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GONTRIBUTIONS 70 THE FARADAY SOCTETY DISCUSSION
' ON INELASTIC COLLISIONS |

D. R. Herschbach

- Department of Chenlstry and Lawrence 3
- Radiation Laboratory, University of
,California, Berkeley, California

‘The followlng three comments have been sub-
© mitted as part of the "General Discussion on In-

elastic Collisions of Atoms and Simple Molecules,"

‘- held by the Faraday Soclety at Cambridge University,
7 April 10-12, 1962. As usual, the "official" form

~i: of these comments only vaguely resembles what was

said at the meeting. We have also contributed a
?ﬁf;‘i f péper, "Reactive Collisions in Crossed Molecular
R Beams " (UCRL~10096, February, 1962), to the
Discussion. .The complete collection of papers and

commente will be published (ﬁrcbably in October,

. f5 fjff.i;“  f' 1962) as Vblume 33 of Discussions of the Faraday

IR S "jSOcietz‘
3 ; ¢ A '
1.

5;ﬁ?’:i'}?fﬁia*8upport receivéd from the Alfred P. Sloan Foundaticn &nd
i .. ' 'the 'U. S. Atomie Etergy Commission is gratefully
e RN acknowledged._f:q
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> 'Cdmmeht}on’excitaficn,of products and the calculations of_:
' Bunker and Blais. .

‘.Vibfatiohally excited products have now been detected in

T'fﬂébout_thirtyfexothermic atomic exchange reactions. However,

7ffasyyet theré;arewoﬁlyra few studies which indicate what fraction

ﬁftof the prodﬁQtsxarg'exditeda From a theoretical #iewpoinf this
'?;informatioﬁ is esséntial. Without 1t, we cannot tell whether
ﬁhé excited ?roductS'represent the main courSévof the reaction
fjor'merely:an iﬁteresting but practically negligible side'éffect.
{;The reactlons for which there 1s such information have all been
jfmentioned at this Discussion. For the alkali reactions

I M, + X = WX + M - - {1a)
M + RIL = ML +/R | (1b)
7;theré'is evidence that most of the products are highly excited,
fvwhereas for some H atom reactions v S

H + BC - HB + C (2a)
o H +.BCD = HB + CD, (2p)
. with BC = Cl,, BCD = Og, CINO, NO,, it is now established that
étthe products are formed predominantly in low vibratxnmﬂ‘stat
Pernaps the ‘most fundamental motivation for the study of

'product excitation is that it may contribute to the experimental

'if‘characterization.of the poteéntial surfaces for reactions. The

' pronouncéd difference between the reactions (1) and (2) is thus

. an encouraging sign, and presumably 1t can be interpreted along

7'11nes indicated in early qualitative discussions of potential -

lﬁ2 The angular ‘distribution of products provides

IR 45



ngjtheso surfaoesf However, the theory’of scattering from é

] muoh praotioal guidanoe 1n the interpretation of. experimonts..

Rocently an oxtensivo program of calculations on reactive

:scattering has been undertaken by Bunker and Blais,’_who use

1Monto Carlo methods to integrate the classical equations of -
imot;on. They ‘have begun with & study of reaction (1b), basea
;,on a”surfaoo sonstructed so that most of the fall in potential
? enorgy is aasociated with attraction between the reactants, and
v{not repulsion becween the products. This feature was suggested

as a nocossary condition for vibrational excitation by Evans
| 2

of veaction (ia), and has been

-
_disoussed more recently by Smithsu In the_calculations of Bunker

”and Polanyi, in their analysis®

;fahd Blais, the three interactinguparttcles (CHs is treated as a

i“aingle atom) are not restricted to be Lollinear. For the. sake
”_OL economy in; computing time, however; it did prove necessary
‘f 'E,b0 restriot the trajecﬁories to a plane. anh collision is
fifinitiated with' a randomly ¢hosen impaot parameter and angular
;oorientatlon of the CHSI molecule.- The thermal distributlons of
. relative velocity and rotation and vibration of CHSI are also
included." _

The results obtained indicate that the assumed potential can o
indeed acoount for all of she qualitative features inferred from

the moleoular beam experime\ts. The predicted distribnt%nn of

A fff*g_V' produot excitation is broad uut ghows & pronounced peak which

£
o $

O ;ffﬂo put@ most of the enorgy of reaotion into vibration&l excitation

; R R v \*.v e L
L . L v o .
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of the MI molecule. The angular distribution in the plane, do/dx,,'_

'rfifalls off more or less linearly from a maximum near X = 0° to a

;Hvalue about ‘one-tenth the maximum at X = 180°. Thus the intensity
; per unit solid angle (derived by averaging do/dx over azimuthal
”}'anglea) is predicted to be atrongly peaked along the direction of -

fvthe 1n1t1a1 relative velocity vector and quite asymmetric about
;;x_gvso?,“Justvas_observedg (It should be noted, however, that
;Qreatricting the trajectories to a plane'automatieally 1mpoees the
;;giory effect, regardless of how the angular momentum is partitioned
ffbetween orbital and rotational motion.) In virtually all the
.f;suocessful collisions the trajectories "turn the corner" smoothly,
;fand the complex proceeds to decompose within a vibrational period.-
:‘Thisgis not found to be the case when the calculation is limited
fiﬁd head-on ooliisions (1?9§; b 510 only); aylarge fraction of the
" collisions then lead to complicated, "snarled" trajectories; and
5"dq/dx‘has a maximum in the vieinity of ¥ = 90°. Bunker and RBlals

' "; are now extending these caleulations to different potential

:'surfaces and to other reactions,

"*1lzyring, cershinowitz,'ana Sun, J. Chem. Physics 1935, 3, 786;
| Glasstone, Laidler and Eyring, Theory of Rate Processes {MeGraw-
| Hill, New York, 1941). S

; zEvans and Polanyi, Trans. Faraday SOC. 1939, 35, 178,
3

private communication from Dr. Bunker (Los Alamos Scientific
Laboratory, New Mexico, March, 1962), who has kindly pEﬁmiutea
me to describe this work here¢ : :

{

Smith, J. Chem. Physics 1959,431, 33523~
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2. Reply ) question from Dr H 0. Pritohard (Manchester

o Univer31ty)

- Unfortunately the direct experiment suggested by Dr.

- Pritchard would be extremely difficult. .If velocity selectors

1 of 10%) were placed in both beams, the yield

5 -6,

.1v‘of product would be reduced by a factor of about 107> or 10

3

at the peak of the angular d:stribution only 10% to 104 product

molecules sec -1 cm“_2 would arrive at the detector (a monolayer

7 in lo4byears)7 Signals this wesk have been detected in beam
.i'fe-dexperiments,z but elaborate instruﬂentation iu requlreaa There
%:ﬁjis the further handicap that even at .1200° K practlcale all of
vf"the HBr Would still be in the ground mibrational state.

It is poss1ble to select a partchWar VibratiOnal and

érO£ational state of 'a beam by means of an electric resonance
'f;;StarkeeffectvSPeCtrometer's1 In favorable cases several of the
?sftlnwest states can be resolved, and the fraefion of the original
:?”ihtensity'ﬁransmitted in a selected beam is‘as much as 10—4

dAgaiq the apparatus requlred is cuite complicated, however.

In a shock tube experiment, U'*ho’c’c and Klnsey4 have obtained

;iresults which indicate that the rare=of the reaction H + 0, = C +

2.

ffis enhanced when the 0, 1s v1bratioxally excited.

Hostettler and Bernstein, Rev. Sci. Instr, 1960, 31, 872.

Ramsey, Mblecular Beams (Clarzndon Press, Oxford, 1956), p.387.

Moran: and Trischka, J. Chem. Physics 1961, 34;~923.

Schott and Kinsey, J. Chemxnfnysics 1958, 29, 1177.
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,fCOmmentfohwremarks of Drs J. C. Polanyl (University of Torontg)

From'the'doﬁservation laws elone~it is not pOSSible to

"?establish a maximum fractiOn of W that can appear as rotational !
;excitation..‘The products are alloWed to have any values of L! and’

_J' consistent with energy oonservation as long as the vector sum,f

;L‘ + J‘, equals the total angular momentum supplied by the .
}reactants,.L +»J. In a reaction A + BC —»=AB + G, ‘the rotational
;energy of AB is proportional to

7. lL+Jl2 +L'2 2|L+JIL cos ¥

fgfwhere w is the angle betweenuL‘ and L + J. When,w > 1/2, the L'
Jfand {f vectors can both'have much larger magnitude than L+ J.
“Thus.the conservation laws allow all of the energy released in the

préactiOn to go. into'rotation of AB; what fraction actually does

*7fcannot be predioted ‘without agsuming something about the forces
 invo1ved in reactive ¢ollisions.

| N . These forces are expected to become effective only in suffil-
iciently close oollisions. This permits a rough estimate of the
;maximum initial impact parameter, by and the'total.angular'momentum'
”bthat can contribute significantly to reaction [as indicated already

. under eqnmv(lT).of'our1paper]. The range of the final impact

i?parameter, b‘ ~1s likewlse expected to be limited by the short
>}“ﬁrangevof the'forces‘ Here we define b' as'the‘distance'of closest
';“apprgach of & pair of product molecules when their asymptotic
'?f;straight line trajectories are exxrapolated backwards. The maximum
1;va1ues of‘b and b! in\a reactive oollision probably camnot be much

“ fgreater than bond 1engths in the reactants and product moiecules.
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The reatric‘cion which this a.smzmption imposes on the orbital
»anguiar momentum of the produats. I.’ # 1'y'h!, has been discussed
"f’elsevmefe.l‘? 1t aiso 1mp1£.es an upper 1imit on the rotational
'-momeni:wn, It given by

W*lh+ﬂmm* L ”ﬂ"”“-(ﬂ;‘f
Tpisllimit 18 debernined with L' oriented oppositely to L+ 4.

_Aﬁcbhar reugh bound. proba‘bly mox*e representai;ive of ‘cize average
'rotational excitation, may be Obta.lned by assumirg L' is distributed
iéotropically with raapect to L - J; an average over all orienta’siono'. R
ﬁan yielda | '

Q£><M+JF *%mw ,". . _(m

]L+ﬂ _ - I )
(5) may aiso be derived from the less 8t ringé'n"s‘amm'p‘aj on
I.' < 2!134—3}@05 ?;6' for the dominant’ eontribusions to reactions
requires 1}: *‘f 'ir/Z and L' < 2]L+.’i I » hoxarévez‘. 'i‘h@se various
bounda ‘are eompared in ﬂ'able 1. For the i ' ‘

TABm 1

A sumed ch,nd 1 Rota*cional .

( ) Exai‘bation (R:cal/mole)
«{1) . 42) o (5) .

;2ﬁ;$l 43500 2

4m@§f s .
‘‘‘‘‘ 4.0 . 5 .2 2



L experiment ié'%&thef:small. and'fhta'zéé# is lesslthan |z + I

h;éxampiés’freated by Polanyi, we used the same garameters and
¥ gfassumed that the probability of reaction is negligible unless
SRR - 8. For the M + RI reactions we used values of the final

ire&*tive velecity, v'y derived from the observed angular distri~
butions and took b% 4,0 k. The results given in the table refer

fvﬁo the rotational excitation of MI and do not include any

1”l3"§_excitat1°n~°f CHy. ' Since the small moment of inertia of the CHg

ﬁv{jradiea1*enab1es‘itt0 carry away large amounts of rotational
t;-ez"-z.t»:ar}gy,.'c»xff.‘til'; relatively low angular momentum (e.g., 10 keal/mole
_ for 3, = 20 h/zm, i contrast to KI, vhich has only 1.7 keal/mole
;yf°r Jé ” 100.%/2w), the observation that in reactions invalving
?iiarger_agfdups the internal excitation does not decrease {but
.t;;father incréasea somewhat ) suggests that Cﬂs'must’have'iittie
‘rotational momentums probably no more than 10 Q/ZT-

" Tgble 1 and other caleulationsl’a lead to %he rule stated

;ﬁby Palanyi, with %wo amendments which recognize the role of T*

! i' EfFirat, even for a proﬁuct with a large moment of inertia, we can
 1%;;2set a low limit on the rotational excitation only when we have

' evidence that L' _ 18 not too large. The reason the If + RI

;'C reactions conform &0 the rule s that the v' estimated from

Zmaxt

f’fﬁﬁor the Na2-+ €1 ex&mple this is no 1onger the case because the -
ﬁ*i'value of v! used 1s much larger¢ Also, the moment of inertis

i ﬁaCl is eonsiderabiy smallev than that of the MI molecules.
}L.econd, for H atom reactions as well as others, we must expect the
- actual distribution of rotationai excitation (in con woart to the |
w‘v‘uﬂucmer bound) te be sensitive to the ﬂiatribution of both b and b'.
| A;Iu the H +»612 example. we note that up %a 36 kcal/moie {1005 of



‘of o'r However, 1n H atom reactions there is usually'a large

ffincreaSé in reduced mass on formation of the products (u<<u')
EfAngular momentun therefore can be readily taken up in orbital
”fmotionr'eve“ for vathep small values of v' and b'. Thus, the

?é‘product has a very small moment of inertia, but the actual
a_below the bound (as .in the CH; example) and will be s%rongly

Lo

“:’ gomplex.
There is a ease, exemplified by the reactions
M+ - MX + H,

fin which a high level of rotational excitation in a pPOdqu is
 requirea by ¢the postulated bounds on the impact pa*arﬁtera.

f.On«the reactant side, L >> J, whereas on the product side we‘
‘. expeet L'<<J' and conmsequently L & J'. That 1s, here we

-expect wvb>> W'vibY, since the reduced mass of the products

- Because the reédtion is only slightly exothermic, v'! cannot

Py

. ratio. The velocity dependence of the scatter an of X -+ fr

'“oeawa does indeed indicate that KBr is formed with high ro=-

2

f.taulonal momentumi ~An interesting consequence of Lw Jt is

that the angular mementum of MX is predicted ta be strongly

?{ﬁolariged, With.g' nearly perpendicular ta the direction of

Lh@ inatiai relative velocity vector.. In a beam e Lment

< .KA SRS .,', . o

PN,

i Sofey L . '

;u!é may go into rotational excitation regardleas of the value 2

;excitation produced in the main course of the reaction may be far

. affected by the forces that govern the break-up of the eolllsion

g:(apprcximately just the mass of H) is far smaller thén that of
f the reactants (26 times smaller for K + HBr, 66 for Cs + HI).

" becume large enough to offset more then & fraction of the M&ES

'upper bound to the rotational excitation will always be high uhen, R



this polarization ahould have 8 pronounced effect on the

deflection pattern obtained when the MX molecules are made to
1

Such an experinv'
fment 18 being attempted &t Berkeleyx In principle it shauld
give 1nrormatian»abaut the distribution afig in those

nass through an 1nhomogeneous electric field.

fQBeak; Greena, and Reas, J« Chem. dggpics (to be published)

and private aommunie&ti@ntﬁkygﬁﬁ‘é




This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





