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'_COliincar'Coliision Chemistry. I1.

Energy Disposition in Reactive Collisions

_Bfuce H. Mahan
University of California

Berkeley, 94720

In part I of thls series (1), I outllned the mechanlcs

uof colllnear atom diatom colllslons, and showed how the Vlbratlonal
 en¢rgy 1mparted.tora dlatqm.BC as. a result of its collinear collision
with tﬂ¢ atom A depends on the mas$es of the atoms and certain

bésic feafureé.of pfiﬁitive‘pOtentiél energy surfaces; In thié
article, 1 wiSh.to extend the collinear model to reactive collisions,
xand'Shbw how the maSs'distributidn and potential energy surface

features affect the disposition of the product energy between the

translational and internal vibrational modes.
Mechanics of Collinear Collisions

‘_Tﬁ review briefly the method by whichvthese problems are-
'apprbéchéd, we note that the dyﬁamics of a collihéarvatomrdiatom
cncoﬁntér is most simply discuésed in terms of‘a coordjﬁa1c system 
for Whi;h the kinetic enérgy is a-constant timcé‘a sum of squares

: of velocities (2). Such a coordinate system can be CXpTCSaed 1n‘
terms of the respectlve A-B and B-C bond distances T, and T,

by the equatlons

Y C



-2 X
~ where the letters stand for the masses of the various atoms, and
M is the total mass of the system. hThe total relative kinetic

energy is then

Ao @ o

T M +y )7

_When ]1nes of constant rl .and r2 are plotted on the Cartesian
X-y. system,.they 1ntersect at an 1ntcrna1 angle 8 wh1ch.1s given

“implicity by

‘Slnce the. relatlve k1net1c energy of the system in terms of
“and. y‘ has the very 51mp1e form glven by eqn Hv,flf x and y
arc used as C rtesian coordinatcs and th: pgtc“tial eﬂergy. VG, 7
.15 represented in- the third dlmen51on a 51ng1e partlcle of mass
A (B+C)/M slldlng frlctlonless on the resultlng potent:al enerny

:’surface w111 carry out an x-y motion whlch exactly represents the

,behav1or of the real three partlc]e system
Thermoneutral Reactions without Activation Energy

The 51mp1est form for thc potent1a1 enelp) surfa(c for

the reactlon
A+ BC> AB + C

~results if BC and AB are assumned to be bound by identical
- square-well potentials. The representation of this potential surface
in the x-y coordinate system is shown in Figurc 1. In regiens of

small x or y, the potential energy is infinite because of the




“”’hardsphere,rénhieion'berween_‘A-and Bv,or B and C. In thc‘region
where x and yﬁ.are simulténe0usly large,lthe.system consisfs of
free atoms, and nas the constant pOtenrial energy Do,'the
dissociation energy of the B-C or A-B bond. The.system passes
from reactants to products by traveling in rhe trough‘ef zero
~potential energy which representsrbonnd' BC er AB; ncieCUles.

A number of anthors Have discussed reéction‘dynaniCS_on such
potent1a1 surfaces, using both quantum_and classical meChanics
(3-12).

Thé,"square trough" type of potential energy surface3;»-
is_of~coursefvery;primitive; and in general will be é‘poor
.representation of the actnél.potential surfaces which gevern
;chemical reacriOn dynamics. However under cerrain circumstances

cthe square trough sulface and some of its Varlantq can lead to

Q”qualltatlvely correct analyses of colllslon phenomena For example,

if the 1n1t1a1 relatlve Llnetlc energy 1is large, the small varlatJons

'in potentlal energy whlch.occur along most Of.the trajectory on-a
realistic SurfaCe can.influence the results of a collision only
“to aiélightidegree. It is when rapidly moving atoms come into

1 ciose‘conract, and their mutual pofenfinlbenergy changes rapidly;-
that the outcome of'the fréjecfory is influenced most profoundly;
'-Fortunately, the square trough type of potential is a falrly
.reasonable approxlmatlon to the true potential in thcse crxt:ca]
‘:"turnlng point" reg:ons. Consequently, wc_cun_cxpuct cqnclusnuns
,“based'on.the'primitive surface to apply best to high energy colli-
sion phenomena which dccur in certain ion and’mblecu]ar beam

experiments (13) and in nuclear recoil and photochcmical hot atom



§ystems (14),,‘Thi§ optinism should be tempered with the
:realization that even with a satisfactory potential_energy surface,
a'collinear“coilision model can faithfully represent only a éﬁall.
: fractionyof‘the‘nany,reactive collisions which occUr in three
_dlmen51ona1 space. B | | o |
| Let us examlne the types of traJectorles that can occur
on thlS 51mp1e flat bottomed trough potentlal energy surface.
_Flgure 2 shows some of these for the case wnere_ B ; 60 wh1ch
"corresponds‘to.equal masses for atoms A, B, and C? or to A:B:C =
1;2:6}endtoimany other mass combinatione; ‘Aolarge'number of
.different initial'conditions for the trajectorieé may be chosen.'
In Figure 2a the total kinetic energy of the reactants is present"
as relative translatlon, and so the 1n1t1a1 leg of a trajectory |
uls paraller;.o the X~ akle. Because the trougu~r$ frat”bOLtomeu,
°eit'is p0551b1e_to have 51m11ér.trajectories'withvStartingpoints
‘ﬂ;displaced along thé-Y“axis;' Figure 2a showshthat7when the Widths
"_of the'product:and'reectant channels‘are theeSame all trajectorles
hW1th zero’ 1n1t1a1 vibrational energy lead 1nto the product cnannel'
-~and the flnal v1brat10nal energy of. the products 1s also zero. |
_ These results apply to the B = 60?' caee, of course and other
klnematlc angles lead to dlfferent divisions of the product energy
between v1brat10n and translatlon. o

Let us examine the effects of 1n1t1a1 vibrational energy

of the reactants on.thc energy disposition. The vibrational enelgy .

of the reactants can be specified by giving'thc value of thc angle

8, which is defincd by

tan 0 = y/x
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 whefé i_andfi'.aré ﬁeasuréd at a-épaﬁdard'reféréhcevlinc perpcn-”
 dicu1ar to fhei_x éxis,,és.$hown'in Figure 2b. Thus the transla-
tiohal energy .Et 'and vibratiqnal energy of the reactants can be
expressed in as |

2 2

E. = E cos%p, E = E sin®g

where"E i§ the fotél kinetic'energy'bf the'sfstém.' As'thé
magnitude df- ] is iﬁcreased frdm_Zero to 1300 for the B8 = 609
,casé,ian ihcréasing fraction of allvpossible trajectories 1is
'reflectéﬁ.baqk into the reactant channel. Those trajectorieé
'whichvhave' e positive and large'valuesvof- y at‘the referénce
liné afé lost firét from the produét channei. For cxample, Qhon

le] = 150; no ﬁféjectories with 0 = 15 _can enter the preduct
vfchannel; while:ali those with 0 = -150 ~can. Whén '{el = 300,-
f;Which cor;esﬁondgrto 25% of the total energy in inipial viﬁrafion,
n§ trajécﬁofiéglreéch the product channel. This is illustfaﬁéd in
Figure 2b..‘ | | |
_ . Figure 2c shows how. to find the angle 6' in terms of.

‘ ‘ 9  énd_ B. 'Mérély by making use of the fact that the sum of the

angles of a triangle is = radians, we find

T - 28 - B', |o]

]

lo']

Jeo'|

1l

™
. t

w

m - 38 - |8].

o

For the‘spccialrtaSb that‘_s‘# 60 , |e'] le]. Thus as lo]

n

. . - 2 o . B . )
. increases in the range 0 < |6| < 30 , the number of trajectories

which reach the product channcl decrcascs, but the vibrational
encrgy of the products increases and is the same as that of the

reactants,



When the initial v1brat10nal energy is increased stlll
more so that _30o <o} < 60 , the fraction of tra;ectorles that
reach the ereduct channel.increases, and for |6]| 2 60 ; all

;trajectories lead to products. This behavior is illustrated in
.Figure Zd vLIn the interval 30# < {el < 90 ;vthe magnitude of the
' rangle of the: traJectory with respect to the product channel axis

‘1s‘read11y found to be
lo'] =7 - 8 - |o].

Thusies 18] tinCreaseS'frem 30 to 90°,btﬁe‘transmission to
prodUcts increeses; but thexvibrational energy:ef the products
decreases. . We see that the overall effects o£ cHahging the.
:_partitioning'of the initiel energY'of'the reactants_oh the dynamics
of the reactlon are not partlculally s;mple even fer thié very

e_prlmltlve potent1a1 eneroy surface
_Exoergic, and Endoergic Reactions

The 51mplest way to represent the potent1al encrgy
 ’surface for an exoergic reaction is to 1ntroduce a single step in
the bottom_qf the square trough that we have just studied. - The
v.lotation'and'brientétiop of this potential energy step 1s at our
.,diSposél,vand it is of‘intereét'to‘see how'various choices affect
| the transmission of particles to thc.preduct channei, and the
- partitioning of encrgy among,vibrqtion and translation of the
.*gproducts.. To Simﬁlify-matters, we will consider ohly those
 trajectorie$'in which there is no initidl vibratiohal energy of

the reactants.




-7-
Flgure 3 111ustrates the effects of varlatlon of the
:'#locatlon of the potent1a1 energy step. In.Plgure 3a, a step is
- located in’ the reactant channel perpendicular to the x-axis, which
eorresponds;to an.attraction between the atom- A and the center?ef-»
mass of BC‘ If the 1n1t1a1 leg of the trajectory is parallel to
the x-aXis the representatlve particle crosses the step and has
its kinetic energy changed to E - ¢, where '¢ is the minimum
potentlal energy of the products relatlve to that of the reactants;
‘Since. the tra;ectory is perpendicular to the step,»there is no
_deflectlon of the representat&ve pa1t1cle | Thus the tra;ectory
1ntercepts the reflecting wall at the end of the reactant channel
wlth the_angle B, ‘when A hits B. Then B hits C, and flnally
the representétive particle_proceede toward the product channel.
h.After,the B-C encounter, the angle which the trajectery ﬁakes
with the xfaxie is W o- ZS, and as arresult;nthe;angle with respect
.h”tohtheyprodnet.channelxaxie‘is o -
9'v= T —733.
.'CeneeQuentiy;fthe‘finéi‘vibrational eneréy ie
(F $) sin’ (- 38) (E ¢) sin’ (33) | @
.:if.theﬁrepresentatife particie does indeed enter the'prodnct
_channel;_'wefsee that'the_tetal kinetic,energy E —h¢ is
_ﬁartitienea accordingrtova simple'function.of the kinematic angle
B.' In other words, of the exoergicity ‘—¢,'on1y a fréctjon

51n (36) appears as product V1brat10na1 energy when the step is

in the reactant chdnnel, pe1pend1cula1 to the reactant chunnel axis.



-8~

B If thé¢step is in the‘product chaﬁﬁel, perpeﬁdicuiat
to the channeliaxig, és shown in Figure 3b, the exoergicity of
fhé reaétion;is released entirely as repulsion hetween the
'centersfof—mﬁss of the products. As shownvih Figure 3b, the
.trajectory'makes an aﬁgle m-28 with the x;axis after the A-B
and B—C.reppisive interactions. To find tﬁe energy dispbsition
“after the’fréjecfdry crdsses'thé‘step,ﬁwe sihply-partition the
enefgyrof thé représentativeVparticle before it crosses the step
"intofconfributiOns associated with -motion parallel énd perpen-

dicuiar to the product channel axis. Thus

» "

E = E cos’ (r-38)

E, =E 'S'inz (n-38).
As the partitléicrosses the step; the kinetic chergy pdrallel to
thé axis is.incr§£$ed'5y '-¢, and that perpendicular to the éxis

'_isvunchangéd. Therefore

..'Et': = E cos? (38) - ¢ _ ’ S o (3)
R S | | o
E} = E sin (SB)'i | - : (4) .

Thus the exoérgicitf of the reéétion appears eﬁtirély as trans-
lational energy of the products in this caée.

| ' So far, our discussion of the effects of potential
energy steps has béen concerned‘with féactiohé proceeding in the
exéergic directiohv. lIoweve.r, the examples can serve cqually well
for reaCtidns run.in the cndoergic direction; Equations (2) and

(4) still give the vibrational energy in the products, provided

I
|




3@1'&5 taken;toqu positive instead of negative. Note, however,
- that Qhen-there is a positive potential energy step in the

“reactant channel, the condition for crossing this barrier is just
= > . .
" E 'Et “ ¢ _

That is; the;transiétionél energy of the_reﬁcténts must be
‘greater than the step height. ' In contrast, if the step is in the
product channél, the condition for reaction is that the final
translational encrgy must be greater than zero. From c¢qn. (3)
_ we get
P SN
0 < Et_— E cos™ (38) - ¢
8 ) _ ’
E cos™ (3p) > ¢.

.fThus iﬁ,this.case,,when_;he trajectories have no initial vibra-
tional énergy, thé”thfeshéldfkinetic enefgyfat.whi¢h reaction is
‘possibleviSPgréater ;hah the poténtial énergyvstep height_ $.

o | 'In‘situations sﬁchfas;theléne just described, the
reéction'prObability or'fate constaﬁt isfvery sensitive to
fincreaées‘in the &ibfétional energy of thé_teéctants._-Thé best
vdoqumented (15) reéétiOn of-this'typé is | .

Hy + He » Heli" + H  AH = 0.8 oV

where it has'béen very convincingly demonstrated that near the
threshold for reaction, a given amount of encrgy in vibration of
4 . ‘ ’ ' E ' . ‘ g . . . . .

H, is orders of magnitude more effective in promoting reaction

~than is the same amount of energy present as relative trans-

lation of reactunts. An accurate ab initio calculation (16) of
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lthe potential eﬂergy sﬁrfaée doés show thdﬁ fﬂe 0.8 eV pbténtiél
’energy,step lies almost éntirely in the producf channel.

| Another simple modification can be made to our potential
'veﬁergy sﬁrféte_which’makes it more representaiive of realistic |
surfaces. - As atom A'approééhes BC, we can expect that a weakening
of the BC bond'océurs, and consequently a repuléion develops.
between-aﬁoms~thnd C.‘ This 1is represented.in Figure 4 by a.ncw
reflecting’ﬁall th;ﬁ makes an angle av with re5pec£_to the |
x-axis. Ih_éfféct, the'mﬁfual,hard sphere radii of B aﬁd C increase
as A épﬁroathes B. The effect bf this modification can be sub-
stantial. anSidéf.fhé case shown in Figure 4a, where B8 = 45°
3 andﬁ a = 157.50.'.The_ftajectory is such that the“A-B repulsive
‘wall is encéuﬁtéréd first;_thén as the BC_.molecule is compressed,
‘the @odified:;gc repuisiVe wall 1s reached. .Affer_thié'fihai
fefléctioﬁ the trajectory is directed éxéctiy along the prbduct
channel éxis;f Without the?modifiéd .BCS.repulsion, the tiajectory
would have Ted back'tb the reactant channel.

The'sequence.in théh_the-two repulsive walls aré
.'encdunteréd_is important, aé_Figure 4b shows;A Now thQISﬁrface
and thé trajchory aré such that theu BC repulsion starts to aét'_
before the :AB: repulsion océurs;._As a fesult; the representative
"pafticlé is refieétediback infqlthé reactant channel. This
éxample shows how impoftant theAinternuclear separation or phaéé
of the BC 'ostillator.cah be in determining whether a trajectory
leads tb_reaction. | | |
It is a simple ﬁafter to find the angle that the final

leg-of the trajectory of the representative particle makes with
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"Qiﬁe_pfodﬁct_chénnél"axis'for the twoitypes;bf trajéctOricsfshOwﬁ
jih Figure 4. When.the AB . repulsive wall is encountered first,
as in Figure 43, summation of thevrcflectioh angles gives
Clef = m+ 38 - 20 | (5)
”_and'thetefore the prpduct vibratidnal energy is.
E, = E sin (38-2a) - ~ (6)
 if-fhe trajectory does "in fact enter the product channel.
'Similérly;'when‘thé BC repulsion acts before the AB
E répulSive'wall is reached,-as in Figure 4b; summation of the
" angles gives
[e'] = n# + B - 2a ‘_ | (7)
and coﬁsequenply the prbduct vibrational energy is
Ev = E sin (B-Zu) : (8)
if products are formed. v .
' Surfaces with Weils and'Barriefs
We can combine the potential steps and reflecting walls
studied so far,tblgive a surface which has a potential energy
well when the three atoms are close tovéach other. = The result
" is shown in Figure 5. As atom A approaches BC, there is an
attraction betwécn the centers-of-mass of the reactants which is

,fepreséntéd,by thé'step of depth- $, oriented perpendicular t¢

the x-axis. In the region of small x and y; the BC repulsive
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}'VWéll makes‘anhanglc o with_respect to-the x-axis. In the:exit
channel, there is a potehtial step‘perpendicuiar to.the channel
axis,-eueh that‘thevpotehtial energy_iﬁ the product channel-(hhd

.the' AHg hof the reaction) is ¢, - | |

'The trajectory we haVehehosen is such that A hite B,
B hits C,.then-the products AB naﬁd' C separate. To. find the
energy'disposition in the reaction, it'iq’simpleqt to calculete:
the translat10na1 energy at three points along the traJectory

After the step in the reactant channel 1is crossed the klnetlc
energy of the representatlve partlcle changes to E ~9q- After

: the A B _and B C. reflectlons the angle of the traJcctory with

vrespect to the channel axis is given by eqn. S;‘so the transla-
tional energy.of“ AB-relétive.to C at this*stégevis simply

[E-ol) coez.(ZB—Za);.that is, the energy of.the representatlve

Apérticle'éssociated withhmotion invthe direction of the produet
channel. Finally, the.repreeentativevparticle mus t cross the
botential step,in-the produet chenhel. To do‘this, the kinetic

gxenergyAin the direetioﬁ‘ofhthe‘chennei ﬁust be greater than the

‘hheight of the:potential step by - 9y Thus we must have
(E—d)l) cos (33‘2(1) > 4)2 .". d)l o (9)

:'if the particle is'to be éble to enter the product channel on its
flrst try If this cond1t10n is not met the.syqtcm may return
to the reactants or be temporarlly trapped as the stlcky collision
complex ,ABC. If the representatlve particle doos'crose the
7product steﬁ on its first try, it loses translatlonal encrgy

'v¢2 -_¢1, and therefore the final product translational energy 1is
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CEp = (B-gy) cos? (38-20) - (6,78). . (10)
" Note that if g is»zeré; édn. 10 is équiValenﬁ to eqn. 6, and
if in addition a is zerd eqn. 10 reduces ‘to eqn. 3.

- Equation 10 also g1ves the f1nal relatlve tran%latlon31 
energy of the products of a reactlon in wh1ch a potentlal energy
'barrlervappears in place of the potent1a1 energy well in the
1région of small x and y. It is merely necessary to assume
that 4 'is'a‘poéitive'number less than Do’ the d15soc1at10n
.energy‘of BC. Also, the energy condltlon that must be met for
vréacfidn tp_océup'ls ﬁow :5 > ¢1,ﬂand‘the_1n¢qua11ty (9) no |
longer;appliés. | o

In thé.analysis of experimental moleéﬁldr beam
”séattering dgta, it_i$ custdmary to tompute the quantity - Q, the
differgnce-bétween'the,finél and initial relative kinetic éncrgies.

The model we héVc just"discussed gives. for Q the expression
_ - _ . . ,
. Q fvEé - E = (?1—E)v51n (38—2a)--¢2.

Thus the value of Q is'détermined‘in-this'model'by the initial
translat10na1 energy and four parameters the;mass distfibution
,f?CtOT B, the BC repu151on 1nduced.by the‘approéch-of vA‘ |
represented_by the angle a, and thé potential steps ’@l and ¢2§
In addition, thgre.are_the three implicit assumptions that the
 potential steps are orienfed perpenditular to the channel axes,
 andvthaf the Vibrétiona1 enefgy of'thebreactaht BC 1is zero.

This is a cOnyiﬁcing demonstrafion that even for a system which

has a very simple potential surface, there are a large number of
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ﬂfactdrs which affect the distribution of energy among the internal

and external modes of the products. Thus the problem of deter-
mining a true potential surface from experimental data is a very
difficult one, even for the Simplest systems. It is no surprisc

that such a determination has not yet been made.
Summary

| The'colliheaf cdilisioh modél‘Combinédlwith_thé square
trough potential gnergy surface is ah‘extfeme ;implification.of |
tﬁe ptacticalfproblem of thfee atomé_in thfee-dimensional.space
interétting b§ a realistic potential energy function. However,

the simple model does have the advanfage that it can be solved

entirely by elementary geometric or'trigonometric methods, and it

does provide'a_clear indiéation of the effects: that such f§¢t01s
as fhé mass digtribqtion and‘pptential energy‘barriers and wells
have on thc_ reactién probability and on the distribution of
_eneigy among the modes of motion of the'products. 'The’model
illuminaﬁés many of the.résults'(lj) of very extensive exact
trajéctpry'calcUlétioﬁs in which realistic sﬁrfaces have been
~-used, and makes'clcér justvhow difficult it will be to determinc
~a true potential énérgy Surface for a cheﬁical feaction'from
.expcrimeﬁtél‘déta 1iké that provided by molecular bean scattering
and inffarédlchémiluminescence. Perhapsvthe greatest value of
,theAmodel is that it éllows a rational approach to the problem
of the mechénicS'of reactive cbllisions without requiring any
substéntial,caidulational effért. | |

| .Acknowlédgemcnt;' The value of‘this model aé a teaching
deviéc first bccame apparent to mc in connection with my rescarch
on ién«moleculc collision phenomena, which is shpported by the

U. S. Atomic Encrgy Commission.
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FIGURE CAPTIONS

A square’trough potential energy surface for the thermo-

__neutrai_chemical-reaction‘ A(BC, C) AB.

Effects of'ihitial vibrational'energy and phase on prodgce
'formatlon and energy dlstrlbutlon for a surface with 8v= 60o
(a) TraJectorles with no 1n1t1a1 vibrational energy. (b)
Trajectorles w1th ] =‘30', EV'= 0.25 E. (c) Construction
for,deducingf 6' for a collisien.eequence‘in whieh,.A'hits_B!
'then- B hits C. (d) -Construction for flndlng e'v when the

coliisien sequehce is B hlts C, A hits. B.

. The effects of the p051t10n of a potent1a1 enelgy step for

an,exoerglc reaction. (a) Step in the entrancc channel.
(b)-Step'in the exitvchannel. In~th15 case, 1if .¢‘ had been
vchosen to be p051t1vc the refraction of the trejectoryvat

’ the potent1a1 step would have been in tne opp051te <ense_

from that shown.

-The effects of a modlfled B- C repulelon and v1brat10na1
phase on traJectorles (a) A.colllslon-sequcnce in which
A hits B, then B hits C, and pfoducts are formed.
A:trajeCtery_on avSUTface with'a_peteniial energy well'and e
'medifiedrrB‘C repuleivc wall. ‘Here K¢1 “and ¢, are
_negative, with ¢y < by If .¢1 Qere assumed positive aﬁd
:¢1 >.¢2,’oh1y the difeetion and magnitude of the refraction

of the trajectory at the final step would be changed.
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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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