 .415 1.87 

z.•P• + 
6Eo ::: o.o H20 ,0 3.04 3~04 .558 0.66 

0 + 2.38 4.78 .389 02 ,H2 
+ 0 ,H20 4.04 "" 6.0 .389 "' 5-55 

DOOD+ + 02D ,D 4.43 4.43 .315 1.97 
E =.581 OD+,OD. 4.30 4.30 .302 1.84 z.p. ' + 
' '0 ::: o.o D20 ,0 3.o6 3.o6 .4ll o.6o 
6Eo + 

2.47 4.87 02 ,D2 .310 
+ · 0 ,D20 4.o6 ' "' 6.0 .310 "' 5.55 

HOOD+ + 02D ,H 4.35 4.35 .315 1.92 
E =.663 + 4.42 4.42 .388 02H ,D 1.99 z.p. 

OD+,OH 4.28 4.28 .365 1.85 6Eo ::: 0.0 
0 OH+,OD 4.27 4.27 ·352 1.84 

HDO+,O 3.03 3.03 .463 0.60 
+ 02 ,HD 2.43 4.83 .353 

o+,HDo 4.03 "' 6.0 .353 "' 5-55 

a J. L. Frariklin et al., Ionization Potentials, Appearance Potentials, · 
' -.- . -· . 

and Heats of Formation of Gaseous Positive Ions, NSRDS-NBS 25 (1969). 

b Reference 2. 

I' 
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potential of A and the dissociation energy of the AB b~nd, while the 

complementary processa 

. AB + e -+ B+ + A + 2e:- . 

requires an energy greater than or equal to the sum of the ionization 
i 

potential of B arid the AB bond dissociation energy. Since the ionization 

potential of 0 is 1 eV greater than that of H2 0, the former will have an 

appearance potential in excess of its minimum energy of formation. 

Foner and Hudson also report the product ion intensity distribution 

. (breakdown curve) for the dissociation of hydrogen peroxide by 50 eV 

electrons. Table V-2 lists this spectrum and the relative cross-sections 

of 02W, OW and H2o+ produced by the 0
2
+-H

2 
reaction at a collision 

energy of 3 eV, the ori.ly energy at which we have complete contour n:aps 

of all three products. In the molecular beam experiments oxygen ions 

arising from c~plex decay cannot be separated from reacta.nt 02 + scattered 

elastically and inelastically. Also, no o+ is found below 5. 55 eV. 
. . . + 

The dissociation patterns of H2 02 are obviously grossly different . 

for the two types of experiments. The electron bombardment results are 

qualitatively in accord with the expectations from the product appearance 

potentials and thus appear to be a. better starting point for a test of 

the QET. 

The parameters necessary for QET calculations are: 1) symmetry 

number for each reaction, 2) activation energy for each reaction, 3) 

vibrational frequencies for the molecule-ion, and 4) vibrational 

frequencies· for each transition state. Once the structures of the 

various transition states are assumed the symmetry numbers are uniquely 

lrr 

I 
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TABLE V-2 
! 

Relative Product-Ion Intensities 

., ! 
! 
i 

Ion Foner ~ This work Symmetry 
Hudson 3 eV Relative Number 

(50 ev electrons) Energy 

02H+ 0.17 0.85 2 

OH+ 0.22 o.oB l 

H20+ 0.55 o.oB 2 

02+ 0.07 .,. l 

o+ 0.01 0 2 

.. 

... 

t, 
'· 
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determined. · The activation energies are listed in Table V -L Since 

vibrational ·frequen~ies have not been measured for ions other than a .. 
few diatoniics, the frequencies used for the excitedmolecule are those 

of neutral hydrogen peroxide, except for the 0-0 stretch which is taken 

to be the frequency Of the NO stretch in HNO which is isoelectronic with 

H2o2+~ .The vibrational frequencies (vi's) of H2 02 +, D
2

0
2

+ and HD0
2

+ 

are listed in Table V-3. 

The problem of determining the transition state configurations is 

cons:i.derablymore difficult and involves a large amount of educated 

guesswork. ·The choice of reaction coordinates leading to formation of 

various ions is relatively straightforward; they are assigned as follows: 

the O_;H as~etric stretch for 0~, the 0-H symmetric stretch for 02+, 
and the o-o stretch for H

2
o+ and 0~. 

The transition states are assumed to have the same geometric structure 
. . 

as the H2 02 + ion, but the vibrational frequencies of the critical con-

figurations are modified to account for bond distortions. Several sets 

of vibrational frequencies chosen for the transition states are displayed 

in Table V -4. These numbers require some explanation. Th.e labels "rigidi' 

and "free rotation" refer to the torsion about the 0-0 bond, which is 

taken to be restricted rotation in all states except two. The choice of 

frequencies in Table V-4 is somewhat arbitrary but the selection procedure 

is regulated by a series of empirical rules developed by Wahrhaftig and 

8 
co-workers for dissociation of organic molecules. The frequency sets 

labelled (A) were chosen by this procedure and the other combinations 

reflect our prejudices. 
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TABLE V-3 

Molecular Parameters 

Vibratio:p.a.l Frequencies (cm-J.) 

Assignment a 
C' b 

HOOH+ 
'', b 

DOOD+ HOOD+ 
c 

VJ. 3610 2670 3612 

v2 1315 1042d 1290 

V3 1562e 1562e 1562 

V4 660 48o 570 

Vs 3614 268o 2675 

v6 1266 947 990 

Moments of Inertiaf (g cm2) 

HOOH+ DOOD+ HOOD+ 

2.,96 X 10-40 5.60 X 10-40 4. 35 X 10-40 

34 X 10-40 34 X 10-40 . 34 X 10"'"40 

a 
v1 = O~H symmetric stretch 

v2 = symmetric bend 

v3 = 0-.0 stretch 

V4 = torsional bend 

v5 =·0-H asymmetric stretch 

v 6 = asymmetric bend 

b 
P~A. Giguere· and 0. Bain, J. Phys. Chem •. 56, 34o (1952). 

c Val.u~s ca1cul~ted from H202+ and D202+ frequencies. 
d ' ' 

N. T. Stoichai and v. P. Morozpv, Dopov. Akad. Nauk. URSR, 1596 (1966). 

e Taken as. the N-0 stretching frequency of HNO. F. W. Dalby, Can. J. Phys. 
36, 1336 (1958). 

f- ' 
J.T. Massey, C. I. Beard and C. K. ~en, J. Mol. Spec. 2_, 405 (1960). 

..... 

I 
, I 
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TABLE V-4 . 

Transition State Frequencies 

Vl V2 V3 V4 Vs v6 
(cm-l) 

02H+ A 3610 657-5 1562 660 R.C. 1266( Rigid 
B 3616 657-5 1562 66o R.C. 633 

c 3610 P57-5 1562 170a R.C. 633 Free Rotation 

OH+ A 3610 329-7 R.C. 66o 3614 31.6.5 Rigid 

B 3610 329-7 R.C. 170a 3614 316.5 Free Rotation 

H20+ A 18o5 657-5 R.C. 66o 18o7 633 

B 18o5 657-5 R.C. 66o 18o7 1266 Rigid 

c 3610 657-5 R.C. 660 18o7 633 

02+ A R.C. 1315 1562 660 18o7 1266( 
Rigid 

B R.C. 1315 1562 660 3614 1266 

a Free rotation about the 0-0 bond. R. H. Hunt, R. A. Leacock, c. W. 

Peters and K. T. Hecht, J. Chem. Phys. 42, 1931 (1965) • 
.. 
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. T~ble~ V-5 - V-8 displ.a.y breakdown curves (relative rate constants) 
. . . 

calculated from the Q,ET for 0~, OJf+, H2 o+ and 02 + ~ To be precise, 

since o+'is form~d fran the same activated complex configuration as is 

H2 0+, the c~lumns 'headed by II
2

o+ actua.lly,represent both these ions. 

However,; the intensity of H
2

o+ far exceeds the o+ signal and thus the 

nUlllbers in these columns can be taken as H~o+ relative intensities without 

introducing ·significant error. In Tables V-5 - v-8 "Rigid" and "Free 

Rotation'i refer to the fact that the torsional motion about the 0-0 axis 

in the molecUle ion is taken to be a vibration or a free rotation 

respectively. 

Comparison of the four breakdown curves with the electron bombardment 

product ion intensity ratios compiled in Table V-2 indicates that the 

"Rigid 1" system gives the best fit to the data. The calculated product 
' ' ' ' 

ion distribution is very insensitive to the·total energy E of the system; 

it is therefore ;tmpossible to specify the energy at which agreement is 

closest. An additional complication is t:b,e fact that "the excitation 

energy .of H
2

02 + produced by bombardment with 50 eV electrons is unknoW-n. 

Nevertheless, since all four transition state structures of the "Rigid 1" 

system were chosen on the basis of Wahrhaftig' s method, 6 this agreement 

is impressive evidence for the applicability of QET to molecule~ions as 

small as HOOW. 

D •. 02 +-H2 Reaction Product Ion Ratios 

The striking disparity between the product ion ratios in the electron 

bombardment and beam experiments shows that the mechanism of' formation 

., 
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(eV) 

4.000 
6. 000 
8. 000 

1 o. 000 
12.000 
14·000 
16.000 
18.000 
20~000 
22 .. 000 
24.000 
26.000 
28.000 
30.000 

.. 32.000 
34.000 
36· 000 
38.000 
40.000 
42. uuu 
44.000 
46.000 
48.000 
sn.ooo 

Electron 
Bombardment 
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TABLE V-5 

Rigid 1 

Transition State Structures 

02H+ (A) 

OH+ (A) 

H20+ (A) 

02+ (A) 

Breakdown Curves 

02H+ OH+ 

o. o. 
• 0 324 • 0806 
.0681 .147A 
.0884 .1804 
.1 009 .1985 
.1093 .2100 
.1152 .2177 
.1196 • 2,234 
.1231 • 2276 
.12 58 .2309 
.1280 .2336 
.1299 ·2358 
.1314 .2376 
.1327 • 2391 
~ 1339 • 2404 
.13149 .241q_ 
.1358 .2426 

.•.• 1366 .2434 
.1373 • 2.._442 
.l37q .L444 
.1385 .2456 
.1390 .2461 
• 1394 .2466 
.l3i.J9 • 24 71 

·-----------·----- -- ·~-- --·-·--· 

0.17 0.22 

H20+ + 
02 

1.0000 o. 
.a 748 .0122 
.7556 • 0~86 
.6 422 • 0390 
·6 548 .0457 
.6 304 • 0504 
.6133 .0538 
.6007 .0563 
• 5 910 .0584 
• 5 833 .0600 
• 5 771 .0613 
.S720 .0624 
.5676 .0634 
.5640 .0642 
.5608 .0649 
.5580 .0655 
.5 556 .0660 
.5535 .0665 
·~5 ?15- • 0670 
.5498 • 06'14 
.5483 .0677 
.5469 .0680 . 
.o5456 • 0683 
.5444 .0686 

----~--

0.55 0.01 
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TABLE V-6 

Rigid 2 

Transition State Structures 

02H+ (B) 

OH+ (A) 

H20+ (B) 

02+ (B) 

Breakdown Curves 

02H+ OH+ H20+ 

4.000 o. (j .. 1.0000 
6.0QO .0952 .1312 • 7603 
8.000 .1883 • 2149 .5720 

1C.OCO .2344 .2471 .4882 
12.000 .2606 .2627 .4433 
14.000 .2773 .2717 .4156 
16.000 .2889 • 2774 • 3970 
18.000 .2973 .2814 .3837 
20.000 • 3037 • 2~43 .3736 
22.000 • 3087 .2865 .3658 
24.000 • ~128 • 2882 .3596 
26.000 • 3162 .2895 .3544 
2 8. 000 • ~190 • 2 907 .3502 
30.000 .3214 •2916 .3466 
32.000 .3234 .2924 .3435 
34.000 • 3252 • 2931 .3408 
36.000 • 3268 .2937 • 3385 
3 8. ooc • 32 82 .2942 .3364 
4 0 .(J'OO • 3294 • 2946 .3 346 
4?..00() • 3 3() 5 • 295U .3329 
44.000 .3315 .2954 ·.3315 
46.000 .3324 • 2957 • 3301 
48.000 .3333 • 296(\ • 3289 
50.000 .3340 .2963 .3278 

. ·- ----------~--- ------- -- ------------· ... ---,--------

+ 
02 

o. 
.0133 
.C248 
.0303 
.0334 
.0353 
• 0367 . 
.1'1376 
~0384 

'. 0390 
.0394 
.D398 
.C402 
.0404 
.0407 ' 

.0409 

.0411 

.0412 

.0414 

.0415 
.0416 
.0417 

'. 0418 
.0419 

- ---·----~--~--- --·· 

.. 

" 

"' 

<: 

1 

! 

'' 

; 

! 
; 
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~;:\.~"0(' .,.., 
t.~ '-· • C·C·:! .. ? 4. '~('\(' 

? 6. 000 
2i~.,JOO 

3'~~.occ 

~2. •100 
34. t)(J( 

~6. (} i)( 

3B. (,()(; 

4\le')i)) 

4? • ocjo 
44. •JCC 
46.00(' 
4Y. C;i)') 
5··i.nr.r, 
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• 
• 
• 
• 
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TABLE V-7 

Rigid 3 

Transition State Structures 

02H+ (A) 

OH+ (A) 

H20+ (C) 

02 + (B) 

Breakdown Curves 

02H+ OH+ 

r • 
(4)2 • 1 2Jq 
l l!,9 o22('f; 

1 ~. ''1 '1 • .?6o1 
1481 .. ?gr,n 

1594 • :v: 58 
1674 • 31 6:~ 
173 3 • 32 33 
177Q • '32H7 
lP 1 ,- 332<:"l ) • 
1 d44 • i363 
lf.\69 • 3391 
1~~9 • 3414 
19~'7 • 3433 
1 q ~2 • 344Q 
1935 ... ~464 

l 

a1(J47 • ? 4 76 

• 19?7 • '34H7 

• t 9_6h .-.14()7 

.. 1 <n4 • l51_; h. 

• 19B2 .. ~s 13 
• 1 '~d8 • 3 5? 'j 

• 1995 .. ?;'i?'7 

• 2(!Df,:_ .. i ~) 3 ~ 

H20+ 02 
+ 

.'::OCD :•. 

.alA'> .0124 

• 652(.) • nz 51• 

• 5 7~)5 .o 32h 

• 52 1+3 .n3 69 
.4950 ·"'398 
.4 748 .fl418 
• 4 60 l •'"'433 
.4490 .(l444 
·'t4it 2 .('453 
.4332 .0461 
.4274 • C':46 7 
.4225 .<'472 ~ 

.4184 • 04 76 

.4149 .048(1 

.41 1 '3 • ·:48 3 
e4CcH .1)486 
.4067 .f1489 
.4(L4h .IJ401 
.4C?.7 • :Jtt'-.1 :; 

.4Cl ·') • o4·q 5 

.39Q4 .()497 ··~ : ,. 

.39RO • ~)4 99 ~:t 

.3967 .o5c.n 
., 
.<~" 
'I 
"' 
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TABLE V-8 

Free Rotation 

Transition State Structures 

+ - H20 (B) 

. 02 + (A) 

.Breakdown Curves 

E 0 H+ 2 . OH+. H20+ 02+ 
(eV) · 

4.000 c. 0 ·- t. coc-o 0. 
6.000 .2215 .3007 .4696 .0082 
8.000 • 3386 • 3 B30 .2669 .o 116 

10.000 .3819 .40{)0 • 2.054 .0127 
12.000 .4041 .4054 .1772 .0.133 
1-4.000 • 4175 • 4075 .1612 .0137 
16.000 .4266 0 4085 • 15.10 .0139 
18.000 .4331 .4C89 .1439 .0141 
20.00() .4379 • 4090 .1387 .0143 
22.0()0 .4418 .40<)1 .1348 .;0144 
24.000 .4448 o.409l .1317 .0144 
26.01)0 .4473 • 4090 .1291 .0145 
2 8 .noo .4494 • 4089 .1270 .0146 ·'< 

3C.OOO • 4512 • 4089 .1253 .o 146-
32.000 .4527 • 4088 .1238 .0147 ;. 
34.000 ·~4541 • 4087 .1225 . .0147 :-

~ .. ,;, 

36.000 .4552 • 4086 .1214 •. 0147 
3 8 .ooo .4562 .4086 .1204 .0148 
40.000 .4572 .4085 .1.196 .Ol48 
42.000 • 4580 • 4084 •1188 .0148 
44.000 .4587 .4084 .1181- • 0148 

· 46.00D .4594 .4n83 .1175 .0148 
48.000 .4600 .4083 .1169 .0149 
5;) !'00 0 .4605 • 40.82 • 1164 • (1149 -

' .,_- .. -~----~--·. -, 
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of an'excited molecule-io~ can radica~ effect the decomposition pattern 

I . 

of that species • In the molecular bea.m experiments the H()()H+ iS formed 
. . 

with sizeable a.nguJ...a.z: momentum, whereas, electron bombardment ionization 

leaves the molecule-ion with the same angular monientum as the thermal 

energy neutral. Marcus9 has derived a correction factor to the RRKM rate 

constant that accounts for the decrease in the product appearance potential 

due tocentrifugal effects. This effect arises from the difference in 

rotat.ional energies of the molecule-ion· and the activated complex due to 

bond distortions. This correction factor ~ be significant for molecule~ 

ion excitation energies near product thresholds, but is negligible at the 

relatively large excitation energies of tlie HOW at which the bea.m 

experiments were carried out, and, hence, is neglected in the following 

calculations. 

Clearly, the. tranSition state structures proposed in the previous 

section w.ill not explain the· bea.m product ion ratios listed in Table V -2. 

From Eq.(V-5) we see that the dissociation rate constant for a particular 

channel is proportional to the number of states in that channel. The 

number of' states in a molecule increases as the vibrational frequencies 

are lowered. Thus, to account for the large cross-section of 02~ relative 

to 0~ and H
2

o+ in the bea.m experiments, the 02~ critical configuration must 

have a considerably 1arger density of states at a total energy of 5.7 eV 

than the critical ~onfigurations of oo+ and H2 o+. 
I 

In other words, the 
• :..."'b 

·· 02 W activated canplex is "loos.~fi' than the "tight" transition state 

structures of 0~ and H2 0+. 

The choice of a "loose" critical configuration for 0~ is consistent 

with the finding in Chapter IV that this product is highly rotationally 



excited. This configuration is assigned large amplitude, low frequency 

bends which appear a.s rotation of the product ion. Because of the low 

a.ppear~ce potenti'a.l of H2 o+ it .is necessary to select a. "supertight" 

transition state structure for this ion. The structure used for the 
.. . 

critical .. configuration leading to H2 o+ resembles a. highly constrained 

formB.ld.ehyde molecule'. Since the OW and o~+ ions have appe~ance 

potentials aV-er an electron volt higher than H2 o+ their transition state 

configurations ne~d not be as constricted a.s that chosen for H2 o+. The 

critical configuration chosen for OW has free rotation about the. 0-0 

bond. Fimilly, the transition state structure of 02 + is a. planar 

rectangle with the OH bonds we&kened with respect to their frequencies 

i~ 'H:oo:ff+'. The symmetr.ic bend is chosen as the reaction coordinate for 

this stru~ture. 

The frequencies for these "superloose~supertight" (SLST). critical 
·: . ·. . . . . . 

configurations ar.e listed in Table V -9, along with the breakdown curves 

calculated using these structures. The H()()Irt frequencies are those listed 

in Table V-3. The total energy of the molecule-ion, E, in the first column 

of Table V-9 is the sum of the initial relative collisionenergy, E~, and 

the thermodynamic stability of HOOW with respect to reactants (2.38 eV). 

The experimental product ion intensity .ratios listed in the table were 

measured a.t a. relative energy of 3 eV, or a. total energy of 5.7 eV (taking 

the 02 + primary ion excitation equal to o. 3 eV). 

Comparison of the measured product spectrulli with that calculated a.t 

E = 5. 7 eV shows remarkable agreement. Since the choice of transition 

state frequencies was contrived to fit the data., this accord cannot be 

, .,r, 

i 
i 
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i 
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TABLE V-9 .. 

rl Super loose-Supertight II Transition· State Frequencies 

VJ. V2 V3 V4 Vs v6 

( .. -J.) em -· 
-::-. + 

• 02H 3596···. 141 . 1562 66o R.C. 141 

OH+ 3610 .6575 R.C. 170 36i4 633 
_:' + .. 

H20 3610 1315 1562 900 3614 R.C. 

o·+ ,_2 l8o5 R.C. 1562 900 1861 633 

Breakdown Curves 

·E 02H+ OH+ H20+ 02+ 
{eV) 

lt.200 o. o. 1.0000 o • 
'4.400 .. 0214 .0195 .. 95.85 .0006 
48600 .2527 .0589 .6832 .0053 
4.800 .5198 .011q .3940 .0083 
5 .o.oo •. 6802 .0800 .2303 .0095 
5.200 .7668 .077:1· ·1462 .0100 
5.1t00 .8161 .0732 .1005 .0102 
~.6_QQ ,_. 8_46.;.~ .069.t _.0737 .0103 
s.uoo .8661 .u666 .0569 .0103 
6.000 .879Q ._O!l~.J .0456 .0104 
6.200 • 88'19 .Obl!-1 .u.J78 .0104 
6.400 .8975 .0600 .0321 .0105 
6.600 .9033 .0584 .0278 .0105 
6.800 .9080 .0570 .02" .0106 
7.000 .9118 .0551 .0218 .0106 
7.200 .9150 .0541 ,;0197 .0107 
7.'t00 .9176 .0537 .ouso .0107· 
7.600 .9199 .o5i~ .0165 .0107 
7.800 • 9_2ltt 

< ~-~-·--- ---- --.. ~-~-~ .0153 .0108 
-----·-----·-·---- ~--------·- . ---*----,--··-----·-··· --"'--- ---------' 

i',~ 
'.1;.~ j. 
'!•' 

Beam Experiments 

5·7 
.,. 

.85 .08 .oa· 
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ta.ken a.s proof t.ha.t the critical configurations a.re a.s described. 

However, this result does i~dica.te tha.t the physica.l;descriptions of. 

the critical configurations ma.y not be unre.a.sonable. 

E. Complex. Lifetime.s 

. ' . . 
Since the complex must live for several rotations in order for the 

product iori distributions to be symmetric about the center-of-mass, a. 

ca.icuia.tion 'of 'the lifetime of HOOW 'a.s a. function of relative collision 

energy would be a. direct test of the validity of the SLST configurations. 

Th~ dissoci'a.tion ra.te constants 'of the molecule-ion to oJr+, OW, H2 o+ 

and 02 + a.t total excitation energies up to 7~8 eV a.re ,listed in Table 

v..;lo. The lifetune of ·the complex with respect to UiiimolecuJ.a.r decay to 

a. particular product is simply the reciprocal of the ra.te constant for 

formation of tha.t product. For compa.riso:n, the ra.te constants from the 

"Rigid 1" configurations a.re displayed in Table V -11. 

The lifetimes of the hydrogen peroxide ion intermediate complex with 

respect to formation of o~, QH+ a.nd H2 o+ computed from the SLST 

structures a.re plotted in Fig. V -1 a.s . functions of relative collision 

energy. Figure V-2 is a. similar graph of the lifetimes calculated from 

the "Rigid 1" configurations.· Also shown on these graphs a.re the 

minimum tUmbling ( -rB) a.nd spinning ( -rA) rota.ti.onal periods, calculated. 

by the expression• 

(V-6) 

. l 

·: 

'l 
'i 
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E 
(eV) 

3.200 
3.4C:lO: 
3.600 .. 
3.80Q 
4.000 
4.200 
4.400 
4.600 
4.800 
s.ooo 
5.200 
5.400 
5.600 
5. 800. 
6.000 
6 .zoo . 

... 6.400 
6.600 
6.800 
7.000 
i.zoo 
7.400 
7e600 
7.800 

·-----.-:.~--'-~--------

' ' 
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TABLE V-10 

Unilnolecula.r Decomposition Rate Constants f'or 

"Superloose~Supertight" Critical Configurations 

k(02H+) k(OH+) k(H20+) 
(sec-1 ) 

o. o. 1.7_377E+l0 
0~ o. 5.3364E+l0 .. 

o. o. .. l.ll69E+ll 
o.' ' o. le954~E+ll 
o. o. ·' 3.:.0620E+ll 
o. o. 4e.4451E+ll 
1. 36l5E+l0 1.2389£+10 6el004E+ll 
2.9656E+ll 6.9153E+lo a.0183E+11 
1.3436E+l2 2.0124~+11 l.Ol8SE+12 
3 • .7168E+ 12 4. 3725~+ 11 1.2585E+l2 
7.9739E+l2 8.01291!+11 1.5199E+l2 
1.4624E+l3 l.3125E+12 1.8009E+12 
2.4103E+l3 1. 9851E+12 2.0996E+l2 
3.6766E+l3 z.azaae+12 2.4141E+l2 

. 5~2884E+l3 3.8495£+12 z. 71t28E+l2 
7 .2652E+l3 5.0495E+l2 3.0838E+l2. 
9.6192E+l3 · 6.4283E+l2 3.4357E+12 
1.2356E+l4 7.9833E+l2 3. 7CJ68E+ 12 · 
1.5477E+l4 . 9. 7100E+ 12 4.1660E+l2 
1.8979E+l4 1.1602E+13 4.54l8E+l2 
2.2853E+l4 1.3653E+ 13 4. 9232E+l2 
2.7089E+l4. l .• S856E+l3 5.3090E+:J.2 
3.1675E+l4 le 8201E+l3 5.6983E+12 
3.6~96E+14 2.0680E+l3 6.0903E+12 

----'"-------~-· ·-·~-------·----------·---.-----------·· . -·-·--:··-------------·----

k(02+) 

o. 
o. 
o • 
Q. 
o. 
o. 
3.9610E+08 
6.l666E+09 
2.1415E+l0 
5.1973E+lQ 
1.0376E+11 
l.8237E+ll 
2.9279E+11 
4.3927E+11 ; 
6.2517.E+ll 
a. 5306E+11 
1.1247E+l2 
l.4412E+l2 
1.8030E+12 
2.2099E+l2 . 
2.6615E+l2 
3.15.68E+12 
3.694SE+l2· 
4.2733E+12 · 

------ -· ----

---~- ; 
~~~:- ~ 

'!J j 
·-'9-J 
·,.:,;1 
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TABLE V-11 . ' 
! 

UnimoleculaX Decomposition Rate Constants for 

"Rigid 1" Critical Configurations .. 

E ko2H"'" koH+ kff2o+ k 
(ev) 

o2+ 
(~ec- 1 ) ... 

I 

I 
I 
I . . 

3.2.00 o. o •. 3~7~2lE+lO o. 
3!"40:0.. o. 0• 1.. 9836E+ll O• 
3.P..~cu.t _. o. o. .. ... 5.74.6~1;+11 o. 
3. 80,0 o. o. 1.2609E+l2 o. 
4.0QO o. ·. o. 2.338QE+l2 o. 
4.200 o. o. 3.8690E+l2 o. 
4.400 2.5396E+09 1.0808E+l0 5.,.8981E+l2 3.8009E+08 
4.600 1.9331F+l0 6.3035E+l0 8.4523E+ 12 · 5.7523E+09 
4. 6.0.9 ... ; 6 •.l7Z.?.f::t- 10 1. 88~.Qf:.!ll .. l_. 1 ~-~ ~~~-·J 3 1. 9720f;.~.l9 
5.000 1.4282E+ll 4.1636E+ll 1.5171E+l3 4.7607E+lO 
5.200 2.7528E+U 7. 7195E+ll 1.9325E+l3 9.4851E.l0 _. i 

' 

5.400 4.7040E+ll 1.2752E+l2 2.3987E+l3 1.6663E+ll 
5.600 7.3766f.+ll 1.9412E+l2 2.9133E+l3 2.6761E+ll 
5.800 l.0846E+l2 2.7804E+12 3.4737E+l3 4.0172E+ll 
6 •. 0..00 1.5169E+l2 3 • 7.992.E~_l.__2 4.076 .. 8~+13 5.7217E+ll 
6.200 2.0382E+l2 5.0005E+l2 4. 7196E+l3 7.al4oE+ii 
6.400 2.6510E+l2 6. 3_8421;+12 5.3989E+l3 1. 0311E+l2 
6.600 3.3559E+l2 1. 9478E+l2 6.1116E+l3 t.3223E+l2 
6.800 4.1527E+12 9.6871E+l2 6.85461;+13 1.6556E+l2 
7.000 5.0399E•l2 1.1596E+l3 7.6250E+13 2.0308E+12 
1. 2QQ. ·- 6. Ql5 5J; i:J.? 1. 3.~~8.E+J3 ~ .. 41~~.1=•13 2.4475E+l2 
7.400 7.0767E+l2 1.5~96E+l3 9.2364E+13 2.9049E+l2 
7.600 8.2202E+l2 1.8270E+l3 l.0072E+l4 3.4018E+12 
7.800 9.4425E+l2 2.0782E+l3 1.0925E+14 3. 9371E+l2 

- -------··· ------ . - ·-------------- - .. -----·-· 

""· 
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Fig. V-1 Lifetimes of the HOOH+ intermediate with respect to dissociation 

to 02W, OH+ and H20+ (solid lines),calculated by Q;ET using the 

"superloose-supertight" transition state set (see text). The dashed 

lines represent the minimum molecule-ion rotational periods as 

functions of energy for "tumbling" ( 1:B) and "spinning" ( -r_A) rotations • 

' ' 
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Fig. V-2. Intermediate lifetimes calculated using 
"Rigid l" transition state set (solid lines). 
Dashed lines are as in Fig. V-1. 



where I is one of the principal manents of the inertia of HOOH+~ IJ. is the 

red:uced mass of the reactants (o2+ -H2), b is the incident impact parameter, 

a.nd g is the initial relative velocity. 

An examination of Fig. V -1 shows that the calc~t~d lifetimes of 

the c~plex 'with respect to formation of ow and H2o+ are ·consistent with 

contour map distri'butions of these ions. Although the HOOH+ lifetimes 

for decay to these products become less than one rotation about the per

ptmdiculS.r axis at . reJ.a.tive collision energies above 3 ev, th~ complex 

can undergo sever~l rotations about the 0-0 bond a.t energies in excess 

of 4 eV • · It is possible that those complexes which have their angular 

momentum residing principally in the high frequency spinning rotation 

preferah]¥ decay to oW and H2o+. As noted in Chap. IV, 02W is formed 

main]¥ from critical configurations in which the angula.r momentum is 

conceritr8.ted in rotation about the axes perpendicular. to the 0-0 axis. 

From the H2o+ angular distributions it appears that this product is 

formed by a complex mechanism at collision energies up to 5.9 eV. In 

formation, we cannot determine the range of collision energies in which 

this product is formed via a. persistent intermedia.t.e. 

However, the "superloose" O/ critical configuration clear]¥ fails 

to explain the symmetry observed in the o2+(H2,H)02W reaction at energies 

up to 4 eV ~ As shown in Fig. V-1, the lifetime of the molecule-ion with · 
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respect to dissociation by this channel is shorter than a tumbling period 

at relative energies above 1.8 eV and less than a rotation about the 

unique axis above 2.7 eV. Since the lifetime of the excited intermediate 

is governed by the channel with the largest rate constant, the fa:i.lure 

of the "superloose" O/ structure to predict a sufficiently long life

time for this channel indicates that the agreement between the SLST 

calculated breakdovm curve and the product ion ratios measured in the 

beam experiments is not very significant. 

We can reconcile the breakdown curve agreement and the failure of 

the lifetime prediction by inspection of Eq. V-5. At a fixed total 

energy the denominator, the density of states of the molecule-ion at E, 

is identical for all product channels. 'rhe w* (E-E0 ) term,' the number of 

states of the activated complex with energy less than or equal to (E-E 0 ), 

is determined by the choice of critical configuration frequencies. Thus, 

the calculated product ion intensity ratios are functions solely of the 

relative number of states in each critical configuration. The absolute 

rate constants, on the other hand, are functions not only of the critical 

configurations but also depend on the density of states of the excited 

molecule-ion. In the Vesta13 direct count of states method all oscillators 

are assumed to be harmonic. Several authors
10 

have calculated corrections 

to the density and totality of states due to anharmonicity. The importance 

of anharmonicity increases with increasing molecular energy. From the 

treatment of Haarhoff,lOa the anharmonic correction increases the density 

of states of H001:I+ at a total energy of 5. 7 eV by a factor of 4. 7. We 

estimate the correction factors to the totality of states of the activated 

complexes to be l. 3 for mr'" and O~.H~- and l. 8 for H2 o+. Thus, at a total 
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molecule-ion energy of 5.7 eV, the calculated lifetimes with respect to 

dissociation to 02rr+ and art are increased by a factor of 3.5 and that 

for H20+ is increased by a factor of 2.6. This longer lifetime for decay 

to 02~ is still too low to be consistent with the 02~ low energy angular 

distributions. 

These aru1armonicity corrections are also applicable to the lifetime 

curves shown in Fig. V-2 computed for the "Rigid 111 configurations. For 

this frequency set the OH+ and 02H+ lifetimes are in accord with the 

formation of these ions via a long-lived complex. An increase in the H2o+ 

lifetime (by a factor of three) due to anharmonic corrections raises the 

calculated curve for this ion to about one rotational period about the 

unique axis. 

The failure of the SLST transition state set to account for the 

observe1 o2n+ sy1nmetric an~~ar distributions at relative energies up 

to 4.5 eV can be interpreted in two ways. The large excess intensity 

of 02H+ compared with the cross-sections of the other products at low 

energies can be explained as a consequence of the contribution of a 

direct mechanism for formation of this ion at all collision energies. 

6 
In fact, Mahan has shown that 02+( 2ng) can react directly with H2 via 

a planar nonlinear intermediate. Since at low energies the 02H+ 

intensity is concentrated at centroid, this direct interaction must 

lead to highly excited products. Since the apparatus velocity and 

angular resolution is poor in the low energy experiments, a slight 

asymmetry of the scattering distributionsdue to direct interaction could 

not be detected. If the direct contribution to the 02H+ signal were 

substantial, we would not expect the QET to predict an 02tit intensity 

f 
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. . .· 

an orde~ of ma~:i.tude higherthan either the OW or H2o+ intensity. In 

this ca~e, ·'the "Rigid 1" 02W c;itical configuration, which at relative 

energies below 4 eV predicts a decay lifetime great~r than a tumbling 

period,· would be an.,.acceptable description of the 02Wt~ansition state. 

Furthermore, the "supertight" H2o+ criticdl configuration yields.life-
. . .··· + . 

times .c.amnensura:te with the energy dependence of the H20 scattering 

·distributions, and either the "Rigid 1" or SLST transition state structure 

for ow'· gi:V~s ;easonable d,eca.y times of the. molecule-ion to this product. 

fry inspection of the H2o+ and OW lifetime curves in Fig. v -1 and the 

O~H+ curve in Fig. V-2, we .see that the anharmonic corrections to these 

tlll-ee critical configurations at 5.7 eV produces a set of transition 

states which predict about equal intensities of OW, H20+ and 02W and 

lifetimes with respect to dissociation.longer than a tumbli~ period. 

If these critical configurations are correct representations of th~ 

dissociation process all the extra 02W can be explained by direct 

formation of this ion. 

The disparity between the product ion intensity ratios determined 

in the beam and electron bombardment eX:periment s can then be explained 

by noting that direct formation of 02H+ does not occur in the electron 

bombardment dissociation of hydrogen peroxide. It is also possible that 

part of the H20+ intensity measured by Foner and Hudson is due to the 

presence of water in their reaction vessel. If this were the case, 

their H20+ signal would be too high and the "Rigid 1" critical couf'igura

tion for H2o+ would be an inapt description of this transition state. 

An alternative explanation for the failure of QET to predict the 

energy dependence of the product ion distributions in the beam experiments 

'I 

. i 
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is that there is strong vibration-rotation coupling in the excited inter

mediate due to the large a.ngul&r momentum of the H()()H+. Unimolecular 

decay theory assumes that the density and totality of states of an 
' . . 
. . . 

activated molecule is solely dependent upon the phase space available 
J 

to internal vibrational motion. However, if at relative energies above 

an electron volt all the collisional angular momentum becomes rotation 
.. " ~· ' 

about the 0-0 axis of HOOH+ the rotational period ("' 3 x 10-14sec) would 

be comparable to the mean vibrational period of the molecule (2.5 x 10-14 

sec). Consequently, the vibration-rotation coupling may be strong enough 

to invalidate density and totality of states calculations based solely 

upon vibrational motion. The small amount of total angular momentum of 

excited molecule-ions formed by electron bombardment renders this 

vibration-rotation interaction relatively unimportant and the enumeration 

of states methods employed are valid for this type of experiment. 

The effect of molecular rotations that are "active" in exchaning 

energy with vibrational modes can be estimated by writing the expression 

for the RRKM rate constant as: 

· . s+r/2-1 
k ~ <v>(E - Eo + Ez.p. ) 

E + Ez.p. 
(V-7) 

where s and r are respectively the numbers of oscillators and active 

rotations. If we assume. that the rotation about the unique axis and the 

two tumbling rotations are all active then the "effective" number of 

oscillators of the molecule-ion is increased by 3/2. Taking the average 

bond strength of HOOW as 4 ~V, the lifetime of the complex at an 

excitation energy of 5.7 eV is increased by a factor of 
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·(E + E"P· )3/2 
.E - Eo + Ez.p •. 

''( 6.4)3/2 
= 2.4 = 4.4 

' ... · - . 

· Thus. anharmonic effects and inclusion of "active" rotations in the 

rate constant expression combine to increase the calculated lifetime of 
' . 

' ' 

the intermediate by a factor of about thirteen.. By pushing of statistical 

unimolecular decomposition theory to its iimit we can increase all the 

propos.ed ~ritical configuration lifetimes, except the "superloose" 02W 

structure, tovalues of.several tumbling rotations at total energies 

above 4 eV. ' However, the l.arge excess of 02H+ must still be rat,ionalized 

as a consequence of direct interaction. 

In the alkali-atom alkai halide reactions, the moments of inertia 

of the intermediates are considerably larger than the moment of inertia 

about the unique axis of HOO~, and therefore, the rotational periods 

are considerably longer than the mean vibrational period, and vibration

rotation coupling is less important than in the 02+ -H2 reactions. The ·· 

approximate equality of vibrational and rotational periods in the present 

experiments indicates that barycentric product synunetry does not necessarily 

prove statistical equilibrium of the intermediate. Since .several vibra

tions are necessary to attain equilibrium between the modes of the 

molecUle-ion, non statistical dissociation can occur .. even though the 

complex has undergone several rotations. 
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F. The Low Energy 02D+ I 02H+ Isotope Effect 

' .' ' ~-

Critical configurations analogous to those proposed for formation 

of 02H+ fro~ 02 +-H2 were used to calc~te the 02D+ I02H+ intensity r~tios 

at cbllisi.on energies below 5 eV. The transition states leading to 02D+ 

and 02Wdiffer only in the changes in vibrational frequericies caused by 

isotopic substitttt:lon. For aU trlal activation state frequency sets 

the ca.:LcUla.ted isotope ratios, o2n+ I o2H+, are between 1. 7 and 2, whereas 

the expertinental ratios at both 3.5 and 4.9 eV are about 5 (Table IV-4). 

The loW calculated isotope ratio is not unexpected at excitation energies 

significantly higher than the product appearance potentials since the 

frequency differences in the modes which are not identic&l for the 02D+ 

and 02H+ transition states are of the order of~2. Only near threshold 

are the computed :l.sotope effects substantial because in this region the 

phase~space available to each transition state is governed largely by 

the zero point energy differences between the isotopic products. The 

vibration-rotation coupling effect upon the two product intensities should 

be comparable and thus direct interaction must be imroked to explain the 

large experimental isotope effects. As noted in the discussion of the 

high energy isotope effects, the relative energy of the projectile with 

resJ?ect to the D atom is twice that with respect to the H atom. Therefore, 

the threshol~ for direct D atom abstraction would be expected to be lower 

than that for H atom abstraction and we would expect a low energy direct 

. . . + isotope effect to favor 02D • 

' 
·:-· : 

I 
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G. Summary 

The angular distributions of 02W, Off*", and H20+ formed by the 

interaction of 02+( 2:rrg) and H2 at low collision energies indicate that 

these reactions proceed through a. persistent collision canplex. The 

intenS"ity'o:f 02W exceeds the intensities of the other products by about 

an order of magnitude. These product ion intensity ratios differ 

significantly from the breakdown curves of hydrogen peroxide determined 

by electron bomb~dment, which have a. large excess of H20+. 

Using Q.ET and two sets of transition state frequencies we find that 

one.set .explains the electron bombardment product distribution and the 
. . 

other agrees with the beam relative cross-sections. Both sets predict 

lifetimes of the excited intermediate that are too short to be in accord 

with the product ion angular distributions. Furthermore, neither frequency 

set explains the observ~d o;n+jo2H+ isotope ratio. 

There are two explanations for the failure of unimolecular decay 

theory to predict both the product ion intensity ratios and·the lifetime 

of the intermediate complex in the beam experiments. The large excess 

of 02~ is rationalized as the result of formation of this ion by 

direct interaction at all collision energies. To be consistent with the 

symmetric angular distributionsof this product at relative energies up 

to 4 eV, this direct mechanism must produce 02H+ ions with high internal 

excitation~ The high 02D+/o2~ isotope effect is also a. consequence of 

this direct interaction, since at low energies both unimolecula.r dissocia

tion and atom abstraction favor the D product. 
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+ .. 
The large angular momentum of the HOOH formed in the beam experiments 

produces a situation in which the rotational period of the intermediate 

about the unique axis is comparable with the mean vibrational period. 

There is thus a substantial vibration-rotation coupling whlch may seriously 

alter the density and totality of states of the excited molecule-ion and 

the transition states. Since statistical theory assumes that the density 

and totality of states functions can be calculated solely from the partition-

ing of the excitation energy over the normal vibrational modes, Q.ET under

estimates these functions. It is therefore suggested that in its present 

form an RRKM type statistical theory may not be applicable to the decay of 

the intermediate formed in the beam experiments. 

From the beam data in its present form it is not possible to separate 

the 02H+ product distributions into contributions from complex decay and 

from direct ~nteraction. Deconvolution of these translational spectra might -

make this possible and would allow comparison between experimental and QET 

predicted product internal and kinetic energy distributions, which are more 

sensitive to state density calculations than are product ion intensity ratios. 

A study of the energy dependence of the experimental breakdown curves should 

provide further information on the extent of vibration-rotation coupling 

since this effect becomes more pronounced with increasing energy. These 

studies might also be extended to noon+ since the moment of inertia. about 

the unique axis is about twice that of HOO~ and the vibration~rotation 

coupling should be correspondingly smaller. 

Ill 
·r ... 

I I ~I 
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APPENDIX - DECONVOLUTION 

A~ Intrcxiuction 

' "·· ., 

This appendix describes a one-dimensional numerical deconvolution 
'. 

procedure that has been applied to some of the scattering experiments 

performed in our laboratory. The deconvolution technique has previously 

been used in conjunction with scattering data, 1' 2 as well as with radio 

astronomy aerial distributions, 3, spectroscopic line width broadening, 4 

and electron.inl.pact ionization. 5 

In a beam experiment one is interested in extracting the scattered 

product specific intensity as a function of final relative velocity, 

translational exoergicity, barycentric angle or other basic parameter. 

What we actUally measure in an experiment is the average of the specific 

intensity over the primary beam velocity and angle spread, the neutral 

gas velocity distribution, and the detector band width. For the one-

dimensional treatment the effects of angular spread and out-of-plane 

scattering will be ignored. These factors have been taken into account 

by two and three dimensional analytical techniques developed in our 

6 laboratory. 

We can represent the measured laboratory output function, h; as 

the convolution of the ideal scattering function (specific intensity 

function), f, with the apparatus function g: 

00 

h(y) = J f(t)g(t-y)dt (A-1) 
-QO 
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This integral is tisua.ll.y abbreviated h = f 0 g. The term g(t-y) 

includes the primary beam and neutral gas spreads.and the detector band 

width. The procedure for inverting Eq. A-1 and extracting f(t) is 

known as deconvolution. 

In an experiment,primary and product ion intensities are measured 

as functions of laboratory velocity. If we assume that all products are 

scattered from the center-of-mass with a fixed relative velocity (or 

e~ergy), the product ion laboratory velocity is: 

v' = v em ± u' (A-2) 

where 

m
0 

and ~ are the masses and v0 and vn are the laboratory velocities of 

the primary ions and neutrals respectively (vn is, of course, nominally 

equal to zero). 

Thus the spread in the product ion laboratory velocity due to the 

width of the prima~y beam is: 

(A-4) 

and that due to the neutral gas distribution is: 

tw' (A-5) 

ill 

i 
' 
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The apparatus function, g, is the. convolution of !:w0 and L'lvn scaled 

to the cent.~r-of~ma.ss velocity, where J:N0 is the measured primary distri

bution inclup.ing the detector band widt.h _and ~vn is a one-dimensional 

Maxwell-Boltzmann distribution. 

~. Smoothing 

·.Before i~ersion of Eq. A-1 it is necessary to remoVe both random 

and ribn-ra~dom fluctuations from th~ output function. Non-random or 

compatible noise results from the convolution of the apparatus function 
' . . . . . . . - . . 

with some real function and can only be removed by experimental refine-

ments or mathematical techniques. Examples of this. type of contribution 

to the output signal are mass overlap and out-of-plane scattering. The 

former is removed by the procedure discussed in Chap. IV, but compensation 

for the latter is very difficult and is neglected here. 

Purely random or statistical noise arises in our experiments mainly 

from electronic pickup and primary beam fluctuations. The long time 

average of this type of spurious signal is zero; equivalent~ the time 

average of the convolution of the apparatus function with the random 

noise function is zero. For the iterative smoothing operation we assume that 

this identity holds for each measured output function. 

The output function can be expanded as5 

(A-6) 
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where hs(y) is the noiseless or smoothed output function (including the 

compatible noise) and nr(Y) is the incompatible noise. The convolution 

of Eq. (A .... 6) with the apparatus function i~ 

g 0 h(y) 
I = g o hs(Y) + g o Ilr(Y) (A-1) 

where the second termon the right hand side is zero. Since the convolu

tion operation is as~ociative, 3 Eq. (A-7) can be written as 

(A- 8) 

where (hs+nr) is the output function actually measured in the lab. 

Since g 0 .n is . assumed to be .. identically zero, hls is a broadened real 

noiseless function. A method due to Van Cittert4 is commonly usedl,3, 5 

to reduce t.his brOa.dened distribution· to the ideal smoothed product 

·. ·. . . * distribution. This procedure takes the broadened product distribution, 

hls' a.nd restores it to the ideal smoothed product distribution by the 

following iterative method: 

hns = h(n-1) s + g 
0 

(hobs - h(n-1) s) (A- 9) 

An advantage of this iterative technique over Fourier smoothing 

(which will.be discussed shortly) is that theVan Cittert procedure is 

localized, while the Fourier method is long range.· The localized nature 

of the iterative technique can be understood by visualizing the overlap 

* For a brief proof that this method does indeed approach the ideal 

smoot}led product distribution see Ref. 3. 
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of the appal'atus function with the output function (see Fig. A-1). Thus 

excessive noise in one region of the output function will not interfere 

with the smoothing operation in non-local portions of the output 

distribution. 

C. Fourier Deconvolution 

TJle Fourier method,. although less satisfactory inpractice than 
• ,' ,• •••• < ". • ., • • • 

the iterative method, gives a clearer insight into both the smoothing 

and the deconvolution processes. It can be easily proven that the 

Fourier transform of the convolution integral: 

T[h(y)] = T[ f f(t)g(t-y)dt] (A-10) 
-00 

is equivalent to: 

Th(y) = Tf(y)Tg(y) (A-ll) 

Rearrangement of Eq. (A-ll) followed by Fourier inversion yields: 

(A-U~) 

Although the Fourier method is mathematically straightforward 7 and 

easily programmable, there are several constraints on the transforms, 

which severely limit the utility of this technique. Since the detector 

used to measure both the primary and product distributions has a finite 

band width, there is an upper limit to the frequencies which can be 

detected. · That is, if one were to Fourier analyze a particular scattering 

function, one would in general need an infinite series of frequencies to 

~ I 
1 

i 
"' I 
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Apparatus 
Function 

XBL 714-648 

Fig. A-1. Representation of the overlap between a "typical" 
apparatus function and "typical" output function. 
In the iterative smoothing and deconvolution 
procedures successive integrations are performed 
by placing the apparatus function peak directly 
above each point on the output curve. Note that 
each apparatus function positioning overlaps only a 
small section of the output function. 
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perfectly describe the. f'Wlction. However, since the apparatus function 

is insensitive to frequencies higher than some frequency, sm, the effect 
. . 

of the finite dimensions of the apparatus function is to eliminate a. 

semi-infinite band of frequencies above sm and alter the relative 
. ' . . 

amplitudes of the lower frequency components. 

BraceWell and Roberts3 have shewn that the observed distribution is 

completely determined by measurements spaced at eqUa.l intervals at least 
. . ' . ( 

as small as ,1/2 Sm-l• That is, 1/2 Sm -l is the minimum useful sampling 

interval. From this it follows that no detail finer in width than this 

interval can be recovered in the scattering f'Wlction. This resolution 

limit corresponds to one-half of the full width at half maximum, which 

in our experiments is equal to 2 to 3% of the primary beam energy • 
. ,· ,. . . . . 

Since the product distribution is the result of the convolution of 

the apparatus function with a normalized scattering function, it cannot 

contain any frequencies higher than sm. Furthermore, if the transforms 

of h and g are normalized at s = o, then at all other frequencies 

jT(h)j ~· jT(g) 1. Since the amplitude of the transform of the product 

distribution can only exceed that of the apparatus f'Wlction because of 

the contribution of incompatible noise, if jT(h) I is found to be greater 

than IT(g)j at any point, jT(h) I is set equal to the value of IT(g)l at 

that frequency. 

Once the smoothed product distribution transform has been ·constructed, 

the transform of f, the scattering function transform, can be developed 

simply by taking the ratio of smoothed product transform to the apparatus 

function transform at discrete frequencies. The scattering function trans

form can then be straightforwardly inverted to produce the scattering f'Wlction. 
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As noted preViously, cutting off the product transform at the 

critical frequency sm distorts the relative amplitudes of the lower 

frequency camponents of T(h). This high frequency cutoff along with 

the truncation of IT(h)l to IT(g)l at frequencies where IT(h)l > IT(g)l 

(this truncation general occurs at high frequencies) discourages con-

vergence of the scattering function transform and usually results in an 

overly .broadened scattering distribution. In actual practice, to 

produce. 8:. sufficiently convergent scattering function it is necessary 

to include Fourier .components beyond sm. This procedure, however, 

introdU:ces spurious peaks in f, especially near the baseline. Therefore 

one must be particularly wary of side peaks in the scattering function 
. ~ . '. . ' 

which are neither partially visible in the output function nor pLausible 

on physical grounds. 

D. Iterative Deconvolution 

It is possible to partially overcome the problem of spurious 

oscillations by the use of an iterative deconvolution operation, similar 

to the preViously described iterative smoothing process. This method 
. . 4 

was also developed by Van Cittert in the early 1930's. As in the 

Fourier method, it is necessary to. invert the convolution integral 

Oo 

= f f(x)g(x-y)dx (A-13) 
-00 

... whe.re hs. is the smoothed output function. 

}I 

i 
I 

:' ~ 

··.; 
.;·; 
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Since the oiiJ.y approximation to f · avai·lable is the smoothed output 

function, we use hs as the zero order guess to the inversion solution. 

The first approximation to the.scattering function is: 

We then use the following iterative procedure for fn unt.il [hs - fn;..l 0 g] 

becomes smaller than a suitable convergence limit. 

A computer program, which is listed at the end of this appendix, has 
. . . 

been written to deconvolute one-dimensional distributions by using 

iterative smoothing and iterative deconvolution. Iterative deconvolution 

was found to give more acceptable results than Fourier deconvolution for 

most of the cases studied. This conclusion agrees with that of Ioup and 

Thomas1 who correctly point out that the iterative method, by setting 

negative values of either h(y) or f(y) equal to zero, dampens spurious 

positive oscillations and hence produces fewer artificial peaks in the 

ideal scattering function. It was found that for the majority of data 

analyzed the fold of the ideal scattering function with the apparatus 

function could be made to converge to within a few percent of the smoothed 

output function. For these cases the fold is always broader than the 

output function, indicating that the deconvoluted scattering function 

gives an ~pper limit to the spread of the ideal scattering function. 

It must be emphasized that in a significant nlllil.ber of cases con-

vergent deconvolution was not possible without introducing oscillations 
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455 0~ + He = 0~ + He 
Relative Energy = 11.12 eV 

Q=O 
OL-~~~LL--~--~~~~~=fiL---~~ 

1.85 1.90 1.95 2.00 2.05 2.10 2.15 

Fig. A-2. 

Laboratory Velocity (106 em/sec) 
XBL 714-650 

Comparison of the measured intensity distribution 
of o2+ backscattered by He (-~)at 11.12 eV, 
with the same distribution after iterative 
smoothing and deconvolution(-). The apparatus 
function used (-6-) is the convolution of the 
measured primary ion distribution with a neutral 
gas Maxwell-Boltzmann distribution. Note that 
deconvolution removes most of the signal from the 
forbidden regions: Q > 0 and Q < -6.8 eV. 
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Fig. A-3 Comparison of the measured intensity distribution of 02+ 

scattered by He at 5.56 eV through l8o 0 in the center-of-

mass system ( ~) with the same distribution after 

iterative smoothing and deconvolution (-) using an 

apparatus function (---4r-) determined fram the primary ion 

and neutral gas distributions. Deconvolution removes 

most of the signal in the forbidden region beyond Q = 0. 

r-'· ; 
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1.30 1.35 1.40 1.45 1.50 1.55 
Laboratory Velocity (106 em/sec) 

1.60 

XBL 714-646 

Fig. A-3. 
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so severe as to make the results physically unrealistic. Therefore, 

numerical deconvolution cannot be used as a black box, but rather each 

deconvoluted result muSt be checked against both the physics of the 

scatterins and the deconvoluted results of similar experiments. 

Figures A-2 and A-3 are ex~les of the application of iterative 

smoothins and deconvolution to centerline velocity spectra of 02+ 

backscattered by He. In the 11.12 eV relative energy experiment (Fig. 

A-2) , deconvolution narrows the measured half -width by 2<J'/o, and more 

~ignificantly this procedure removes almost all the scattering in the 

energetically forbidden regions where Q > 0 and < -6.8 eV. Similarly, 

in Fig. A-3 the output function is narrowed by 23% and the signal beyond 

Q = 0 is greatly reduced.. The side spikes in Fig. A-2 can be attributed 

to random noise not removed by the smoothins operation. 

i 

·~ 
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E. Program VOLUTE 

;, ,' 
, .. ,_ 
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C VOLUTE PERFORMS .A ONE-DIMENSIONAL DECONVOlUTION Of EITHER ENERGY OR 
C ANGULAR .DISTRIBUTIONS USING ITERATIVE SMOOTHING AND DECCNVOlUTION. 
C THE PRINTED OUTPUT LISTS IN ORDER - THE MEASURED PRIMARY BEAM DIS
C Tl{ I BUT I ON, THE APPARATUS fUNCTION RE.DUCED lO TO THE CEN TER-Of-HA.SS, 
C THE MEASUR~q OUTPUT FUNCTlCN, . THE SMOOTHED OUTPUT FUNCTION,. JHE DE
C CONVOLUTED' RESULT, ANO AS A CHECK, THE FOLD OF THE RESUlT WITH THE 
C APPARATUS FUNCTION. All FUNCTION AS TABULATED VS. (ABOR-TORY V~LOCITY 
C IN UNITS. Of E6 CH/SEC. THE NUMBER OF REQUIREC ITERATIONS AND THE PER
C CENT CONVER~ENCE ARE ~LSO GIVEN FOR BOTH THE SMOOTHING AND DECON-
C VOLUT ION O.PE.RATIONS. 
c 
c 
c 
c 

A CAL-COMP PLOT OF THE RESUlTCNO SYMBOLS), TtiE .MEASUREC OUTPUT FUNC
TIONCSQUARESl, AND THE APPARATUS FUNCTION(TRIANGlESl IS ALSO GENERATED. 

. . , ' . ' 

PROGRAM VOLUTEtiNPUT,OUTPUT,TAPE 98,PLOT,TAPE 99=PLCTl 
DIM~NS.ION ~GC9~),XHC99) 1 GC99l,HC99l~HSC99) 1 HC(99),ti~(99),XEC2),NAM 
lECBl,HRC9~),GIC99,99),DElC99) . 
CCMMCN/LABEL/LETTER1(8),LETTER2CB) 
READ ~. NTRS .· .· 

C NTRS = NUMBER OF DATA SETS TO BE READ IN. 
6 FdR~ATCI5) .... 

1100 READ 110,, NEXP, ELABt EREL, ECH ,QPEAK ,AM It .AMN,AMP 
C NEXP = EXPERIMENT, NUM~ER, ELAB = PRIMARY BEAM LABORATORY ENERERGYCEV), 
C EREL =RELATIVE ENERGYCEVlt ECM a CM ENERGYCEV), QPEAK • PEAK Q VALUEC:EVh 
C AMI = PRIMARYJCN MASSCAMUl, AMN =NEUTRAl MASSCAMU). A"P =PRODUCT ION 
C MASSCAMU). OF THES~ CONSTANTSONLY ELAB, AMI, AMN, AND AMP ARE USED IN 
C THE CALCULATIONS. 

110 FORMAT C 15~7Fl0.5) 
READ ll5.t NAME 

C ALPHANUMERIC FORMAT FOR IDENTIFICATION OF PRINTOUT. 
115 FQRMAT(8Al~) . 

PRINT 111, NEXP 
111 FORMAT C18H1EXPERIMENT NUMBER,I7) 

. PRINT 215, NAME 
215 FORMATC.lH0,8Al0) 

PRINT 113, ELAB,EREL,ECM 
113 FORMAT Cl8HOLA8bRATORY ENERGY,F10.5,3X,15HRELATIVE ENERGY,F10.5,3~ 

1,21HCENTER OF MASS ENERGY,F10.5) 
PRINT 114, QPEAK 

114 FCRMAT (6HOQPEAK,F10.5l 
READ 1,NPG,NPH 

C NPG AND NPH ARf THE INDICES OF THE 
C RESPECTIVELY WHICH ~Ill BE PLOTTED 
C GRAPHS. NPG IS GENERALLY THE INDEX 

1 FORMAT (215) 
READ 3, TEMP,ING 

APPARATUS AND OUTPUT FUNCTIONS 
AT THE SAME A8SCI.SSA VALUE ON THE 
OF THE APPARATUS FUNCTION PEAK. 

C TEMP = TEMPERATURE Cf THE NEUTRAL SCATTERING GAS(OEGK). lNG = 0 MEANS 
C ENERGY DISTRIBUTIONS. lNG = 1 MEANS ANGULAR CISTRIBUTICNS. 

3 FORMAT CF10.5,15l 
C PRIMARY AND PEAK OIST~IBUTIONS NORMALIZED TO PEAK VALUES OF UNITY 

DC 8 I = 1,99 
READ 2• XGCI),G(I),NSTOP 

C GCI) IS THE. EXPERIMENTAL APPARATUS FUNCTION MEASURED AT POINTS XG(J). iA 1 
C MUST BE PLACED IN COL 30 OF THE LAST CARD. DATA MUST BE ENTERED IN O~OER 
C OF INCREASING ABSCISSA VALUE. 

IF (ING.EQ.1) GC TO 1058 

- J 

'l 

I 
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XGCI) = CAMI/CAMI+AMNJ)*l.39*StRT(XGCIJ/A~I) 
1058 IFCNSTOP.EQ.l) GO TO 58 

8 CCNTINUE 
58 NG = I 

2 FORMAT (2Fl0.5,110t 
DC 9 . I . = 1, 99 
READ 2r XHCI),H(IJ,NSTOP 

C HCI) IS THE EXPERIMENTAL OUTPUT FUNCTION MEASURED AT PCINTS XH(I)~ A 1 
C MUST BE PLACED IN .COL 30 OF THE LAST CARD. DATA MUST BE ENTERED IN ORDER 
C OF INCREASING ABSCISSA VALUE. 

IF CING~EQ.l) GO TO 1059 
XHCIJ = 1.39*SQRTCXH{I)/AMP) 

1059 IFCNSTOP.EQ.l) GO TC 59 
9 CONT.JNUE 

59 NH = I ' 
READ 115, LETTER! 
READ 115~ LETT£R2 

C THE LAST ·TWO CARDS ARE ALPHANUMERIC GRAPH LABELS. 
GMAX = GCU 
NGM = NG - 1 
DC 290 N=l,NGM 
IF C GCN+l) -G C NU 290,292,292 

292 ~FtGCN+l) - GMAX1 290,293,293. 
293 G~AX = G(N+l) 
290 CONTINUE 

HMAX = H(l) 
NHM = NH - 1 
DC 190 N=t,NHM 
IFCHCN+l)-HCNJ)190,192,192 

192 IFCH(N+l)- HMAX) 190,193,193 
193 HMAX = H(N+l) 
190 CONTINUE . 

PRINT 20 
20 FORMAT C6Hl X,l5X,lHG) 

DC 40 I =1 ,NG 
GCIJ = GttJ/GMAX 

40 PRINT 50, XG(IJ,GCIJ 
50 FCRMAT CF10.5,6X,Fl0.5) 

CALL CONVOL CXG,G,A~N,AMI,NPG,NG,TEMP,ING,ElABJ 
GSUM = G(l)*CXG(2J~XGC1l)/2. + GCNG)*(XGCNGl-XGCNGM))/2. 
DC 250 K=2,NGM 

250 GSUM = GSUM + GCKJ*fXGCK+l)-XG(K-l)J/2. 
DC 251 K=1,NG 

251 GCK) ~· GlK)/GSUM 
XP = XG(NPGl 
DO 870 IK=l,NG 

870 XGCIK) ~ XGCIK) + XHCNPH) - XP 
DC 300 J=l,NH 
DO 306 l=1,NH 
XLDEL ~ XHtNPH) - XH(J) + XHCL) 
IFCXLDEL.GT.XGCNGJI GO TO 307 
IFCXLDEL.LE. XGCl)) GO TO 301 
DO 303 l=l,NG 
IFCABSCXLDEL-XG(I))~O.OOOOl) 304,304,303 .: 

303 CONTINUE 
GO TO 302 
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304 FF = G( I) 
GO TO 301. 

302 CALL~INTRAX CXLCEL,XG,G,NG,ff) 
Gc .To 301 

307 FF=O.O 
301 GICJ 1 Lt.=·Ff 
306 CONTINUE , 
300 CONTINUE 

GMAX = Gl U 
DC 599 N=l,NGM 
IF(G{N+l)-GtN)) 599,598,598 

598 IF(GCN+U-GMAX) 599,597,597 
597 G~A)( = G ( N+ l) 
599 CONTINUE 

PRINT 21 
21 FORMAT (6H1 X,l5X,4HGCON) 

DO 600 I=l,NG 
~(I) ~ GCil/GMAX 

600 P,RINT 50,XG((),G(l) 
PRINT 22 

22 FORMAT (6Hl X1 15X 1 1HH) 

41 
C IFN 

5001 
201 

DO 41 .1=1,NH 
H(l) = H(I)/HMAX 
HR (I) = H U) 
PRINt 50, .XH(I),H(l) 
= 1 SMOOTHING OPERATION. IFN = ·2 DECONVOLUTION OPERATION. 
IFN = 1 
NHL = NH - 1 
HSUM = H(l)*(XHC2)-XHC1))/2. + H(NH)*(XHCNH)-XHCNHL))/2. 
DO 1250 K=2,NHL 

1250 HSUM·= HSUM + HCK)*CXH(K+l)-XH(K-1))/2. 
D0·1251 K=l,NH 

1251 H(K) = H(K)/HSUM 
DO 80 MM=1,NH 

80 HC(M.-)=HCMM) 
DElC1)~(XH(2)-XH(l))/2. 
DEL(NH) = · CXHINH)-XHCNHL) )/2. 
DC 107 K=2,NHL 

107 DEL(k) = (XH(K+1)-XH(K-l))/2.0 
NN= l 

100 DO 4 J = l,NH 
C INTEGRATION 

IF CIFN.GT.1) GO TO 900 
IFCNN-2)~00,1900,1900 

900 SUM= H(l)*Gl(J,1)*0ElCl)+HCNH)*GICJ,NH)•DEl(NH) 
GO TO 1000 

. ' 
i 

1900 SUM=(HC(l)-HH(1))*GI(J 1 1)*0El(l)+(HC(NH)~HHCNH))*GI(J,NH)*OELCNH •. c 
1000 DC 160 l=2,NHL 

lf(IFN.GT.1) GO TO 901 
lf(NN-2)901,1901,1901 

901 SUM= SUM + H(l)*GICJ,l)*DELCL) 
GC TC 160 

1901 SUM= SUM+ (HCCL)-HH(l))*GI(J,L)*OEL(l) 
160 CONTINUE 

IFCIFN.GT.l) GO TO 2900 
IFCNN-21700,1700,1700 
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.. 

700 HS ( J) = SUM . 
GC TO 4 

1700 HS(J) = SUM + H(J) 
GO TC 4 
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2900 If(NN.EQ.1t GO TO 2901 
HS(J) = H(J) + HCCJ) - SUM 
GO TC '-

2901 HS(J) = 2.*HC(J) - SUM 
4 CONTINUE 

HB = ABSCHS(l)) 
DO 90 N=1,NHL 
IFCABSCHS(N+l)J-ABSCHSCN)))90,92,92 

92 IFCABS(HS(N+U )-HB)90,93,93 
93 HB = ABStHSCN+1)) 
90 CONTINUE 

DC 75.l = l,NH 
IFCHSlL).GE.O.O) GO ·TO 75. · 
HSCLl = 0.0 · 

.75 HH(l) = HS(L) 
C CONVERGENCE CHECK 

. HSUM = 0.0 
CHANGE = 0.0 
DC 81 MK=l,NH 
CHANGE= CHANGE+ ABSCHC~K)-HSCMKJ) 

81 HSUM = HSUM + ABStHCMK))+ABSCHSCMKJ) 
CHUM = CHANGE/HSUM 

C ~ONVERGENCE LIMIT MAY BE VARIED. 
. I.F(CHUM-0.00005)82,82,83 
62 JKL = 1 

GO TO 65 
83 JKL = 2 
85 DO 86 L=l ,NH 
86 H(l) = HS(L) 

IF(JKL-l)l01t101t11 
11 NN= NN+ 1 

C MAXIMUM NUMBER OF I~ERATIONS MAY BE VARI~D. 
IFC~N-050}100,101,101 

101 IF CIFN.EQ.1) GC TO 13 
PRINT 24 

24 FORMAT (6H1 X,15X,1HF) 
GO·TC 33 

13 PRINT 23 
23 FORMAT (6Hl Xt13X,7HHSMOOTH) 
33 Hfo!AX = H( U 

OC 1033 N=1,NHM 
IF(H(N+1)-H(N)) 1033,1034,1034 

1034 IF(H(N+1)-HMAX) 1033,1035,1035 
1035 HMAX = H(N+l) 
1033 CONTINUE 

DO 34 l= l,NH 
H(L) = Hllt/HMAX 

34 PRINT 50,XH(L),H(l) 
CHUM = CHUM*100. 
PRINT 880, NN,CHUM 

880 FORMAT (21HONUMBER Of ITERATION$,15,7X,l9HPERCENT CC~VERGENCE,ElO. 
13) 
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l.FCIFN.EQ.2) GO TO 200 ,,, 
IFN = 2 
GO TO 2.01 
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200 CALL VULCAN CXG,Gl,,XH,HtNH,Nf:tl,OEll 
IF ( XH C l l.LE .XG tl) ) GO TO 8 30 
XEU) = XGCl) 
GC TO 831 

830 XE(1) = XH(1) 
831 IFCXH(NH).Gf.XG(NG)) GO TO 832 

XE(2) = XGCNG) 
GC TO 833 

8 3 2 X E. ( 2 ) = XH ( NH ) · 
833 CALL GRAPH CXH 1 H,NH 1 XH,HR 1 NH 1 XG,G,NG 1 XE,31HLABORATORY VELOCITY CE6 

1 CM/SEC),9HINTENSITY 1 16HLABORATORY ANGLE,ING) 
4000 NTRS = NTRS - 1 . 

IFCNTRS) 1101,1101,1100 
1101 CONTINUE 

END .. 
SUBROUTINE CONVOL (X,Y,AMN,AMI,NPG,NG,TEMP,ING,ELAB) 

C CONVOL FINOS tHE CONVOLUTION Of THE MEASURED PRIMARY JON DISTRIBUTION WITH THE· 
C MAXWELLI~N NE~TRAL SCATTERING GAS OISTRIBUTICN AND THEREBY DETERMINES THE 
C ACTUAL APPARATUS FUNCTION 

DIMENSION XC99) 1 YC99),V(99,,0ELC99),YCC99) 
RN =CtAMI+AMN)**2)/(0.000167*TEMP*AMN) 
V~ = SQRTC2.*AMI*ELABl/CAMl+AMN) 
IFCING.EQ.1) GO TO 20 
DC l l=l,NG 

1 VCI) =XCI) 
GC TC 25 

20 DC 11 J=1t.NG 
XC = XCJJ - XCNPG) 

11 V(J) = VB*TANC0.01745*XC) 
25 DEL(1) = ABSCV(2)-V(1))/2. ~ 

DELCNG) = ABSCVJNGI-VCNG-1))/2. 
NO = NG-. 1 
DC 2 J=2,NO 

2 DEL(J) = ABSCVCJ+1)-VCJ-l))/2. 
DC 3 K=1,NG 
SUM = 0.0 
DO 4 L=l,NG 

4 SUM= SUM + YfLl*EXPC-RN*CVCLl-VCKl)**2)*0ELCL) 
3 YC(K) = SUM 

DC 5 P"=1,NG 
5 Y ( M ) = YC C M ) 

YMAX = Y( U 
DO 1 N=l,NO 
IF(Y(N+l)-Y(N))7,8,8 

8 IF(Y(N+ll-YMAX)7,9,9 
9 Y PJ. A X = . Y ( N+ 1 ) 

NP = N + 1 
7 CCNTINUE 

DC 10 J::1,NG 
10 Y(J) = Y(J)/YMAX 

NPG = NP 
RETURN 
F.ND 

i 
I 
~· i 



-163-

.-
SU~ROUTINE VULCAN (XG,GI,XH,H,NH,NHL,DEl) 
DIMENSICN OELC99),XGC99),XH(99),GI(99,99),H(99),HVC99) 
DO 1 J=1,NH 
SUM= HCll*GI(J,l)*OElfl)+HCNH)*GI(J,NH)*DELCNH) 
DO 2 L=2,NHL 

2 SUM = SUM + Hfll*GICJ,l)*DEL(l) 
1 HV(J) = SUM 

HVMAX = HV(1) 
DO 3 «=l,NHL 
IFCHVCK+l}-HVCK))3,4t4 

4 IFCHV(K+1J~HVHAXl3t5t5 
5 HVMAX = HV{K+l) 
3 CONTINUE 

PRINT 6 
6 FORMAT (6H1 

DO 7 M=l,NH 
X,15X,4HFOL0) 

HVC~) = HV(M)/HVMAX 
7 PRINT 8, XH(M),HV~M) 
8 FCRMAT CF10.5,6X,Fl0.5) 

RETURN 
END 
SUBROUTINE INTRAX CXL,X,Y,N,FF) 

I 

C INTRAX USES NTPO FOR A 3 POINT LOGARITH~IC INTERPOLATIGN 0~ EXTRAPOLA· 
C TION CF THE APPARATUS FUNCTION. 

DIMENSION XC99J,Y(99),XU(3),YU(3) 
NN = 3 
MN = N - 1 
IFCXL.LT.XC2)) GO TC 1 
IFCXL.GT.XCN-1)) GO TO 3 
DO 5 I = 3,MN 

5 IFCXL.LT.X(I)) GO TC 6 
6 IFC(XL-X(l-1)).LE.(X(I)-XL)) GC TO 7 

MI = I -.1 
GO TC 4 

7 Ml = I - 2 
GC TO 4 -

1 MI = 1 
GO TC 4 

3 MI = N - 3 
4 DO 2 1=1,3 

XU(I) = XCMI+I-1) 
2 YUCI) = YCMI+I-1) 

CALL NTPO (XL,FI 1 NN,XU,YU) 
FF = Fl 
RETURN 
END 
SUBROUTINE NTPO CXX,FF,N,X,f) 

C MODIFIED VERSION OF NTPO BY DAVID SNYDER L~L BERKELEY 7/14/65 
C THIS ROUTINE FITS A CN-llTH ORDER POLYNOMIAL TO THE N PCINTS CX 1 f)(J) 
C AND EVALUATES THIS POLYNOMIAL AT THE POINT XX. 
C XX = INTERPOLANT 
C .ff = f(XX) 
C N = NUMBER OF SAMPLE POINTS CX,F) 
C X = ARRAY OF ABSCISSA VALUES CNO TWO THE SAME) 
C F = CORRESPONDING ARRAY OF ORDINATE VALUES 

DIMENSION X(1) 1 F(l) 1 GY(99) 
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FO • O. 
CAN USE: GENERAL FORMULAS, XX. NE.ANYX ( M) 

DO 1 l=l,N 
IF(f(().EQ.O.O) GO -TO 3 
GY(t) = ALOGlFCt)) 
GO TO. 1 .. · 

3 GYCIJ = 0.0 
1 CONTINUE 

DO 100 l=l,N 
PAK = GY(I) 
XI= XCI) 
00 50 K=l,N 
I·FCK.EQ.I) GO .TO 50 
At< = XX - X(K) 
PAK = PAK * AK I CXI-X(K)) 

50 CONTINUE ... 
FO = FO + PAK 

100 CONTINUE . 
C GIVE ANSWERS TO CALLING PROGRAM ANO RETURN 

210 FF = EXP(F()) 
~ETURN 
END 
SU~ROUTINE GRAPH lX~Y,ft,X2tY2,N2,X3,Y3,N3,XE,RX,RY,RZ,lNG) 
CCMMON/LASEL/LETTER1C8),LETTER~(8) 
COMMON/CCPOOL/ X MIN ,XMAX, YM IN, Yfi!AX ,CCXMIN ,CCXMAX, CC YfHN ,CC YMAX 
DIMENSION ROUN0~(9),ROUNDYC5),X(l),Y(l),XEC2) 
QAT.ACROUNOXCU,l=l,9)/2.,2.5,3.,3.5,4.,4.5,5.,6.,9./ 
DATA (ROUNDY(I),I=l,5)/1.,1.1,1.2,1.3tl•4/ 
DATA NROUNDX,NROUNDY,PARTX~PARTY/9,5,10.,10./ 
CCXMIN=lOO.$CCXMAX=llOO.SCCYMIN=89.SCCY~~X=l089. 
CALL LINEUPCXE,2,ROUNOX,NROUNCX,PARTX,XMIN,XMAX) 
CALL LINEUP (Y 1 N1 ROUNOY,NROUNOY 1 PARTY,YMIN,YMAX) 
CALL CCGRID (1,10,6HNOLBLStltl0) 
CALL CCLBLCIFIX(PARTX),IFIXCPARTY)) 
CALL CCPLOT CX,Y,N,4HJOIN) 
CALL CCPLOT CX2,Y2,N2,4HJOIN,7,1) 
CALL CCPLOT (X3,Y3,N3,4HJOIN,8,1) 
IFCING.EQ.l) GO TO 1 
CALL CCLTR (485.,12.,C,2,RX) 
GO TO 2 

1 CALL CCLTR (485.,12.,0,2,RZ) 
2 CALL CCLTR C23.,530.,l,2,RY) 

620 FORMAT (8Al0) 
WRITE498,620) LETTER! 
CALL CCLTR (150.,1000.,0,2) 
WRITEC98,620) LETTER2 
CALL CCLTRll50.,950.,0,2) 
CALL CCNEXT 
RETURN 
END 

i 
I 
ifW 
I 
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