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v_Dynamics of the Reactlions of 0, With H2 and Dz
M H Chiang, E. A Gislason, B. H Mahan,.'
C W Tsao, and A. S Werner

Inorganic Materials Research Div1s10n of the Lawrence
Radiation Lahoratory and Department of Chemistry, '
‘University of California, Berkeley, California.

*VfVeIOCity”vectOrbdistributionsfof the ionic

~ products of ‘the reactions OZ(HésH)HO*;'Oz(stoH)OH+g'

(HZ’O)HZO , of (D2,O)O as well as nonreactively
‘scattered O2 are reported for several 1nit1a1 relative

_kinetic'energie8~of collision. - For relative energies

- below S5 eV, the distributions of H02, OH s and HZO

- all show the forward backwald symmetry characteristic

uof a reaction mechanism which involves a persistent .

VHéog"collision complex. At higher initial relative

'energies,'a transition to direct or. impulsive reaction
mechanism is. observed. The o product appears to be .
formed by a direct interaction mechanism at all energies
vat which it can be detected.. The distributions of |
nonreactively scattered o2 give evidence of both direct
and complex scattering mechanisms. The behavior of ’
the system is qualitatively conSistent w1th predictlons
‘based on the known maJor features of the potential

energy surface,,'
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As reported in a series of recent publications,
laboratory ‘has 1nvestigated the dynamics of exothermlc
ion molecule reactlons in which a hydrogen or deuterium atom
is transferred from the neutral target to the prOJectile ion ;
such as Ar or Nza' These reactions typlCally have large total
cross sections,"and the prodﬁct ion velocity vector distri-
butions 1nbthe center-of-maSS'system are strongly peaked
in the oriéinal direction of the projectile ion beam. Rebound
scattering'of the productythrough,barycentric'angles_as large
as‘lsvoé is observed, and atﬂlnitial relative energies above.

4 ev, the‘contributiOn of'thls process 1s nearly-as great as
that of the small angle stripping process.

‘It,seemed clear.to-us.that an entirely different dynam- -
ical'behavior might be found‘in endothermic_ion—molecule’. |
reactions, particularly those in which.the’intermediate
collision complex had a substantlal potentlal energy mlnimum

w1th respect to both reactants and products; The reactlons

;vo;'('zng) +-'H2 = Ho;r +H AHO =1.96 ev (1)
- OHT + 'oHv }- AH® _ 1.""87 | '(2) |
- HZO% + 0 AHO =0.66 . (3)
- o+ + Hzovv' CAH® - 1.66 g (A4.)

all satlsfy these criteria, and can be convenlently explored

“with our ion beam apparatus Accordingly,.we undertook invest-

igationSvof Reactions (1—4)vand‘certain of_their isotopic



: excitation of the ions in the

variations;fand repOrt‘the results here; Preliminary

f‘ communications on this system have already appeared. 5,6

‘EXPERIMENT |

The instrument used in this work has been described in
vdetailhpreviously;z It con81sts of a magnetic ‘mass spectrometer
for preparation of a collimated ‘beam of primary ions of known
energy, a scattering cell to contain the target gas, and an
ion detection train made up of" an electrostatic energy analyzer,
a quadrupole mass spectrometer,’and an ion counter.> The |
detector-components ‘and the exit slit ofvthe scattering cell
are mountedaon‘a’rotatahle-lid,-Which_permits the intensity of

scattered ions”torhe measured‘at various angles and energies.

'The~primary'ions were extracted fromha-microwave discharge
'through_okygen; Because'of'the low electron'temperature'(ws eV)
that is characteristic of'these discharges, relatively few
electrons have energies greatly in excess of 10 eV. Conse-
quently, most of the. ionization is produced by electrons which
have energies which are not'much greater than the ionization
energy of the gas7(12 2fév), and the number of metastable -
excited ions such as O ( H ), which requires 16 ev to be
' produced is much smaller in a microwave discharge than in a
1conventiona1 50 eV electron impact source 7

Beam attenuation experiments of the type described by

vTurner»et al.,? showed that the-momentum-analyzed O ~beam

2
scontained less than 5% excited metastable ions. The vibrational

2IIg ground state of 02 isgnot L



known;'buf FranCRQCondon-factors8 suggest thatsmost'molecules
are in~bheﬂexcited‘vibratidnai'levels 1-5, with the average
vibrationallenergy being approximately‘o.e eV. This is
!probably a realistic upper limit ﬁo the vihrationaieenergyv
of O;; since We estimate that”the ions undergo atgleast one
and perhaps“as man& as 50 coiiisions.with 0, in this relatively
| high‘preSSure’(ZO—SO'u) sourCe.before.being-extracted from
the plasma'” Measurements of the kinetlc energy threshold for
.the reaction and dlssoc1ation of O2 also suggested that the.
hions have”approximately 0.6 eV internal energy.
Our’experimental results are presented in the form of
contour maps2 of.the specific-intensity,lf(e,u), or the intensity
of.ions'per_unit velocity space_volume normalized to unit beam
strengﬁh,'scattering gas density, and.collision volume. A |
polar doordinateHSystem:is'used,vwith the radia1>coordinate‘u'
representing the speed of the ion relative to the center-of-
maSSVoffthe"target-projecﬁile'syStem, and the angular coordinate
'évmeasuredrwith respect to the original directionnof the =
projectile ion beam; fhe specific intensity is normalized so .

that

i n- : oo 2 ‘
g = znf sin@de f u® T(6,u)du
is always proportional to the true total cross section o.
While the original experimental points are not usually
shown on the intensity-contour maps, each map is generated
'from 10- 20 scans of the 1aboratory energy and angular distri—

butions, in each of which 10-20 intensity measurements are_



made.,JFor,the;more;complicated intensity-distributions. even
more data}are-oollected. A1l of the contour maps show circles
of constant Q, the difference between the flnal and initial |
relative|translationa1 energies. Assuming ground state

reactants we.can write

. where'AEo-is the energy'cnange*for-reactants,and'products in .
their ground states, and U and U' are the internal excitation

,energies of reactants and products, respectively.
ARESULTS,AND.DISCUSSION

In'analyzing‘the,experimental results; it is helpfﬁl to
consult;Table I, whiCh‘lists tné enthalpy changes9 for forming
various products and.the intermediate HZO; from groﬁnd state -
and H

0+ 2-’¥Itiis clear that all possible reactions are endo-

2
thermic, and that the collision complex Hzog-represents a.sub—
stantial potential energy minimum. It must be borne in mind,
,.however, that while the - energies of the separated productsv:”
-and reactants are known, there is- very little information

| available about potential energy barriers which may lie between
,reactants and various products.k Such barriers of course could
profoundly affect the reaction dynamics. The appearance
potentials of the various ions formed from HZO by electron

impact do indicate the magnitudes of potential barriers which

lie between HZO and its various decomposition products.



Accordingly, the appearance potentials measured by Foner and
Hudsonlo are listed in Table I. |
We now shall present the results and discussion succes51vely

for each.channel proceeding approx1mately in increasing order

Q.

of complication.
A. o;-+ D2'-*'O+ + 0+ Dz.'

Figure l shows the. 1ntensity distribution of O produced
by the collisional dissociation of O2 by D2 at_an initlal
relative energy~of 11.2 eV. The distribution_is asynmetricr'
about the +90° line in the barycentric system."This clearly
~ shows that the dissociation occurs by~a direct or short-lived
collisional interaction. In addition, the 01 intensity peaks
at a velocity which is very nearly equal to the velocity of
the. original O2 projectile This indicates that in the most
‘probable collision process, one of the atoms of'the projectile’is
only”slightiy‘disturbedpby'the dissociation, and proceeds on |
as'6+”at'near1y the velocity of the original projectile.

In interpreting Fig. 1 and other maps of the . specific
inten51ty, it must be kept 1n~mind that the:contribution of
scattering out of the'plane of the beam and detector is not
included,"Toﬂtake account of the products SCattered out-of-plane,
one couid multiply each specific intensity by sinf, where 6 .
is the barycentric scattering angle. This would remove the |
intensity maximum from 6 = O and place it at some greater angle
in the forward scattering hemisphere. 1In a strict sense,

'inc1u51on of the 51n6 factor is inappropriate and can be some-

what misleading if the apparatus resolution is relatively poor,



_ation of o;,'Nof;VN*,andnq

as'is true;foratheacase at,hand;.'Conseduently,.we omit'this
factor»in'the'maps.presented herer‘ However, a map which
includes the’SinQ'factor'stillleadsvto the conclusion that
the i‘reelo+ ion has, in the dissociation process, been subject
to the finite but'relatively smalldforces which product forward
scattering.a | : | o ) | )
Figure 2° shows that when the D2 target is replaced by
He, a very similar distributlon of ot results.‘ In another o
paper,ll.we have reported extensive measurements of the dissoci-
‘ 2o+ byvcollision‘with‘helium;’ Our
conclusion frOm-that'work was that these dissociatithVoccur

' principally by a. version of the stripping process in which

the target atom collides with one of the atoms of the projectile
and breaks_thevprojectlle_bond either-adiabatlcaliy or through

excitationTto a weakly”hound’or slightly repulsive electronic

- state. The other projectile atom, which is ultimately detected

as O is thus subJect only to relatively weak forces and

proceeds at nearly its original velocity throughout the disso—

_'ciation; The great similarity between Figs. l-and 2 suggests

that the dissociation of O2 by collision with D2 proceeds in

- a similar manner.»"

In an experimentfin Which.o;.collidedfwith D2 at 5}55 eV
relative;energy,'no O+ was observed vdespite the factothat
only 1.6 eV is required to form D2O and 0 Thus,'aside frOm
our. observation that the total cross section for dissociation

of 02 by D2 is larger than for dissociation by He at the same"



relative energy, we have no evidence that elther the existence
of a long-lived D2O2 complex or the possibility of forming

D,0 product has any influence on the dynamics of the dissocia—

2
_’tion process.‘ It seems of considerable interest that the'
dissociation Occurs by a direct interaction with D2, for we
shall see that the other reaction channels in.this system are
strongiy”affected by the potential energy minimum which corre-
sponds to b205. | |

B. Q;.+»De > 05+ (D)

The nonreactive scattering of O; by Dé depends in an
interesting manner on the scattering angle. of the relative
| energy of_0011151on. Figure 3 shows that when the initial
‘ relativeienergy is 3.91 eV, there‘is considerable small angle
scatteringJWhich is elastic within experimental uncertainty,
As the angle increases past 60°, the scattered intensity
greatly]decreases and the intensity maximailievin regions for
which Q, the difference between the final and initiallreiative
kinetic energies, 1s increasingly negative Thus the scat-
'tering which produces this outer ridge becomes progressively
more_ineiastic as the scattering angle increases. The mono-
tonic eVolution'of this ridge from high intensity elastic
SCattering’at small angles to lower intensity inelastic scat-
‘tering at large_angles suggests that_the'entirevridge is caused‘
- by direct interaction processes which occur in moderate to

large impact parameter collisions.



This direqt,interaCtion mechanism seems‘to be considerq
~ably attennated:atvanglesﬁgreater_than_135°, wnere.the”intensity
 ridge disappears, lApparently;”the snalllimpact parameter |
_collisioﬁsgwhich would be expected”to COntribute-to scattering
in this"~ very large angle region in fact ‘lead to chemical
reaction or inelastic scattering with a broad distribution of
internal excitations. fThere<is also a‘substantial scattered

intensity of" O at or near to the center: of mass velocity

2
This indicates that a considerable fraction of the collisions
.are very inelastic, and:leave-the'o2 and D2 sharing up to
3. 91 ev as internal excitation energy. _ »

In analyzing scattering from a reactive target, it is
often very enlightening to compare 1t to the scattering of
the same‘projectile-from an inert target of the same mass.
In.fig. 4 weIShow the intensity of O;vscattered from a helium'y
‘ target-at'5;55:eV initial relatiye'energy.7 At angles greater:
than 90° the scattering hecomes increasingly inelastic as the
angle»increases. _Atflsoo the most probable value oi Q is

12 we have reported more extensive

';-1 5 ev. In another paper
'measurements of inelastic scattering in this and other such
'nonreactive systems, and have successfully interpreted the
.scattering in terms of classical theories of vibrational f
excitation. Thus Fig. h represents the vibrational excitation
of 02 that can be . expected from collisions in which the inter—b’
action is of the direct, nonchemical type.-

Figure 4 should be compared with Fig. 5, hich shows 02

_scattered from D

o at 5. S7 eV initial relative energy. In the
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_~°2 Dz

system, virtually all'theiog at large anglesihas’been
scattered very inelastically. In fact, the'back—scattering

o of greatest intensity lies very close to the center of -mass

%

velocity, and therefore involves collisions in which nearly'
.5 57 ev is shared as intenal exc1tation of O2 and D2 or is‘ v
used to dissociate Dy . ., | | |
"The fact that the.inelasticities found for the 0j-D, and

"0+2He'syStems'differ greatly is'consistent'with'the existence

v:'fof a collis1on complex D202 in which the atoms 1nteract through

:strong chemical forces. However, the data_for nonreactive
scatteringtdoes.not; by itself, prove‘that‘this-complex is
i"r_i-'ec.éssaril'y'lon'g-‘lived. For examplé%4in the‘systems,Nz--D2 and
Ar+eD2-Which involve reaction by direct, short-lived inter-
actlon, the N2 that does not react is scattered very inelast-
1ca11y, ‘while" the unreacted Ar ‘shows only very small
inelaSticity. On the basis of our experience, it appears

that the‘exiStence'of strong chemical interactions does not
neceSSarily'lead to nonreactive collisions of great inelasticity,
but that inelasticity substantially greater than that pre-
dicted.by»classical vibrational energy transfer theory indi-
‘cates elther electronic eXcitation'or strong coupling of the -
nuclear motions through valence forces. | _

v When the initial relative _energy of. O2 and D2 exceeds‘é_ev, N
the intensity distribution of the scattered~02-shOWS'a secon-
- dary maximum in the small angle inelastic region. Figure 6
shows that when the initial relative energy is 11.1 eV this

feature has developed into a fairly well- defined intensity
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ridge”isee,thetellipSefoflintensityTSb'K)rl Thefasymmetry.of
this feature-ahout thev+905'11ne makes'it seem very:unlikely
"that it is connected with the existence of a long—lived colli-
sion complex. It also seems unlikely that the cause of this
ridge is- vibrational exclitation of the collision partners by
direct interaction, since we should expect large, rather than
small‘angle scattering, and a broad, rather than well—defined,'
range of inelasticities ‘from such. a- process. :Much'the same
arguement eliminates simple adiabatic one- step or knock-on
collisional dissociation of D2 as a likely origin of this
scattering. e | s '

. The inelastic feature in Fig. 6 resembles the one which-
we found2 in the nonreactive scattering of N2 by D2 7Fromha
determination of the energy threshold for the: N2—D inelaStic
process,‘we~concluded that it arose principally from the
excitation of D, to its lowest 32 state‘bylgrazing collisions.
:A similar finding was made3 inuthe NZ—CDu_system,-and was |
frationalized in a similar manner, The‘same explanation may
in fact be valid for the inelastic feature in the O2 D2 system;
vHowever, the existence in this system of large amounts of
elastic and inelastic scattering which cannot be unequivocally
separated from the inelastic ridge makes iv: impossible for
us to determine a partial cross section and energy threshold
for this feature, and thereby to test the electronic excitation_'

?hypothesis thoroughly.
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Anothertpossible explanatlon for the inelastic peaklis»p
thathit'arises.frbm the disspciationvOftDog molecules which
arelforned;by alstripping’type”process2pand have internal
energies_in eiéess of the 2.6 eV dissociation energy of the
DﬁQ;'bond. ;It can he_easily demonstrated that the 1nternal
energy;U' of DOvaormed by the spectator stripping process

is_given_by

vwhere Eé ishthevenergy of the projectile O; relative to the»
gtgg_abstracted. The exeitation energy of any‘DOZ formed by
spectatorlstripping’thus rises»linearly with the prejectile
energy.until U' equals 2.6 eV. At this point (a relative
energy of'8f6'eV for O;—D2)'any DOZ formed by spectator
stripping becomes unstable with respeet'to disseciation'to
_OZ and D. The resulting O .

_matelyveQﬁalfto that calculated for DO; forme@ by spectator

; should have a velocity approxi-

stripping
The well-~ defined inelastic peak or ridge in Fig '6}first‘

makes its appearance at approximately 8 eV in1t1a1 relative
. energy,.quite close-tovthe value_of 8.6 eV predictedvfrom'

the Spectator stripping' TheSe observationS'strongly suggest
that,’at 1east at relative energies above . 8 eV, some or all

of the small angle inelastic feature may. represent collis1ona1.
| dissociation of D2 by O2 through the spectator stripping

mechanism;_.However, careful examination of Figs. 3 and 5 shows

v . o ' '
that at energies;below?8.6 eV, there is important, if not



.‘Tl3“‘ T

particularly ‘well defined 1ne1astic scattering in the small
angle region. Experiments with H2 targets also show this
feature. ~Since the dissociative stripping mechanism cannot

operate in this low energy regime, we are inclined to attri-

" bute these small angle inelastic features to electronic

excitation of H, to the 32 state. -Thus,there-is-evidence
for dissociation'of D2‘both by*electronic excitation{and the
dissociative stripping process, and it seems likely that |
both océur at relative collision energies above 8 6 eV

c. ,_0.’5 Coyenlen

| 5

Z'In'a preliminary“cOmmunication,‘ we have briefly summarized

~our findings for this reaction. At loW'relative?energies N

of collision (<5 eV) the DO from O -H

2 2 2 2
collisions)_has a very-nearly isotropic specific intensity

product (or HO

distribution in the centerFOf-mass system.. This is 1llu-
strated iniFig. 7, which 1is typical of several of the maps .

which wevhave determined in this low‘energy regime.' The iso-

3tropy indicates the occurrence of a long~1ived collision

‘complex of relatively small total. angular momentum and large

internal energy per vibrational and rotational mode. The =

Asmall total cross section (2 Kz) and large bonding energy
(2 4 eV) with respect to D2 and 0 are consistent with such

a deduction.

Another factor that may contribute substantially to the

isotropy is the rotational angular momentum of the O2 drawn

from the microwavevdischarge. While the temperature of the



k-

discharged gas was not measured, it could easily be 400°K,
which wouidFCOrreSpond te a mesﬁ prObable J of 9 for Og;"The
plane of rotatlon, and thus the angular momentum vector of Og_'
is randomly orlented with respect to the 02 o relative
ve1001ty=vector._ Therefore, rotation of O2 is a factor whieh
tends to randomize the relation between the ihitial relative
velocity vector and the total angular momeﬁtum-vector'or |
orientation of the complex,'and-thus‘tends to produce an
isotropic product distribution. |

In investigations o'f'Og—HD'coll'is_ions‘,S’6 we'have found that. 
at low initial relative:energies, both Hog and Do; are distributed
isotropically in the center of mass system, and.that the inten-
sity of DO, exceeds that of HOj by as much as a factdr of
‘eight. These results constitute further evidence that the
OZ(DZ,D)DO reactlon proceeds by a long ~lived collision complex
at these lower relative kinetic energies. The prevalence of
Dog Qver HQ;-is the.oppOSite.of-the isotope effect that we found
for reactions which proceed by a direct ihteraction mechahiem.
HoWever, because DOZ has a lowervzero point energy and higher

density of states than does HO the isotope effect expectedv

>
from thevstetistical decay of a long-lived HDOZ collieion
complex shoUld_favor formation of DOZ over Hog, as is observedv
in the experiments. |

In an attempt fo-determine whether there is an activation‘_
energy berrier for the reaction.which exceeds the endothermicityb

of 1.96 eV, we studied the OZ(HZ’H)HO; reaction down to.initial

relative energies of 1.47 eV. While the relative reaction



.

cross”Section?decreased as thefrelativetenergy'was-loWered
past 2.dieVQfCOnsiderab1evproduct intensity remained even when
‘the ndminal_initial relative'energy_was.as'low:asll.h7 eV. 1In
view 6fh£hevhncertéinty"of’+o'20 eV in the initial relative
.energy due” to target gas motion and ion beam energy spread, |

and the estimated 0 6 ev vibrational excitation of the O it

2
,is not surprising that a reaction threshold was not observed
at 1. 96 eV nor even in the l 47 ev experiment.' Diminished
beam intensities prevented significant experiments at 1ower
energies. However, it seems clear that if there is an acti—
3vation barrier for the O (H H)HO reaction, its height is

A not significantly in excess of 2 1 eV. These experiments also
indicate that the barrier for formation,of'the HéO2 COmplex
from O; andeé”is not Significantly'greater'than 2.1 eV. On
the other hand;'if all'products are formed byﬁdecOmposition

of an H202 complex,'the'fact that significant products are
formed at all suggests that the barrier for formation oflthe
complex from.reactants.is not much lower than the endothermicity_
..forjformation.of.HOS-or Oﬂf. lf this were not so,.most'com—
pleXes wouldisimply,redissociate to reactants over'thellow
barrier:between reactants and compler’ The picture that |
'emerges then is that the barrier for formation of the H,00

272

5 and H2 is

comparable in height to the energy plateau which represents '

complex with a hydrogen peroxide structure from 0

H02 product formation.;

sl
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Support for this conclusion is- found in the work of Foner

lQ on the mass spectrometry of H202 These authors:

and Hudson
found tnat the appearance potential of O2 and H2 from H202 is
15.8 * Q,57ev,'Whereas the thermodynamic minimum energy
'requiredrfOr‘this change is 13;42'ev,‘.Theref0re;log + H, are

' formed from Hzo2 with internal or kineticienergy_anounting'to
2.4t 0.5 eV. This means there is'a'2.4'ii0.5 eV barrier for
forming HZOZ from O2 and H,, which is consistént with our
.earlier concluSion. - i‘ ‘ _ L

: Figures 8, 9, and 10 show that as the 1n1t1a1 relative'i‘

" kinetic: energy is increased above 5 eV, the angular distrlbution.
" of DOZ loses its isotropy, and acquires an intensity max1mum

in the forward SCattering region. The forward peaking increases
in‘relative importance‘with increasing energy.  These distri-
found in.high'energy experiments are qualita-

butions of Dog

tively similar but clearly broader than the product distri—'i
butions from the Ar+(D2,D)ArD ‘and NZ(DZ,D)N b* reactions.2*%
Thus the DO2 distributions indicate that as the initial rela—-
tive energy is increased, the lifetime of the D202 collision
complex decreases to less than one full. rotatlonal period, and
‘the reaction mechanism tends toward the direct or 1mpulsive
types of interaction.

~ The reaction O%(Dz,D)Dog'has recently been investigated

13 who determined the,translational energy

by Ding and Henglein,
Spectrum of-Dog in the primary beam direction without angular
intensity measurements. The O; was prepared by impact of

100 eV electrons in a conventional mass spectrometer source,



'h‘l74'?

and contained substantial amounts of the metastable "n# state

of‘O Ding and Henglein were able to separate the effects

2
of this excited state from the reactions of ground state 02,
‘and'showeh that below 4 eV relative energy the reaction of
;ground state 02 produced DO2 moving at the velocity of the
center-of-maSS,_as would be expected from the decay of a long-
lived'COmplex;'_When'thehinitial relative energy-uas above
'v5‘eV,'the maximum intenSity.ofDOZ fell at velocities.greater:
than that of the centeréofémass;-and‘with increasing initial
'energy eventually reached the wvalue expected from the ideal
stripping process. A threshold:for production of DO2 from
.ground state O2 was found at approximately 1.9 eV relative
| energy.' In view of our fallure to observe a sharp threshold
for'this_reaction{ this findlng of-Ding and_Henglein is some -
what7surpriSing;‘ In other.respects,'however, the two”investi—»'
gatidns’are nicely consistent in the regions in which they
overlap. | | | N | | |

. The qualitative reason for the change in reaction
mechanism with increasing relative kinetic energy is clear
from'unimolecular reaction rate theory. Theilifetime ofmthe_
collision complexvis determined by its totalminternal}energy
as compared to'the minimum amount needed to decompoSe, and
by the total number of internal modes which share the total
'energy. The simplest expression for the lifetime T of the
_collision complex 1is that derived from the Rice—Ramsperger—

Kassel theory,lh which treats theé energized'molecule as a
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“collection of s degenerate'oscillaterS‘of frequency v:
='(l/v)[E/(E—EO)JS'l

Here E is'the total internal energy and E is‘the miﬁimum"
energy needed for decomposition. Because of. failures of the
assumptions of the model, this expression can give'lifetimes
which are 1ncorrect by orders of magnitude,'and therefore
should not be used for quantitatlve calculations of 1. How-
ever, tﬁe formula does cofrectly indicate the.important quan-
titative trends that T decreases as the internal energy E
increases, and the moleeﬁlar‘complexity decreases.

In order to calculate the lifetime of the D2O2 collision
complex_quantitatlvely, we used the RRKM theorylu of unimolec-
ular decompOSition. The vibration freQuencies for D2OZ were
estimated by analogy to those of D,0,, with allowance for the
increaSed_O—Ovbond strength in DéOZ."The v;bratidnal energy
level densities were evaluated by the method of Whitten and
Rabinewiteh.15 'The total iﬁternal energy of the complex was
vset.equal'to the sum of the initial relative kinetic energy ’
and the'biﬁding energy of feactants; plus 0.6 eV to allow for
the vibrational’energy of O;.' The maximum impact parameter
for reaetion_was evaiuated'from the approximate~cross.section
‘foraDog formation; and frem this,'the feduced mass, and the
initial relative velocity, the maximum ahgular momentum.was

calculated.



 McDonald, and Herschbach.
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In Table II we give a comparison between the 1lifetime of

the complex with respect to dissociation to DOZ and D as calcu~-

lated using RRKM theory, and the "experimental" 1ifetimé. The
poSsibility*df”thé complex decomposing to O; + b25 DO; +' D,
op* +'0D, ahd“D2o+ + 0 was included in the calculation. The
expefiméﬁtal.iifetime was estimated from the éxperimehtal

intensity ratio of forward -to back scattered-Doz-using-the

fall-off function for osculating corplexes given by Fisk,

16 In calculating the rotational

frequencies used in constructing Table II, we have assumed
20; has approximately the ‘same geometry as'Dzo-. It is,
therefore, nearly a prolate symmetric top with one small

that D

moment of.inertia‘IA corresponding to the rotation’of the
déUtérium atoms around the 0-0 axis,'and‘two'largevand nearly
equal moments of inertia iB and'IC‘corresponding'td'thé
tumbling of the oxygénvatoms.

‘One seés from Table II that in the eXperiment_at,S.S eV
relative'enérgy, the Dzo; complex had a maximum.experimental~
lifetime of:appfoximately one rotational period, For the
same expéfiment, RRKM theory predicts a lifétime of 0.8 rota-

tionsvabout the B or C,axes5for 5 rotations with the same angu-

lar momentum-about the unique A axis. Since'the'reactiqn?

occurs 1in effect by ejection of a D atom from'the D2O+ complex,'

2

it would appear that the significant motion in determining the’

forward-backward symmetry of the product angular distribution

is the high ffequency'rotation about the unique axis, That is,
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the circulation°of the deuterium atoms about the 0-0 axis
deStroyé-anyememorypoftthe direction from which Oz_came much
more rapialy.tnan does the precession or'tumbling‘of the
0-0 axis about the total . angular momentum vector. If this
| argument were valid then we would be forced to conclude that
RRKM theory overestimates the lifetime of the D202-comp1ex by_-
I.approximately a factor of six. | " '
There is reason to expect that comnlexeo wiil tend to
‘have only a small fraction of thelr total angular momentum
'presentmas rotation‘abOut the unique axis. The aseumption of
statistical equilibriumvcofresponding to a rotational tempera—
ture‘Tr leads‘to a distribution functiontP(K) for the quantum

number K for rotation about the unique axis which is given

by’
P(k) = exp.(—»% kg/Kg)
Where_-: | | |
T K, = |k, 1 /ﬁ 1/2
'andt

I, = IgI,/(I5-1))

.Tnus-hién.yaluee_of K are‘not~favored, and tne.rotational
_angular momentum will tend to reside 1in the'low_frequencyﬁtumb-‘
ling motions of the 0-0 axis. | |

It can also be argued that complexes whleh ‘do haveilarge '
tamounts of their angular momentum present as rotation about |

the unique axi will not dissociate to the products DO. and D.-

2
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If we treat the separation of the products as a‘twoébody
problem with a (negatiVé) potential.energy o(r), then rotation
of the'compiex creates a maximum in the effective'potential

Veff for separation of the products:
,Veff" L ﬁ /(2ur ) + ¢(r)

Here L & is the orbital angular momentum of the separating
products, u is their reduced mass; and.r 1s'their ~separation.
This two-body approximation is appropriate if the maximum in
the effective potential comes at a value of r large enough sov
that the internal motions of the fragments are essentially
decoupled from their motion. along the reaction coordinate.

The ‘maximum which occurs 1n the effective pdtential energy
curve can be viewed as a barrier which complexes must cross
in order to become products. Alternatively, and’ perhaps more
satisfactorlly,_it can be pictured as an ejectionvpotential
“which supplies final relative»kinetic energy to,product'
particles thatbhave crossed 1it. The height of this barrier

(with respect to products) is given by
(1) /(Cu)(L!u) | | (@)
when ¢ 1s the ion-induced dipole potential —Cu/ru.
We see from Egq. (l) that.large amounts of angular momentum_‘
L coming from rotation of the ‘complex combined with small
reduced masses for the products can create a high barrler ln

the exit channel. In the case at hand, the barrier.height mayd

be as much as 1 eV above the asymptotic product potentialbenergy.
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ProduCtsdwouldvbe'expected'to have this:much relative trans-

lational energy, and therefore to 1ie well away from the center

of mass velocity This 1s not found experimentally In'fact;
the intensities of Fig 8 have maximum values on the Q

-4, 75 eV circle, which corresponds to the minimum possible
final translational energy consistent with product stability
It appears, therefore, that in ‘the dissociation of D202 to DO2
and’ D the angular momentum of the complex must be converted
to angular momentum of rotation of the D02,ent1ty,_rather than
appear as orbital angular momentum (and thus product transla-
,'tional energy) of DO, and D. |

In order to explain the high 1nternal excitation of the
:DO2 product, ‘we must find a mechanism. by which the total angular
momentum of the compleXx (wlSO-ﬁ) is converted to rotation |
pof DOz‘rather than to orbital motion of D and DOZ‘ ‘This con-

version requires that angle dependent forces act between the

D and DO fragments ‘as they begin to separate to products

2
'Since D O in the hydrogen peroxide structure would have an

272
equilibrium OOD'angle of approXimately 105°; separation of
D-from.bbz in a direction approximately parallel tolthe 0-0
_axis would produce torques which-could}result in excitation'of_
‘rotation of Do2 This mode of separation might be particularly
favored in D2O2 complexes in which most angular momentum was
contained in the tumbling around the B and C axes. Indeed
this type of rotation would seem to be required if. the incipient
orbital rotation of D about DO, were to be converted efficiently

to rotation of DOE.
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In contraSt, aeparation of D from‘DOS'in a direction
more'mearly perpendicular to the O-Otaxis‘wouid seem to be an
_inefficieht Way to conveft'orbital'momentum to product rotation.
There areh of course, angle'dependeut forces.which_are respon-
sible forithe internal rotation barrier'in‘hydrogeﬁ peroxide,
butfthese afe relatively Weak'compared to the forcés required
to bend chemical bonds. Thus, it seems that fotation of the |
complex about the unique axis cannot be readily converted to.

vrotation of the DO fragment.

2
In view of the foregoing considerations, Weufeel-that
there will,tend'to be relatively‘few'DZO;-complexes“Which?have

substantial amounts“(lSO ﬁ) of angular.momehtum present as
rotation:about.the unique axis. Those which d0'apparehtly do
not dissociate to D and DOS ' |

potential energy barrier and the difficulty of-converting this
o § : A ' o :
angular momentum into product rotation. Thus the high fre-

because of the high effective

qUency'rotation about the uhique axis of the complex ia not

effective in maintalning the 1sotropy of the DO 'angularv

2
distribution as the collision energy is increased .The predic—
tions of the RRKM theory for the lifetime of the complex should
therefore be_compared with the period for rotation about the
B and C axes of D2O2

The data in Table II show that the RRKM calculatlon of
the lifetime of the D2O2 complex is conaistent with_experimental.'
'observations of the symmetry of the DOZ anguiar distribution;vs
provided that rotation of the complex about the B and C axes
of the prolate top determines this symmetfy. There 1s, however,

considerable uncertainty in the‘molecular'parameters‘andftotal'v
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angular momentum of thevcomplex, and this?faCt”tendshto'make;
the agreement between calculated and experlmental 11fet1mes
less s1gn1flcant as a test of RRKM theory |

It is also worth noting that it may not be entlrely valld
to test a statlstical model like the RRKM theory in an, energy
region where‘we expect to see the beginnlng of the failure ofe
the StatiEtical picture of rapid distribution of energy among
all 1nternal modes. In the experiment done at 5.5 eV relative
energy, the calculated llfetlme of the complex is long enough
to allOw onlyv3—10 vibrations in the various modes of D202
Even considering~the strong anharmonic‘couplihg, this would
seem'to be nearly the minimum numher'of vibrations necessary
for complete randomization of the internal energy.' Failure to
distribute the_total energy over the entire molecule wOuld
result in allifetime of the complex shorter than that calcu-
iated from RRKM theory. “

We should also remark that while RRKM theory gives a
satiSfactory indication of the lifetime of the'complex Dzoz,
the relatlve yields of products depart noticeably from what
one would calculate using this theory. Relative to the OD
formed the amount of DOZ exceeds, and the amount of‘DZO+ is
less than expected on the basis of the simplest application
~ of RRKM:theory. This suggests that some-Dog may.be formed
by:direct_interaction at all energies, or that complexes with
other than the hydrogen peroxide geometry may be involved..
These»points will be explored in a subsequent paper on the iso- -

tope effects. and product velocity distributions for this system.
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D. Oy *+ Dp = 0D 4 0D

ﬁseveral-maps'of the intensity of op" or OH+7from the -
reactiOn'of'Q;-with_Dziand Hé'were Obtained."Two‘of these are

shown in Figs 11 and 12. It 1is clear that at both low and

high inltlal relative energles the dlstrlbution of OH or OD~

shows considerable symmetry about the +90° 1line" in the”center-.
of-mass coordinate'system; HoWever,vthis'reaction'repreSents |
a situation.in-which such symmetry Cannotybe‘taken as_proof'
of the ekistence of ‘a long-lived collisionvcomplex.. The
products opt and OD are very nearly identical, and there.is

no reason to expect that even dlrect impu151ve 1nteractlons
w111 1ead to preferential scatterlng of‘OD in elther the

forward or back directlon, as long as the complex has, on the

'-average, a symmetry that malntalns the dynamlcal equlvalence

of the tw0’oxygen atoms On the other hand, if the potentlal.

energy surface were such as to allow reactlon by a process

,such as.

0f + D, = 00 <+:DD = 0 + OD" + D

where in the linear collision complex the oxygen atoms are not

Vequlvalent then there would be no reason to expect symmetry

in the dlstrlbutlon of. OD at high energles
It appears, therefore, that the observed hlghly symmetrlc'

dlstrlbutlon of OH found in the experlment carried out at

2 93 eV relatlve energy (Fig. ll) 1mp11es prlmarlly that the

H2O2 c011131on complex has oxygen atoms whlch are dynamlcally '

'equivalent. If, as ‘seems hlghly_likely, the OH 'occurs as an
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_alternate deéompOSition'pfodﬁ¢t'Of the same collision cdmplex:
~ that produges HOZ, then this complex not only has eQuiValent 
ok&gen'atoms, it is long-lived when its energy is ld&. '

The high.degree;of symmetry'df'the op’ distribution
found in the,eXpériméhﬁ perfOrmea»with 8.3 eV relative energy
(Fig. 12)'aISO implies the prevalence of a.coliision me¢hanism
Ain”whichfthe oxygen atoms are equivalent. while thié'eQuiva-"
lence couid'be-the consequence of a IOng—lived complexVOf the
hydrogen peroxide structure, it would seem impossible‘to'mainA
tain that a’longflived‘compiex éxists-wheﬁ the reiative'energy
is so high, Thié is particularly't;ue in view of the fact
thatformatiqn of Dog'occurs by a direct_interactioh at these
high enérgies}v We éonclude, therefore, that OD+‘is formed
at high.enéfgies_by a direct,vimpulsiQe interaction in which
theﬁcqllision'complex has geometries.reseﬁbling the hydrogen.
peroxide structure. The smail‘excess intensity pf‘CD+‘in the
sﬁall angle scattering region_may'be,a consequence of formation

of opt by processes in which the oxygen atomsfare'not_equivalent.

E. 0'2*'+ H, = H20+ + 0
This feacﬁion_ié the least ehdothermic (0.66 eV) of all

the reacfion channelé.v I£ therefore would be expected to be

the host'impqrtant reactive process if.prdducts were;forméd at

a rate proportlonal to their total phase space. Figure 13 shows

that the angular distribution of H20 is isotroplc even though

the initial relative energy of collision (2.93 eV) is markedly

gréater"than the endothermicity of reaction. Moreover, the
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.1mportance. ‘On the other hand, Foner and Hudson

found by‘Foner and Hudson. A configuration in'whicthZO

- for if the critical conflguratlon for formlng H

;27_v"

total intensity of H,0' is less than those of 0H+'and HOp at
the same relatlve collision energies Both these facts suggestg'
that the reaction;nth for decay of the HZOZ complex to H20 has

in it a barrier which limits the available phase space of HZO

. and O, and preventsthese products from being of greatest

10 £ind that

in the mass spectrum of HZOZ’ the products HéO+'and 0 appear at

“the thermodynamlc threshold energy, and therefore are formed

without 31gn1f1cant internal or translatlonal excitation.

‘This flndlng refutes the postulate of an energy barrler in the

H O product channel

It is &also poss1ble that the critical configuration of the
H,0; complex which leads td'HéO* is of highly constrained
gedmetry, Such a "tight" complex would be consistent with
both'theJSmall'yield of H20+, and the low appearance potential
2
resembled a nonplanar. formaldehyde molecule would have the
necessary characteristics of high vibration frequencies in all
but the reaction coordinate. |

Figure 14 shows that ever: when the initial relative energy of
colllsion is 5.9 eV, the distrlbutlon of HZO has cons1derable
symmetry about the +90° llne in the center- of—mass coordlnate’

system. This pers1stence'of the long—llved complex mechanlsm

~at hlgher energies 1is consistent w1th the low product yleld

_20 and 0O is

' of very low probability,vlt is likely that these products tend

to be formed from complexes which have existed several rotatlonal

periods.
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_ Figure 15 gives the velocity vector distribution of HZO
formed from very energetic collisions (8.89 eV) of O2 and Hy.
The distribution is highly anisotropic, Wthh 1ndicates that
By
energy-regime. The velocity vector distribution is rather

O is fOrmed by a direct interaction mechanism in this high

broad, and has a rather poorly defined maximum in the vicinity
of the‘veIOCity’HZO+ would have if it were formed by the.
spectator strippinglmechanism. The latter would correspond

to abstraction of O from O2 by H2 with no momentum transfer
“to the free_ovatom, However,. because of the extreme breadth of
the H, .
poor, description of the high energy mechanism. Moreover, since

d+vdistribution,_the term spectator stripping is a very

HZO can absorb only 5.7 eV as internal energy before dlSSO—
c1at1ng, and most ofthe product in Fig 15 11es in regions
_where Q is more negative than' 5.7 eV, the oxygen atom formed

with H O must be electronically excited

2"
SUMMARY

In-: thls paper We have demonstrated the ex1stence of three
reactions which proceed through a pers1sten;collis1on-complex
Vat low 1n1tial relative kinetic energies. For-the 02( ,D)DO
and OZ(HZ’O)H ot reactions, we have shown that as the relative
kinetic energy of collision is 1ncreased the product angular'
distributlons become asymmetric, and direct 1nteraction mech-
anisms begin to dominate the dynamics. For the OZ(DZ,OD)OD
'_reaction, the product distribution remains quite symmetric even

~ in the high energy regime, evidently because of the near 1dentity



of,the>OD'and‘OD+ products, andpdynamical'éqnivalenCe of the -
- oxygen atoms; _Thesejobservations‘of'the reaction dynamics can
be qualitatively ratlonalized usinglthermodynamic and ion
appearance'potential data. The experimentally estimated
lifetime of the collision complex formed in 5.5 eV relative
energy collisions is in:agreement'With the prediction of the
RRKM version of . unimolecular reactlon rate theory.

The nonreactive collisions between O2 and D2 lead to
scattering patterns which are con51stent w1th direct or potentlal
scatterlng for small angles or large impact parameters, and
with strongly 1nteracting colli31on complexes for small impact
parameter, large angle,scatterlng, Collisions between O2 and |
D2 which produCe O+ appear to proceed only by a direct inter-
action; despite the influence of the persistent.collision

‘complex in the otherjprodnct channels.
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- Figure Captions

'Fig. 1. A contour'map'of the specific intenSity of 07 from
" _ T

102'D2, _

11.2 ev. The radial coordinate is the speed of ot

'collisiOns at an initial relatiVe energy of | .
\
relatlve ‘to the center of mass and the angular coor-.
dinate“is the Center-of-mass syStem'scattering angle,.measurec
relatlve to the dlrectlon of the O2 beam. The circle
labelled Q = -6.5 is located assumlng the . Dz»and neutral

hO products‘retreat'from o* - with no | a

klnetlc energy relatlve to each other

- Fig. 2. A contour map of the spe01f1c 1nten31ty of o from

o 'Osze collisions at 11.1 eV relatiVe energy.- The
| bTintensities are directly'comparable to those in Fig. 1.
Fig. 3. A;contoﬁr”map of the specific intensity of’QZ'scatteredh
| from D, at 3;91 eV relative energj The circle marked
@ =0 is the locus of elastic scattering. Points
’closer to the origln correspond to negatlve Q values
'band hence inelastlc scatterlng. : |
vFig. 4L.‘A contour map of the;spec1flc 1ntensltyvof the Og
| chattered by He at anvinitial relative energy of 5;55;
ev. 'Thevsmall circles locate the actual intensity
tmakimanfound;in each_energy and angular sweep through
the scattering pattern. | | ‘
Fig. 5. The ‘distribution of the 'specific-'intensity of oy
scattered from D2 at 5.57 eV relative energy. Note |
. _the smaller intensity near 180° and Q. = 0, in'comparison>

| with Fig. 4
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Figure Captions-(Continued)

Fig. 6. The distribution of the specific intensity of oF
. _scattered from D, at‘ll.i'ev relative energy. VThe"
v'snall circles locate intensity maxima as in Fig. 4.
The circle:marked‘Q = -6.48 is the approximate locus
:of7s0attered90gexcited to*nearly its diséociation :
limit (6.8 ev), while the Q = -9.9 eV circle locates
02 which has excited D2 vertically to its dissociative ‘
| §zu-state. The cross at ‘the inelastic peak’ is the
'..velocity which Do2 formed by ‘the spectator stripplng
‘process would have. ‘
Fig. 1 A contour map of the specific 1nten31ty of DO2 from
| O2 D2 collisions at a relative energy of 3.86 eV.
The circle‘marked.Q = -2 eV is the 1ocus of thev
vmakimUm product velocity.lassuming'no‘motion of.the.
target gas, no beam energy and angular spread, and
i infinite detector resolution. i
VFig. 8.v A contour map of the specific intensity of DO2 from
‘ '_the 02-D2-reaction at 5.47 ev initlal relative
‘f energy. The circles marked Q = ~2 and -4~75‘eV'
sf are, respectively, the veélocity limits for products
| with the mlnimum and maximum allowable internal

excitation.' The cross marks the ve1001ty of D02

- formed by the spectator stripping process.
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Figure Captionsv(Continued).

Fig. 9. -A‘cbntour_map of the specific intensity of Dogrfrom
| “ _the O2 D2 reaction'at 8;34'eV initial relative energy.
'The cross 1ocates the ve10c1ty of DO2 formed by the .
| spectator stripping process. o |
Fig. 10. ”A contourhmap‘Of the specific intensity of Dog from
| ~ the o2 -D, reaction. Note that the total intensity.
' is small, and rather broadly distributed about the
'spectator stripping Velocity;'whichxis'marked-byt _
adcross.- |
Fig. ll,voA contbur map of the specific intenSity’of OH+ from
- o'g-'H2 collisions at 2.96 eV initial relative energy.
.The:cirCIe marked Q = -1.9 eViis’the locus of 6H+
‘scattered without internal‘eXCitation in either
prOduCt:moleCuie. B |
. Fig. 12. A" contour map of the specific intens1ty of OD from.
| | '02 D2 collis1ons at 8.38 eV relative energy The
" circle marked Q = -6.6 eV corresponds to OD d’
dD lesving the collision excited to the dissociation
. 1imits of their ground states. Scattering’inside
'this c1rc1e must occur with electronic ex01tation
‘ rof either product, or dissoc1ation of OD.
1'Fig.v13} A contour map of the specific intensity of_H20+
‘ - formediby;the O;—H2 reaction at 2.93 eV relative

_energy.
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| Figure Captions_(Continued)

A contour map of the spec1fic intensity of H20+

formed by ‘the 02—H2 reactlon at 5. 88 eV initial

”,relative energy Product ions formed w1th zero ‘
“velocity " relative to the center of mass are unstable

with respect to dissociation the H + OH' if the

neutral 0 product is not electronically exc1ted

A contour map of the spec1flc 1nten51ty of Hzo

'formed from 02 and H2 at 8. 89 eV initial relative

energy. Note the low 1ntensity relative to that in

“_‘Fig; 14. The circle marked Q —8 1l eV passes

‘plng of the O from O

through the ‘broad’ 1nten31ty max1mum A Q value-

of -T7. 9 at 6 = 180° corresponds to spectator strlp—'

2°
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Table I. Enthalpies and Appearance Potentiais

Mg () v, (en)®
my0f -2.38 10.92 * 0.05
H + HOp | 1.96  15.36 * 0.05
H+®+0,  sar
oHt + OH 1.87  15.35 * 0.1
omt+o0+H  6.26
H,0t + 0 0.66  14.09 * 0.1
Ho+o0t  1.e6
; iH2 . 0 +'0+ . 6.78
L Hy 40, s | o
H, + OF 0 | 15.8 * 0.5

a. Enthalpy for'forming specified,prdducts'
from 02 and H2. |

b. Appearance potential for products from .
lonization of H '

+ .
20«
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A TableII,;'Lifetimésqur:the'DZQg Gb1liSi¢ntCQmp1ex».'”

T 8(cec) - o DBraeay . e, -
(o) Teaye (see) Troy (86 Tyop /Tais

'3.86 - 4.7x10°Y% 1. 4 x 1071

-13

LY

5.4 1 13 L
8.3 73-5-x~1o714 E ohsix-lo,l3- 2o

A

W3

8. Calculated u31ng RRKM theory w1th all channels}
b, Calculated assuming that the total orbital angular_ S
“momentum appears as rotation about a’ nonunique ax1s.“

- c; ,Estimated using the fall off functlon of ref 16.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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