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PREFACE

This thesis is concerned with the fundamental concepts
of molecular reaction dynamics and the development of a
systematical method of investigation of simple chemical rate
processes. A special effort has been made to understand the
significance of jndividual parameters on the outcome of the
reaction, on a microscopic scale. Parts of the work dichssed
in this thesis have been published: .
(1) J. S. Wright, K. G. Tan, K. J. Laidler, and J.E. Hulse,
Chem. Phys. Lett., 30, 200 (1975);
(2) J. S. Wright, X. G. Tan, and K. J. Lajdler, J. Chem. Phys.,
64, 970 (1976);
(3) J. S. Wright and K. G. Tan, J. Chem. Phys., received 1 July
(1976);
.(4) K. J. Laidler, K. 6. Tan, and J. S. Wright, Chem. Phys.

»

Lett., received 28 September (1976).
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ABSTRACT

Systematic quasi-classical tqﬁjectory calculations are
carried out in a study of the collinear H+H2 reaction on the
Shavitt, Stevens, Minn and Karplus (SSMK) surface, for a range
of relative translational energies between 0 and 2.0 eV. At a
constant vibrational energy and phase angle,; the trajectories
divide in continuous regions of alternating reactivity, the
boundaries of which are marked by maxima of trajectory times
and product vibrational energies. These reactivity bands shift
continuously with the initial phase angle, as demonstrated by
means of linear and polar reactivity plots. This band continuity
property allows thf determination of accurate total and specific
reaction probabilities, with re]ative]& few trajectory calculations.
The observed dependence of the gutcome of trajectories on the
initial conditions is analyzed and discussed in terms of the

motion of a single particle, sliding over a potential-energy ‘

surface, and many generalizations are made to characterize this

dependence. The study is then extended to the collision of X+HX

on the collinear SSMK surface, for masses ¥ = 1.008(H), 2.014(D),
3.016(T), and 10.000. Except for a high-energy reactive region,
the results obtained with other méss combinations are very similar
to the H+HH results. The total reactivity maps, threshoid ener-
gies and product vibrational-energy distributions show patterns
which are related to the skew angle of the potential-energy
surface model, which is also responsible for a high-energy cut-

off in H+HH reactivity and the existence of second reactive regions

- x1i1 -



for the other mass combinations. The results are interpreted
in terms of sing1g and multiple collisions.

The method is then extended to coplanar H+HH reactions
on the Yates-Lester (YL) surface. Preliminary results show.
that the reactivity bands persist in these higher-dimensional
calculations, but that the results are generally more complicated
than for the collinear cases. The influence of additional 2-D
parameters 1is investigated separately by extensive calculations
for the rotationless case. Total reactjvity maps are obtained
as a function of the initial translational energies and other
initial parameters, allowing the eva{uation of total reaction
probabilities, reaction cross sections,and the determination of
the dependence of the reaction probability on individual para-
meters. The results are interpreted in terms of, a skeﬁed potential-
energy hypersurface model, the'co11inear orientational effect,
and the generalizations of the collinear studies.

The origin of the reactivity bands is then investigated - '

¥

with the help of simple models and the vibrational adiabaticity
principle. A satisfactory qualitative agreement is obtained with
a simple surface representing a rectilinear cut of the true
potential-energy surface, on which a platform had been added to
allow for zero-point energy normal to the reaction path. More
realistic models of greater guantitative predictive power should
include curvilinear reaction paths and take into account the

skew angle and geometry of the transition state region.

- xiv -



CHAPTER 1: INTRODUCTION

1.1 Molecular Reaction Dynamics.

Molecular reaction dynamics is a rapidly developing
field, -concerned with the elucidation of the details of
chemical rate processes at a molecular level. In suitably
designed experiments, specific rate constants are measured
as a function of the energy states of the reactants. Theo-
retical considerétions then serve to relate these experi-
mental results to atomic and molecuiar collision processes.
Excellent reviews of the present state of the art have been
publishedl-lznghey demonstrate the breadth of the field,
and its explosive development in recent years.

The rate of an elementary chemical reaction, €.G.
A + B —= X + Y (1)
is proportional to tﬁe concentrétions of the reactants:,
v = - d[Alzdt =k [AI[B]. (2).
The temperature dependence of the rate constant was esta-
C1ished empirically by Arrhenius’®:
k = A exp(-E'/RT). ° (3).

The reaction is considered to occur through collisions
between the reactants, leading to the interpretation of the

14,15- The

pre-exponential factor A as a collision number
experimental activation energy E' then represents the ener-

gy barrier for effective encounters leading to reaction13’16_




In.practice, the macroscopié measurables in equ(Z) and
(3) are averagings over all possibﬁe internal states and mo-
lecular properties, For the most complicated systems, only
statistical theoriesl7’18 can lead to successful quantitative
interpretations , With present-day dynamicak techniques - However,. such
me thods asua%lyxobscung;dgtéﬁls_oﬁcthe elementary processes.

In gas-phase reactions, at sufficiently reduced pressurTes,
the collisions between individual atoms and molecuies need
only be considered. From the detailed understanding of such
elementary processes, the:mécroscopic kinetic properties of
the gas can be deduced. Vice-versa, inferences can be made
about the molecular interaction from a consideration of the
experimental resuits. This two-way relationship is demonsfra-.
ted in Fig.llg’zo. Intermolecular potentials are calculated
from the electrostatic interactions of elettrons and nuclel
according to qﬁantum-mechanica] theorie521. The resulting
potential-energy function or hypersurface1'3 determines the

dynamical behavior of the nuclei according to the Born-

Oppenheimer_approximation, with the assumption of a single

electronic stéte.The macroscopic rate properties can then be

22

calculated directly by use of statistical methods . Howevef,

-~

the details of molecular collision processes can only be ob-

tained from dynamical studies. This involves the solution of
Schroedinger's equation for nuclear motion21(quahtum dynamics),
or of Hamilton's equations of motion23(c1assica1 mechanics)

for a large number of jnitial conditions. As indicated by the
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double-headed arrow in Fig.l, this is a reversible process,
allowing the construction of potential-energy surfaces from
the results of accurate scattering experiments. Classical
mechanics is generally adequate to account for the observed
scattering phenomena, but sometimes quantum-dynamical treat-
ments are necessary to explain the finer details of such
processes, and to evaluate the reliability of the potential-
energy surfaces and molecular collision theories involived.
The final derivation of macroscopic rate properties from
molecular cross sections and specific rate constants is a

statistical-mechanical problem.

1.2 Brief Historical Review.

In 1826 Schroedinger24 showed that the quantum-mechanical
problem of determining electronicr interactions can, in princip1e{
be solved. The first approximate solution of this kind was
obtained in 1927 by Heitler and London25~for the H2 molecuie.
The treatment was extended by Londonzsin 1929 to the H3 system.

In 1931 Eyring and Polanyi’’

modified the London equation to
obtain the first workable semxi-empirical surface for the H+H,
reaction. The few early attempts to calculate trajectories on
this surface were Taborious28 since the non-linear differential
equations of motion could not be solved analytically. Most of
the work was therefore restricted to qualitative speculations
about the dynamical effects of various characteristic surface

~
and reaction parameters on the basis of "thought trajectories"zg.

-




As an ajd for such studies, a poteneial-energy surface mode]l
was deye1oped, on which marbles could be rolled to simulate
collinear collisions 27'30. The results of these purely
deductive efforts were of outstanding significance. Much of
the groundwork for present-day theoret1ca1 treatments was
laid by Eyring, Polanyi and coworkerslf’18 »27-30 between 1931
and 1959. Experimental work was 2l1so injtiated in 1935 by von
Hartel and Polanyi31, who studied the Na+CH3I reaction by
monitorihg the sodium flame.

in the meantime, an aiternative statistical approach
to rate theory was deve1oped, based on an early suggestion qf
_‘MarcelinBZ. The activated-cohp1ex theory, as formulated by ‘
Eyring, Po1any1, Wigner, and others (cf. Refs. 1 and 2), is
still one of the most reliable and certainly the simplest of
quantitative rate theories. Statistical theories, however,
cannot provide certain detailed informatjoe, such as product
energy distributions, specific rate constants, etc. |

The real breakthrough in molecuiar reaction dynam1cs
had to await'the advent of advanced 1nstrumenta1 technology.,
including high-speed digital computers. In 19524 -the first
successfu] molecular- beam experiments were” started by Bull
and Moon33, and in 1955 they were improved upon by’ Taylor

34. Later,\kinetic absorption spectroscopy35 and infra-.

and Datz
red chemiluminescence asuremente36 were devetoped as powerful
alternative methods. Continueus improvements to these techniq&es

now allow the determination of microscopic details of elementary

- [




gas-phase processes other than the early alkali-metal reactions.

The latest developments include highly specific energy-state

selectors and very sensitive detectors for molecular beams,

and the use of Iasef technology in the spsctroscopi§\Pethods.

Meanwhile, the use of digital computers Tled to'a better -

understanding of molecular collision theories. In 1958 Wall,
\\Hi11er and Mazur37 started the first extensive classical traj;cto}y

\:;Tcu1atioﬁs for the collinear H+H2 system. Around the same time,

ab-initio caiculations of H3 potentiai-eneray surfaces were also

begun {see Ref.Z2 for an extensive review). These calculations

were thgn extended to increasingly comp1icated'systems and dynamical

treatments, on a wide variety of ab-initio and semi-empirical

surfaces. At the present time, chemically accurate potential-

38,39

energy functions for coilinear H+H, have been reported and

full three-dimensional quantum-dynamical calculations for “this

B . . a 18 q‘.l
reaction have also been .carried out 0’411 ‘

The rapid accumulation of experimental and theoretical

information has diversified the fieid of molecular dynamics into
such specialized disciplines as scattering processes (elastic,
inelastic, reactive); dynamical methods {classical, semi-classical,
quantum-mechanica]); statistical and heuristic theories; potential-~
energy surfaces (ab-initio, semi-empirical, parametric); energy-
transfer processes, chemically excited states and chemjcal lasers;
simplified reaction models, etc. The nature of the data obtained
from these studies has become richer in detail, reflecting the

attempts to bring theory and experiment into closer correspondence.



1.3 Perspective of the Thesis.

The first computer cafculations for collinear H+H237 were
basically carried out in a systematic way. Most later work has
retied on the random generation of initial conditions (Monte
Caf1o methods)11’42’43, to reduce the amount of computation.
Such methods seemed particularly necessary in higher-dimensional
studies, where the number of degrees of freedom is very 1afge.
Statistical treatments of this kind usually result in the Tloss
of detdiled information on the outcﬁme of individual coiiisions °
as a function of the initial parameters. Since the physical
measurables of earlier experimenis were macroscopic properties,
detajis of this kind were not needed. As experimental ﬁechniques
improved, the time anc energy resojution of the instruments -
increased, and microscopic details of elementary reaction steps -
are now slowly becoming available.

Meanwhile, the talculations were extended to other chemical

. AN
systems, for which only parametric or semi-empirical surfaces

!m‘

are available. The systematic variation of surface and syStem “
parameters was started as early as 19364416%nd yielded valuable .
insight into the dependence of reaction probabilities on such
parameters. Polanyi and co-worker545-47 carried ouf extensive
calculations on a variety of reactions and su}faces, using semi-
systematic techniques45, as well as Monte Carlo method546’47.
As a result of such calculations, 2 classification was achieved
in terms of the reaction types (endothermfc and exothermic),

surface types (attractive, repulsive), mass combinations (L+LL,

o



N
L+HH, H+LH, etc.; L = light, H = heavy atom), and reaction
mech;nisms {stripping, rebound, spectator stripping, har-
pooning). These investigations aided in the interpretation )
of experimental results and in the qualitative prediction of
the behavior of new systems. Complete systematic studies of
collinear collisions have also been reported48'54, usda11y
in relation to quantum-mechanical or semi-classical treatments.
They yield much more information about individual collision
processes, but require more computer time than the Monte Carlo
calcuiations. They are therefore unsuitable for extension to
higher' dimensions.

The H+H2 system, for which the most accurate computatio-
nal results are available, has been the testing ground for new
theoretical methods and models. Examples are the extensive

compérisons of results obtained with different surfaces, and

computational methods, for this reactionllq The general trend

in 211 these investigations is to start with the simplest case
and to gradually increase the sophistication of the treatment.
Since the simpler calculations require far less computer time,
reliable extrapolation methods to more complicated cases are
constantly being explored. Marcus55 classifies such methods as
approximations which rely heavily on generalizations of dynam-
ical behavior. For example, semi-c]assicai'theorie556’57 can
account for essentially all quantum effects, using classical
traaectory data as input. Other, much cruder approximations .
include extrapolations of collinear and coplanar results to ;/%

higher dimensions, the vibrational adiabaticity assumption,

.-



and other simp]g_ieaction models.

In accordance with these general trends, the purpose of
the present thesis was to seek a more systematic approach
toward. the acquisition of ac&urate classical results with 2
1imited number of trajectory calculations. By varying the
free reaction parameters one at a time, the attempt was made
to determine the ianﬁence of the initial conditions on the
outcome of the trajectories. The investigation was restricted
to the H+H2 system and some of its isotopic variations.

The remainder of this thesis is- organized in a chronological
ordefr, the Tater studies being Jogical extensions of the earlier
ones. In Chapter 2 a general introduction to collinear calcula-
tions and a detailed description of the general methods of
investigation are given. Calculations on the Shavitt, Stevens,
Minn and Karplus (SSHK) surface38 are then presented for the
collinear H+H2 reaction. This particular choice represents the
simplest case study, using the most accurate potential-energy
surface available at the time this work was begun. The calcula-
tions are generally restr%cted to reactant molecules initially
in their zero-point energy (ZPE) vibrational levels. Only two
initial parameters, the vibrational phase angle and the relative
translational energy had to be varied. In Chapter 3 a simple
extension of the study to include symmetric mass combinations
X+HX, with X taken as various real and fictitiou§ isotopes df
H,is presented and discussed. Such an extension corresponds in

principle to a systematic variation of one additional parameter,

boay




the skew angle (cf.Sec.2.2), although changes in ZPE and the
vibrational constants have to be taken into account for a com-
pliete ana1y§is. The same surface, computer program and methods
of calculation were usgd in all collinear studies. At the end
of Chapter 3 a general discussion of the ?mp]icatibns of these
_ studies is ﬁresented, and a comparison to the work of others
is made. In Chapter 4 2 far more compiicated extension to the
Eop1anar H+H2 reaction is discussed. At éhe present time, the
most accurate potentigl—energy surface for coTTin%?r H+H2 is

the one obtained by Liu39.

Liu's results have been generalized
to three dimensions by Yates and Lesterss, by the use of a
Porter-Karplus type of functionsg. The three-dimensional (3-D)
trajectory program of Muckerman60 was modified to allow a 2-0
study of the H-I:H2 reaction, with the use of the Yates-Lester
(YL} hypersurface and systematic.selection of initial parameter
ngues. Preliminary computations with J=5 {J is the reactant
rotational quantum number) were essential in establishing the
retiability of the program, and in the development of general
methods of investigation. An extensive stddy of the initially
rotationless case (J=0f was then undertaken to determine the
influence of two new parameters, the orientation angle 6 and
the impact parameter b. The vibragiona1 phase angle ¢ and the
relative translational energy Tt were varied as in the 1-D case,
basically retaining the method developed earlier.

Because of the accumulation of data which remained to be

analyzed, the quasi-classical trajectory calculations were
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halted. Attempts were made to generaTizg a particuiarly consistent
relationship, observed between some final and initial reaction
parameters. Such a genera]izatibn was aimed at the reduction of
computational requirements,_and‘af a better understanding of the
nature of the dynamics of molecular collisions. The development

of some simple models to achieve this purpose is discussed in
Chapter 5. It was hoped that ultimately qualitative, or even
;emi-quantitatiye, predictions might be made from the considera-
t{on of such basjc parameters. as the barrier height, the skew
angle, the reaction coordinate, rotational and vibrational con-

stants, and energies.




CHAPTER 2: COLLINEAR CALCULATIONS

2.1 Introduction.

In quasi-classical calculations, the reactant molecules
are initially restricted to quantum-mechanically allowed Vibrational
and rotational: actions;apry and po oy V. The initié] vibrational
energy (ES) must therefore have a minimum value corresponding
to the zero-point energy (ZPE) of vibration: In collinear
caicu1ations no rotation is allowed.

The first compufer calculations of classical (E3=0) and-
quasi-classical (v=0,1) trajectories were carried out by Wall,
Hiller and Mazur37 for £he collinear H+H2 reaction, using the
London-Eyring-Polanyi surface27. The collision time was-shown .-
to be a complicated panded function of the total energy, in
which some continuous reactive and unreactive bands could be
observed, bounded by maxima and minima in time. For v=0, a.

consistent shift of the bands with the initial vibrational

phase angle was also shown. Wall et a1.37 were more interested

61

in obtaining reaction probabilities, and later introduced a

pseudo-random method for 3-0 calculations. However, only 6 of

the. 700 trajectories were found to be reactive, sO that no

62

significant conclusions were reached. Wall and Porter then

returned to classical collinear calculations (E3=O), and
investigated the effects of the variation of mass combinations

63

and of the parametric Wall-Porter surfaces ~. The results-of

Yyall, Hiller and Mazur37’61 can now be attributed to the



deficiency of the London-fyring-Polanyi (LEP) surfacezy, which
had a potential-energy well on tep of the barrier. Porter and
Karp'lus59 constructed a semi-empirical surface, based on the
modification of the LEP treatment27 by Satosa. Using this
surface and a Monte Carlo method, Karplus, Porter and Sharma65
were then able to obtain the first 3-D reaction cross sections
for H+H,, D+H2 and T+H2 reactions. This started the era of
quasi-classical Monte Carlo caTcuTationsll’42’a3.

Recent systematic investigations49_54 revealed that the
variation of the dinitial vibrational phase angle at constant
energy results in the observation of only a few regions of
continuous reactivity or non-reactivity, bbunded by high values
of the product vibrational energy. Such features were obscured
in the Monte Carlo treatments, and suggested some interesting

possibilities for future systematic investigations.

A preliminary study by Hulse66 was based on the original

method of Wall et a1.37 in which the initial reiative trans- ‘
lational energy was varied at a constant phase angle. For the

more realistic SSMK surface38the banded behavior of the reaction

time was again observed, but in 2 much simpler form, showing 2

few regions of alternating reactivity, marked by isolated time

'peaks. It was therefore decided to carry out a full systematic
jnvestigation of the collinear H+H2 reaction on the SSMK surface,

to gain a betfer understanding of molecular collision processes,

and to explore the possibilities of such an approach. It was

realized that the detailed study of the dependence of final

parameters on +he jnitial conditions could lead to accurate -z-



results with reasonable amounts of trajectory calculations,
only if a reliable method of interpolation ch]d be found.

Many alternative systematical methods, along such lines
as phase-~space theoryGY, qeometrical ana1y51568, and classical
wave-mechanicaf_treatmentssg, were at one time being considered.
Since such methods would invariably involve some degree of
approximation, they were soon di;missed in favor of exact

quasi-classical tréjectory calculations.

2.2 Description of the System.

The collinear three-particle system js fully described
by two interatomic distances and the position of the center-
of-mass of the system (ABC) in space. Denoting the atoms A,

8 and C, from ieft to right, on the x axis of the laboratory

frame: ‘

rag - %8 T A (4)
rac T X¢ T Xp? - (8)
xggg = (MpXp* MgXg” mexe) /M, (6)

where m. i¢ the mass of atom i, M = mA+mB+mC, and the third

atomic distance is always equal to the sum of the other two:

rag ¥ TBCC (7)

*p
The kinetic energy of the system is

i a2 -2 -2
Tiap = 2(mpXp * MpXg ¥ MeXe Ys (8)

where the dots above the variables denote their time derivatives.



A more cofplete description of the reaction is given in
Fig.2, where three d%fferent configurations of the system are
considered. When the atom-molecule distance is very large, the
motion can ﬁe sepa%ated jnto a translational and a QibrationaI
mode, characterized by different coordinates (Ri’ri) and by
different reduced masses (“it’uiv)' The subscripts i denote
the configurations (a and ¢), and t and v stand for translation
and vihration respectively. The' transformation formulea relating

70

the coordinates of a and ¢ has been given by Rankin and Miller ~,

and the conjugate momenta and kinetic enerq1es assoc1ated with

the different modes of motion are65f70:
Py = Yit R1 TR (2)
—
T, = mp. Pl T. = p.l (10)
it “Fit 1 > iy ivhi

When the atoms are closer together, as in configuration b, ‘

a strong coupling occurs between translation and vibration. The
analytical treatmeng by Marcus71 shows that the kinetic energies
of the normal modes of motion can be continuousliy evafuated
along the reaction path, by the use of normal coordinates and
force constants. For the present purposes it suffices to state
that the translational and vibrational modes of mﬂfiga_are
gradually converted into the asymmetric (A) and symmetric (S)
stretching vibrations of the transition state1

, 1.e. the- kinetic

energtes at rABerC can be written as:

Tbt = TA 3 T = Ta. (11)



J

Figure 2

Description of collinear A+B(C reactions.
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In a center-of-mass coordinate frame, the motion of AB

-2
can be neglected, and Tng = %Mxﬂﬁf is)subtracted out of eq.
(8), to yield the center-of-mass total kinetic energy:
T = T]ab - T—A-.B'— = Tit + TT'V; (1'=a,b,c). (12)
Such a sihp1ification is possiblie, since the collision procesé

is governed by tﬁ§ interatomic potential, which is a function

of the interatomic distances only, i.e. for co111ne§§ processes:
vV = V(rAB,rBC). ) . (13)

The three-particle problem cad be represented by the
motion of a single particie of reduced mass OVEr the three-

dimensional surface (13), if the kinetic eneragy expression (12)

can be written without cross terms asl’27f72:

T = (2 35, : (14)

-

A partECuTériy i]]uminating and convenient method to achieve

this purpose is to assume p=1, and to make use of the relative %
coordinates (Ri,ri)Tz. 1t is easily seen that for i=a, eqs.(18) \>

and (12) are transformed into (14) when:

_ = } _ ¢
x = ug geRa,ec 7Y HgcBC” (15) ‘
For i=c, the corresponding expressions would be
x'= pioR syl T pior (16)
AB,CTAB,C ? AB AB’

<o that apparently +wo different coordinate systems must be
used. Unification is achijeved in terms of rpp and rac® for

which eq.(12) 1is unchanged for different configurations:

_ .2 .. .2
T = %up gctas * (myme/M)Tagrae * % Hag,clace (17)
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1,2 . .
It was shown 7 that by introducing a parameter &, one possible

transformation of (17) into (14) would yield

_x i =
x = dp gcTag T Mag,clpcSinis). (18)
L
y = wupg.clpccos(E)s (19)
. . . |5
sin{g) = [mAmc/{(mA+mB)(mB+mC)}]"- {20)

It is significant that ea.(20) can also be obtained by comparing
“,(—lérjto (15), and that a comparison of (18) to (15) vields

cos(E) =

u(‘

(Mge/Haa, C) = (upg/¥a. BC) (21)

This shows that the (X,¥), (x',y'), (Ri’ri)’ and (rAR,rBC)
coordinate systems can be correlated by an aporopria%e skewing
and scaling of the axes. The relationships are graphically
reptesented in Fig.3a, where the parameter & is seen to be a
skew angle for the (rAB’rBC) axes (solid lines), and a rotational
angle for the {x',y') coordinates {dashed-dotted lines), with
respect to the (x,y) coordinate system. The coordinates have a

common origin 0, and the corresponding coordinates of a point P

are also shown, where the thin soiid, dashed and dashed-dotted <
lines again pertain to the (rAB’rBC)’ (x,y), and (x',y") coordi-
nate systems respectively. '

The potential energy surface {13) can thus t?; plotted in "

cuch a coordinate system, as shown in Fig.3b, where the curves
represent equinotentiai contours of the surface. For the sym-
metric X+HX systems studied in the present work m PRLE and the
Ri’ ry axes need not be scaled, if the reduced mass of the single

particle representing the system is taken as W = ¥p ge = Vag.c”



Figure 3

(a) Skewed and scaled coordinates:

7T

(rpg>Tgels

""" »¥) = (Ry gcTaels

Voo
(x"5y") = (Rag, c>Tag)
gT‘Potent1a1 -energy surface model
for symmetric X+H{/yeactions.
a = reactant, b = transition

state, ¢ = product region.

i 1 L ]
cosg = uga/ufs ¢ = ugc/¥ pe-
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Th1s skewed potent1a1 energy surface model, formerly used
to simulate colliinear traJectomesz7 30, has remained a most
powerful interppetive tool. For reactions X+HX, as in Fig.3b,

_the surface is totally symmetric about the “dividing line"

which represents rAB=rBC.(thin solid line). The energetically
most economic pathwéy for reaction is. indicated as the minimum-
eneggy reaction‘path'(ﬂggg, heavj solid curve). It follows the
bottom of the reactant valley {a), crosses the energy barrier
at the saddie point (+), and follows the path of steepest
deﬁcent into the product valley (c). The true reaction coordi-

hate73, followed by actual trajectories, is an oscillating ﬁath

rer NeAANFE TR

across the surface, and is dependent on-all initial conditions. .
it is more conveniently represented71 by the v1brat1ona11y )
averaged reaction path (VARP, not shown), which is a funct1on
of the initial translational energy only. The “reaction shell"

9
is defined along R;= constant lines, and limits the region 1in

which the trajectories are simulated. It has +o be large enough

to assume-~negligible interaction between atom and molecule, but
small enough to reduce the computer time~to within-economical

1imits. Because Ri= constant, and if no atom-molecule inter- ' ‘

action is present, the energy profile along the reactijon shell

represents the vibrational potential of the diatomic molecule.

The “complex shell" defines the region where the atom-molecule’

interdctions are so-large, that a c]ear distinction between

separate entities and modes of motion can no longer be made. It

¥

is convenient to locate the complex she]] at a point-where the
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i
MERP just begins to curve, indicating the start of'vibration—
translation coupling. The region within the complex shell re-
presents the activated state. At the sadd1e point, the symme-
tric stretch occurs along the dividing line, and the asymmetric

stretch takes place along a line perpendicular to it.

2.3. Internal Coordinates and Equations of Motion.

The explicit form of the classical eguations of motion
used is that given by Wall and Portersz. The Hamiltonian or
total energy {is the sum of the kinetic and potential energy
terms, which are expressed in terms of generalized coordinates

and canonical conjugate momenta23:

Ho= T(pysPy) * V(ay-dp) (22)

The jnternal coordinates are the interatomic distances

1

q; = Tag © X " XA (23)

ay = Tge = X¢ T X (24)
and the kinetic energy term i evaluated by performing a point

contact transformation23:(Pi = ? pj(aqj/aqi)):

pr = MpXp = Py (25)
pXB = mBiB = pl - pza (26)

and substituting the results in eq.{8):

T = %pi/UAB = p1p2/mB+ %pglpBC- (28)
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The canonical Hamiltonian equations of motion are23

q; = aT/apys Py = - aV/aqys T (29)

so that from eq.(28):

qy = Py/ugg - Pp/mgs q, = Pyluge - Py/My- (30)
The translational and vibrational kinetic-energy terms can )
be directly obtained from egs.(10) and (30), together with
the def1n1t10n5 of the coordinates and reduced masses in Fig. 2.
A more informative procedure inv 1ves the determ1nat1on of

the conjugate momenta frog,eq.(30 ; Or more conveniently from

3T/3q5):

1

eq.(27) through another canonical equati_on23 {(p;

Py = up pcdy ¥ (mpgm/Map = va gcRa,ec = Pa?

Py = uag,cRas,c = e (31)
It is then clear, that p, and p, are not associated with the
motions of A relative to B, and of B relative to C, as might

have been expected since qlerB and 9p=Tge- Instead, Py gnd
p, are identical to theure]a%dve translational momenta of
configurations a (A relative to BC) and ¢ (C relative to A8).

From eqs.(10) and (31} follow:

- 2 : - 2, .
Tar = %Py /a8 Tey = %P fupp,co (32)
and with eq.(30):

2 2
v = mpctse - maclPy/Me” Pplugc)

T

2
Tey = supp(Py/uas™ Po/ms) (33)

The expressions derived by Wall and Porter62 are jdentical to

eqs.(32) and (33) after some rearrangements.” -
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2.4 The SSMK Surface.

Shavitt, Stevens, Minn and Karp]us3sa completed two sets
of ab-initio calculations of the H3 potential energy. First
a set of six optimized basis functions (1ls, 1s' on each atom)
was used, but better results were obtained with a 15-orbital
basis set (ls,ls‘,pr,Zpy,sz on each nucleus). The H2 energy
was only about 3 kcal/mole above the true energy, and a barrier

height of 0.477 eV was obtained for the collinear geometry.

The calculated points were fitted by analytical expressions:
8

_ i
EH2 = exp(-Argc) §(CirBC) (a.u.), (34)
E = E, - 0.5
H3 H2
+ exp{-¢(rpp*rge )} Z E 1jri3réc)' (35)
1=035=0

for collinear geometr1es and rag2'se: The values of the opti-
mized parameters A, Ci, o Cij’ as pubiished and corrected by
Shavitt et a1.38, are listed in Table I. The analytical fit

to the ab-initio points is s_atisfacto'ry in the neighborhood ‘

of the MERP, and a s1ightly higher barrier height of 0.493 eV
is obtained. The correct 1imit, EH3 E 2+ 0.5 a.u., is reached
when TaAR”®? but an examination of eq. (34) revealed that EHE+O
instead of -1 for dissociated H+H(rBwa) . This causes large
errors near the H+H+H 1imit, in regions which are fortunately
jrrelevant to the present study. A more serious consequence is
that the dissociation energy De is then ca. 27.21 eV higher
than the reported ab-initio value.of -4.61 eV. The latter value

is therefore usgd in the calculation of vibrational energies.
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Ab-initio points were also calculated for non-linear
geometries, by Shavitt et a1.38a, but only the collinear
results were fitted by an analytical function. The results
show that the collinear geometry is clearly the energetically
most favored cohfiguration. This is also evident from the
positive va]ué for the force constant of the bending vibrations
QAb) at the saddle point. In Table II some of the S3SMK surface

parameters are shown in comparison to the Liu‘)9 and Yates-Lester58

surface characteristics, and to some experimental va1ues75.

The H2 parameters are the Morge parameters76 De(dissociation
energy ), L (equilibrium distance) and B (exponential fattor),
where the ab-initio value for De (see above} is t;ken, and.where
5 has been calculated from the reported force-constant.of the H2
vibration. Ec is the calculated energy for H2; the experimentai
value is the true non-relativistic value obtained from spectro-
scopic data. The saddle-point parameters are for the collinear
geometry; rsp is the interatomic separdtion at the saddle point

AA and Ab are the force constants for the symmetric,

(rgg=rsc)s As>
asymmetric and bending modes, and are rough measures of the width

of the reaction channel, the width of the barrier, and the

stability of the collinear geometry respectively; E.. is the ‘
{

+

height of the barrier relative to H+H, (E.- 0.5). The agreement
between the three surfaces and the experimental values is quite
. ¢lose, indicating that the surfaces are very realistic and very
simildr to one another. More detailed comparison of the surfaces

have shown that they generally parallel each other39’58.
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Table 1I. Characteristics of the SSMK, YL and Liu surfaces.

- e M M e e e e M e R e SRS -
- - o E e Em A W o e e MR A e e

-—-.-———--.——-—--—-—-—_———---—-—-—--..-—--———_—-.—..___ - -

SSMK YL Liu Exp.’
ﬂz parameters:
D, /eV £.6147 4.7270 4.7281 £.747
ro/a-u. 1.4018 1.4063 . 1.4014 1.401
5 /a.u. 1.0303 1.037 1.0250
" E_/a.u -1.1696 - 21.1737  -1.1744

_._—---——--—--.-—_—_—-__-..-——--—_-_.._.-_-_-—_---_-_--—-—..-......--—-...

Collinear sadcle point:

rsp/a.u. 1.764 1.742 1.757. 1.658
As/a.u. 0.31 0.32 0.32 -
AA/a.U. -0.061 -0.071 -0.058 - -
Ab/a.u. 0.024 0.03 - -
Ea/eV 0.477 0.4254 0.42% 0.425

cf. Ref. 38b and 75.

Explanation of the symbois used:

De’ To> and B are Morse parameters75’79 {dissociation energy,
equilibrium separation and exponential factor).

EC iséhe compuzed,energyFof HZ; the experimental value is the
true, nonrelativistic value obtained from smectroscopic -date.

Hsp is the internuclear separation at the saddle point.

S‘)
metric, asymmetric'and bending).

A AA and.-'Ab are force constants of the transition state (sym-

éa is the height of the barrier ref?tive to H+H, (Ec-o.é).
{

S
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Fig.4 shows a contour map of the SSMK surface, which is
seen to be very well behaved in the region of interest in this
study. The contours are very smooth compared to earlier semi-
'empirical and parametric surfacesz’27’59’63’64, ds has been |
shown in in Refs.2 and 38. The contours are almost perfectly
parallel outside the range (2.610.R ) shown in the original
paper38, and the MERP shows appreciable curvature only at
very small atom-molecule distances (rAB,rBC<1.5 R).The energy
profile a1ong€§he MERP starts to dip below the minimum energy
of the separated reactants near rpa~ 7 R, and reaches a minimum
at rag” 3.5 R. This shallow well of depth 0.0089 eV may repre-
sent the true van der Waals interaction of the reactants, but

may also be an artifact of the analytical fit38a.

$light
discrepancies are observed if trajectories are started with
initial atom-molecule separations less than 7 R to achieve
sufficiently reduced computational times. These discrepancies,

however, are caused by slight osciilations in the MERP in the

region 2.6<rAB<m, rather than by the presence of this dip.

The most accepta&kf results would be obtained by locating the
reaction shell through the true minimum of the surface, where
the MERP is essentially rectilinear, and where pure vibrational
trajectories would remain translationless. Examénation of the
potential-energy profiles taken along cuts perpéndicu1ar to
the MERP (Fig.l, Ref.38a) indicates that the reaction shell

can sti11 be moved much closer to the saddle point, without

serious coupling of vibration and transTat1on taking place.



N

Figure 4

Contour map of the SSMK surface.
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2.5 Methods of Calculation.

2.5.1 General Restrictions.

. The initial conditions were varied within the limits set
by the following restrictions:
a. gvj_ggg.'The reactant molecule always started out with v=0,
i e. with the zero-point energy (ZPE) appropriate to the SSMK
anhgrmonic oscillator. The vibrational energies were calculated

from the spectroscopic formulae , for a Morse osci1Tator76:

2 -
E, = we(v+%) - mexe(v+§) cm 1, ‘

_ -1 5 -1
w, = (27c) (k/w) cm T, (36)
woXg = wa/(4D,) en”t,

where ¢ is the speed of light, u is the reduced mass of the
molecule, and k and D, are the H, force constant and dissociation
energy obtained from the ab-initio SSMK resu1ts38, and where

2]l constants have been converted into the appropriate unitsi-.
‘The results of these calcuiations are listed in Table III,'
together with the cut-offs for the quantization of product
vibration, amplitudes and helf-periods of vibration, and the
reduced masses of the HX moiecuies, corresponding to the first
two series of calculations (seé below) - '

b. 0°= constant. Three series of calculations (I,I1,1I1) were

carried out with different "reaction sheIi radii" (po), which
are schematically illustrated in Fig.5. The trajectories were
first started with r§B=5.0 R (line I'), and terminated when ryq

or Tac exceeded 5.5 8 (reaction shell I in Fig.5).
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Table III. Data characteristic of the HX oscillators.

Ey/eV 0.781

E,/eV 1.2624
£y/eV 1.7109
E,/eV 2:1273
Eg/eV 2.5115
Er/eV < 0.5251
Ei/eV < 1.022

£5/eV < 1.487

£i/eV < 1.919

EafeV < 2.319

r1/R 0.6349
r /R 0.883

r

T]xlols/s 32.32

Trxlolsfs ; 45.54

U/a.m.u 0.5

/




Figure 5

Definition of the reaction shells,

used in calculations I;\II and III.

The initial vibrational Ehase ang1e§
4

are also shown in this hematic

[

diagram. -\;’h
e
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The. second series of caicdé%%ione weee performed with
_reaction shell II (QO=RR,BC=5'3714 R, eassing through rAB=5.O,
rec” =r ) This is the proper reaction shell, as defined in Sec.
2.2. The potent1a1 eneray prof11e along it is the vibrational
potential of the reactant molecule, which has a minimum value

_ I -
Vref_ 0.00 eV, 'when rBC—?e-0.7427 A.

- A third set of calculations corresponded to the choice

of the more acBurate reaction shell discusséd in Sec.2.4,
. \ : 0
passing through the true minimum of the surface (rAB=3.5 A,

BC =Q.7414 A vref=-.0.009 eV) for H+H,, or close to it .

(p =R° A, BC'S 8707 R) for other mass combinations.
Aside from def1n1ng the reaction shells, F1g 5 was also
used to show the choice of the initial phase angles (¢ )» and

+5 indicate that for clarity the y and y' axes can serve as
. ’

a separate scale for AR and rBC,since for a parﬁicuiar

mass combﬁnation cos(g) = constant. Finaily, the reactiqn*time
+} is defined as the time spent within the reaction shell.
0 thld., qmax ‘
c. It = T Tt——
varied within a range beyond whidh no reaction is observed.

The aower limit is defined by the reactive threshold, Tthd',

-

. The initial translational energy was

which occurred at 0.35+0.01 eV for all cases. The upper limit
is the cut-off energy T x, wh1ch wWas encountered below 2.2 eV,
except for T+HT\ﬂge£e it cou1d not be obsefged.

d. ¢°=0 0,360°. The vibrational phase angle ¢ is def1ned accor-

_ding to the following eftrema: rBt=re, contrae}ing (0°); rBC=r1’
i 0'0= o 0y.
minimum (90°); BC =r,, expanding (180°); rgc=r,, maximum (270°);

as shown in Fig.5.
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2.5.2 The Vibrational Phase Distribution.

The energy profile along the reaction shell determines
the vibrationa] motion of the?reactant molecule, whereas the
energy profile normal to it strictly pertains to translational
mot10n, as long as the atom- molecule distance is large enough.

Thus, a non-zero value for Vref (minimum potent1a1 of vibration

relative to H+H2) would mean ghat this value has to be included

in the initial relative translational energy.

0
t o't T Veet- ' (37)
Vref is generéTTy much smaller than the finest energy resolution

used in the calculations, and is therefore not included in the
véTues of Tg,dissussed in this thesis. More probiematic 1; the
fact that the vibrational potential is quite anharmonic, and

that it varies with the choice of the reaction shell. For accurate
calculations, in which the vibrational phase is to be varied
exhaustively, an appropriate phase distribu%ion must be obtained
prior to the actual trajectory calcu1at1ons This problem can

be .solved by a variety of methods. A simple approximation, used

by many workers49-52,.is to consider the reIative—trans1at1ona1
and angular-vibrational velocities (éA,BC and &) as’ constants

of ‘motion, outside thé reaction shell. A uniform phase angle

distribution is then obtained:
F(¢)d¢ = (1/27)d o, : (38)

where T is the classical period of vibratton. A shift A¢ is then

directly related to a displacement AR A¢(R /6, through
A, A,BC %

T
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‘the. common variable time. The trajectories are then always

started at a singlé phase angle ¢°, but at a pre-calculated
distance (OSARA,BciRA;BC ) outside the reaction shell (po).
to vary the phase angie at o®. Hence, only the knowledge of

0 . . .
Eys To and r  1s required, since 6% can be chosen such that

0 _ 0 P .
racTe’ where Tv = ES- Another possibility is to choose rgc
as one of the turning points of vibration, where T3'= 0. Then,

Vref and "o must be determined from tﬁe MERP, or by solving
0 =
av{e ,rBC)/BrBC 0, {39)

and the turning points are obtained by solving

0 . 0 o _
V(D arBC) - Vref(p are) = EV - 0'.- ‘ (40)

e.g. using Newton's meth0d65’77

. For realistic calculations,
several additional requirements must be fulfilled. The correct
definition of the reaction shell (Sec.2.2) reguires that the
potential energy in eqgs.(39) and-(40) is expressed as V(RA,BC’rBC)'
The vibrational pe%iod and energies should further correspond

tg the appropriate values, calculated from the surface parameters,
and the vibrational potentials must be constant outside the
reaction shell. From the insight gained in the course of the
present jnvestigations, this method can now be considered quite
accurate. For realistic surfaces the vibrational constants will
correspénd closely to spectroscopicaily determined values, and

the vibrétiona] adiabaticity princip1e71 can be strictly applied

78

up to distances close to the transition state Further, the

cutcome 5? trajectory calculations, especially when averaged to
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obtain the total reaction pfobability, is very insensitive to
slight variations in the inital values of vibrational parameters.
Evidence to this extent was not available at the start of the
present work. The method was also deemed less suitablie for a
systematic study, where phe explicit anharmonic distribution
of the vibrational phase over the rsC coordinate was to be taken
into consideration.

The following method was_therefore developed independently.
A translationless frajectory i calculated at the reaction sheli,
with-Es = ZPE and rgc = Te? which were determined as described
above. This computation allows the simultaneous evaluation of
all other necessary yibngt{onaT paraﬁe ers (amp1i£udes, ha]f—
periods, energy profile, osci11at;:§%gzh). It was then discovered,
rather empirically, that the anharmonic oscillation can be quite

accurately described by the "double harmonic approximation”:

rec = Te ” Aisin(¢i), (41)

_ o0 L ¢
6, = o0+ (7/T)0e,, (42)

where i=1-(compression phase, 0i¢]éﬁ), or i=r (extension phase,
ﬁé¢r§2ﬂ); Ai and T, are the computed amplitudes and half-periods
of vibration; At_i is the time elapsed since the latest passage
through the equilibrium position with ¢?=0, ¢2=ﬂ. Table IV shows
that the disp1?cements X:=TpcTe of the actual SSMK osci]jator
are c]oseiy reproduced by the values x% computed from (41) and
(42), and.that the path of the oscillator in coordinate space
(RA,BC’rBC) adneres closely to the reaction shell II, but is

“moving away from it slowly as time increases.
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Table IV. The Double Harmonic Approximat¥on.

- ———_--———.—--——-----—--—_—-—_—-—--_--_——_-——_--—--_..-----
—-——--————-_.-—_-_————-_——__-__—--__..-——-—-——--_-—_-_—-——-—--—-

16 0 :

tx102%/s rBC/R Rp. g/ xi/R 6;/deg. X /R
0 0.7427  5.37135  0.0000 0.000  0.0000
4. 0.7029  5.37135 -0.0398+ 22.291 -0.0408
s. 0.6882 - 5.37135 -0.0745  44.582 . -0.0756
12. 0.6421  5.37135 -0.0986  66.873  -0.0990

_----..——_-..——_.————--..-.———..-__-—-———_—--——-___——_-__--_—.—---_--_

32.30  0.7427  5.3713 0.0000 180.000  0.0000
36 0.7797  5.3712 0.0370 194.605  0.0356
40 0.8162  5.3712 0.0735 210.395  0.0714
44 0.8460  5.3710 0.1036 226.18¢  0.1019
48 0.8683  5.3710 0.1256 241.974  0.1246
52 0.8809  5.3710 0.1382 .257.763  0.1380
55.10  0.8839  5.3710 0.1412 270.000  0.1812

—_.-.-_.-__.--_._..—---.--—--———-—---—-—-.——-—.—--—--—-.—.—-—.--—-.-..__.-——_-

_——--.—---———--—_-------__--__--_--——
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The advantage of the double harmonic approximation is that
it provides a simple formula correlating TaC and time in quite
a realistic way, considering that the largest discrepancies,
occurring near 00 and 1800, disappear when averaged over the
extension and compression phases. This is permissibie, Since.
the approximation primarily serves as a measure of the time
spent by the system within a particular range of its vibrational
phase. The actual vibrational momentum at a particular rgc value
,iS"determined in an accurate fashion by use of eqg.(49) below.

A more accurate but rather complicated method would be to k
fit the vibrationéI—energy profile at the reaction shell by a
76

Morse function

~
0
Ve ’rBC) = Vet

-2
1]

DeLexp{vZB(racfre)}32exp{-5(rac-fe)}]- (43)

The ZPE is again determined agcconding to eq.(36), with

= (v sdr BT = 20 8% (44)
il v BT ", - e
BC e
Rankin and MiTTer70 have derived analytical expressions from
b

the Morse equation, correlating ¢ and rge in terms of action-
angle variables. Recently, it was also pointed out79. that a

uniform phase distribution (38} can be accurately generated,

if the trajectories are always started on the reaction shell
with constant ¢°, by introducing the relative translational

energy Tg only after a pre-determined period At=tAd/2T.

An improved procedure for sampling the vibrational phase has been given

by Porter, Raff and Mil]erJﬁk
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2.5.3 Initial and Final States.

0f the four semi-independent variables 9y> 9z bl, PR
conditions a and b of Sec.2.5.1 constrain the initial values
pg and q? respectively. The initial values chosen for the true
independent variables (T: and ¢°) further determine those of
the coordinates and momenta. Summarizing the relationships in

proper order of evaluation:

qg = rgc = re - Aisin(¢?); (i=1,r)s (45)
q) = rag = °° - Ggmc/(mgrme)s (46).
Dg = - (Z%EHA’BC)%; . ‘ (47)
Ty = E/V(_-/VS = 2PE - V(g a3) + V g3 (48)

-
b
=

0 _ P 0
rpz =t (ZTVLBC) + mBUBCpla (49}

where + is the sign of }BC in accordance with the definition

of the phase angles (cf.Fig.5 and Sec.2.5.2).
The final kinetic-energy terms are determined from egs.

(32) and (33), and the product vibratignal energy, E;=TV+V -Vref’

converges to a stable vatue as the system leaves one of the

valleys. Quantization of product vibration is achieved according

to the mean-value method51-54, by assigning the product guantum

number n an integral value v;'ghch that

%(Ev+Ev—1) 2 En

) %(EV+1+EV)’ (50) \

where the values Ev are obtained from eq.(36), and are listed

with the cut-off values for E; in Table III.
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2.5.4 ‘The Computer Program.

The original program was written by Hulse, Jackson and
wright66’73, and was modified to aliow the systematic,variatioﬁ
of the phase angle and different mass combinations. It was also
‘abbreviated and optimized to reduce computer time and storage
requirements, and adapted to the IBM/0S-360 system. FORTRAN
listings of the basic program are given in Appendix I, with the
input and output data for a sample calculation. Options include
the use of an internal CPU tiﬁer, punched and/or printed output
after NPRINT iterations, on-line and graphical trajectory plots,
back integration, etc. Calculations were performed on the IBM/
0S-360 (batch) and XEROX Sigma S (time-sharing) systems. The
program was written in the doub]e—precisidn mode, and is briefly
outlined below. |

The computations are started by ge:erating the initial
values of the coordinates and momenta according to eqs.(45) to
(49), within the MAIN program. The potential energy is evaluated
in SUBROUTINE POTIN from egs.(34) and (35). The equations of
motion are numerically integrated in SUBRQUTINE DBASH, by use
of an Adams-Bashforth fourth-order predfctorfcorrector method,
with a three-step Runge-Kutta start-up, and a fixed step size80
The time derivatives of the coordinates and momenta are caiculated
in SUBROUTINE DERIVE, according to egs.(29) and (30), where:

-

oV

— = expi-alryg*rac)il Z {Z(qu AB rBc)}
g . e

- z {Z (CijrABr;C)}]’ (51)

ied =0
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av -1 : i
= exp( C)[ Z {1C1 ar - A J(C.r
BT‘BC g
i . i i-1
+ exp{ta( }[ zl{go (1CijrABrBC i
3 =1
- { 1(C } 52
;Z.O‘J(MABBC)I- (52)

In these equations and others related to the SSMK function,
e.g. eqs.(34)and (35), the convention rABZrBE is used. Thus,

rag=91> Tgc”92 for configuration a, and rAB=q2; for c.

"gc” 91
The evaluation of product vibrationaf energy has been described

in Sec.2.5.3, and also takes tﬁe product configpration (a or c)
into account, through fhe definition of the reaction channel,

x=0 (unreactive, configuration a), x=1 (reactive, configuration c).
At the end of each trajectory, the final parameters are printed
out. These include the final coordinates and momenta, the reaction
time tR, the reaction channel x, the total energy H, the potential
energy V', the kinetic energies T', T% and T;, and the vibratfcnaT

energy Eﬁ‘ The computations require ca. 2.5 CPU seconds per 100

iterative steps.

2.6 Collinear H+H2, Results and Discussion.

» 6.1 Reactivity bands at ¢%= 0°.

The final parameters tR, ¥, and E; were selected for analysis.
The general method of investigation was to hold 6° constant and
to vary the translational energy Ti systematically. Graphical
methods were then used to record the results and to analyze the

data obtained. The details of the method will be described below.

\\Qr#
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The results of the first series of calculations at ¢°=0°,
with E9=ZPE, rgp=5.0 R, and rQ =r =0.7427 R are plotted in Fig.6
as a function of Tg. At "low" energy resolution (ATg=0.02 eV)
there is 2 definite separation into reactive (R) and unreactive
(v) regions,‘as chown in the upper part of the figure. Thus, no
reaction occurs until the threshold is reached, and several
regions of alternating reactivity are then observed between
0.36-0.60 eV (R), 0.62-0.68 eV {U), 0.70~1.04 eV (R), 1.06-2.0
eV (U). This is the clearest demonstration of what are termed

reactivity bands, which are similar to the regions of “direct”
49-53

feactivity reported in thé literature When the reﬁoTution

is increased to determine the Tocation of the band boundaries

to within 0.005 eV, it becomes apparent that except for an

"anomalous peak" at 0.44 eV, a peculiar rise near 1.8 eV, and

the splitting of the peaks near 0.68 and 1.04 eV, the time peaks

accurately mark the boundaries between R and U regions. Such an
> 53

observation was also made by Duff and Truhlar in terms of

-fncreased complex life-times, and can be seen in the original
work of Wall et al.>’.

In- Fig.6, a close parallel exists between the reaction time
(solid line) and pro&uct vibrational energy (dashed Tine). This
is easily understood from the conservation of the tgtal energy:
if Eﬁ is large, less translational energy is avai]aglg for the
separation of the products, and the system spends a longer time
tR within the reaction shell. However, the E; peaks are not quite

as sharp as the tR beaks, and do not coincide as closely with

the band edges.



&

Figure 6

Results for co1]inear-ﬁtH2, ¢?.= 0°.

The reaction probabi1ity,“reaéﬁia§
time and product_yipéftfnna1 energy ~ <

ST
FesaniTial ™,
3
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For the -purposes of the present study, the behavioraof the
time curve (preferred to that of En) allows the. pred1ct10n of
where a band boundary may occur. The.energy resolution is then
increased in the region of a time eeak, to.determﬁne the break

points more accurateTyag'Sl.

The simplicity of the results is quite.surprist;g, in that
oe1y two relatively narrow reactive bands are observed over the
" wide range of energy studied (0-2. 0 eV), and in that such a
clese correspondence between tR and.Eé is found. A scan at htqher'
energies (uprto 10 eV) did not reveal any other react1v1ty bands
of'struetures in the tR and Ea curves, which je also surprising
as an increase in reactivity would be eibected with/increasing
energy, from a consideration of eq.(3): -
e The reaction time (left-hand scale) indicates that‘ne long-
Tivee collision complexes are formed, since the increase 1in tR
near the band boundaries can’be attributed to the increase of

(r1ght hand scale) in the same regions. The product quantqﬁ

number n, 2as determ1ned from the procedure outlined in Sec.2. 5.3,
is also shown on the rigﬁt hand side of the figure, and reaches
a maximum (n=3) near 1.8 eV, dropping down again to n=0 at higher
energies, but steadily increasing again-et very high energies
(> 7 eV) to approach the d1ssoc1at1on limit beyond 10 eV.

A number of intriguing questions rema1ned to be answered
about the dynamic behav1or at the band edges and anoma1ous time

peaks, and about the mechanisms of product v1brat1onal excitation,

occurring ‘at these locations.
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2. 6.2 Individual Trajectories.

37 and time vs. d1stance d1agram565 were o

Trajectory plots

helpful in understand1ng the}#pec1f1c features of the results
obta1ned F1g 7a shows a react1ve trajectory at the threshold

(0 347 eV), where the product has essentially its ZPE Th1s is.
53,54

related to the fact that the trajectory is symmetric

-

The system crosses the dividing 1ihe‘along the direction of

the Hé asymmetric stretch, slightly above the saddle point 0%).
‘Considering the barrier height (E =0.493 eV) and.the ZPE (0.269 - o
- eV), the resu1ts of various other workers48 ,49,51-54,65 are | o

confirmed, in that the contribution of vibrat1ona1 energy to

motion over the barrier is ca. SO%J

/ - L
C1ass1ca11y, product energ1es tess than ZPE are a11owed. -7

Fig.7b shows the trajectory at 0.56 eV, where the product has \ ‘
essentially no vibrational energy; This is of interest in the

determination of the optimum crossing point of the dividing

line for translational excitation of the product. The direction

of motion is still p%edominéntly along the asymmetric stretch,
but the crossing point is now close; +han the saddle point to

the orig}n. typical of the “hobsled éffect"62’71 and the location
of the centrifugal barrier54’71. More genera]iy,’product vibra-
tional excitation‘is cIoseTy related to the energy-content of

the symmetr1c stretch1ng mode, ;¥ the centrifugal potential is
also taken into account54 715 81. The effecttve potential curve'

for vibration is then shifted closer to the origin, with 2

minimum located at the point where the VARP crosses the dividing

.



-

s
line (tentr1fuga1 barr1er 'Iocat"ion)s4 81, 82. The trajectories

-, in Fxg 7a*b both have 1ittle kinetic eénergy along the symmetric ._ -
stretch, ut the one at 0.347 eV (Fig. 7a) crosses at a point of
higher effect1ve vibrational potent1a1, whichgresults in product
vibrational energy. Both traJector1es do not undergo ref]ectwons

" on the highly curved parts of the reaoi1on channel in the transi-
tion state region ("corner cutttno“43), so that no excessive
translation-vibration energy transfer occurs and the v1brat1ona1
enerqgy of the products is d1rect1y related to the energy content
of the symmetr1c stretch. '

3Fig.7c shows *ih. a trajectory near the end’ of the anomalous
rise in tR at 1 8 eV The system crosses the d1v1d1ng 1ine with
a. Targe amount of excess translat1ona1 energy, haracter1zed by
a d1rect1on almost perpend1cu1ar to rge- It therefore spends

1ittle time on the product side of the surface, and is reflected
62
)

»

by the steep repuls1ve wa11 ("brick wall effect" back into

the reactant valiey. It recrosses the dividing line, before it

- Toses most of its kinetic energy by climbing the embankment

separating the reactant and’ product valleys. Hence, there is a

- cons1derab1e build-up:of potential energy, which is reggased
in the v1brat1ona1 mode as the system backs down into the reactant
a]]ey The peculiar shape of the discontinuity near L.B eV (Fig.
6) can now be re]ated to the’ high v1brat1ona1 content of the
"products”. when n=3. the system leaves the reaction shell.in
a direction.almost para]lel to it (Fig.?c), S0 that'a‘s1ight
change in Tt can cause an increase or decrease: in reaction time

)f- hy nearly half a vihrationa1 period.



*

Figure 7,
Typical trajectories for collinear H+H,, " é
A . -
¢? = 0%, resulting in different’product

vibrational excitation. (a) Adiabatic
trajectory at the reactive threshold, (b)
"optimum" trajectory in the middle of a

reactive band, (c¢) unreactive trajectory

near anomalous peak.
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To obtain a better'understanding of the dynamic behavior

when a band boundary is crossed, attenékon is focussed on the
band edge at 0.61 eV, where a single time peak is observed
(cf.Fig.6). Trajectories before, at, and after the reactive
to unreactive (R+U) transition are shown in Fig.8a-c, where
the reaction path is followed by "sﬁapshots" of the mass-point
moving on a skewed 3-D plot of the SS%& surface73, at time
inte:xgls of 0'155. Fig.8a. shows that the trajectory at 0.59
eV i&\:sg;;iﬁﬁ and nearly symmetric, therefore resulting in
product energy, slightly less than the ZPE. However, it is qf
s different type than the trajectories shown in Figs.7a,b, 1in
that it is reflected several times in the transition state
region, before clearing the bend agd entering-the prodhct
valley. Bt can therefore be c1ass{fied as a "corner-hitting”
trajectory, as opposed to corner cutting.described above.
More éenera11y, corner-hitting is associated with most .of the
motion in the transition-state regibn ditected along the sym-
metric stretch, but not necessarily with high product vibras=
71,81

tional energy. Reflections on points of high curvature

prombte the energy flow between normal modes of motion, so

“that tq%.system "loses its memory" about its energy content
" in the symmetric stretch, by undergoing-one or more reflections

. after crossing the dividing line, but before entering the linear

part .of the product valley. The reactive tréjectory in Fig.8b"
(0.61 eV) is an even more extreme example of corner hitting,

typical of trajectories at pand boundaries. It is first
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refiected on the slightly curQed portion of the embankment
(reactant side), to a point of high curvature on the steep
wall, near the dividing 1ine (product side). It then travels
along the ridge separating the reactants from the products,'

as if in doubt which side to stay on. It eventually remains
on:the product side, and climbs the embankment along the
dividing'line, to end up with high product vibration, and
consequently with an increase 1in reaction time (see'Sec.Z.G.l).

The unreactive trajectory at 0.63 eV (Fig.8c) is reflected
even further down the curved part of the embankment, and as a
result it hits the steep wall nearly perpendicularly. It is
then reflected on aAmost an {dentica1 path, back into the
reactant valley. (Td aid in following the trajectory, the
reflected path is indicated by open circles.) The prediction
of product vibrational energy should again be related to the
location and direction of motion at the re-crossing point, but
is complicated by the subsequent refleétion on a curved portion
of the embankment.

From the discussion of Figs.7 and 8 it 1is clear that the
1oca1rdireﬁtion of motion at the dividing line determines the
attributes of the products (regctive.or unreactive, high or
lbw vibrational energy, long or_short reaction times}, if no
complications in terms of subsequent reflections on curved
contours occur. For reactive HtH, trajectories, comp1ex béhavior
(including md]tip]e crossings of the dividing line) only occurs
in the vicinity of band edges (cf.Refs.53,54,70 and the next

section). i -




Figure 8

Trajectories on a skewed 3-0 plot of the
o}

SSMK surface for collinear H+H2, ¢? =0
before (a), at {b), and after‘(c) a band
boundary. In {a) and (b) the reactants
enter at the right and exit at the left.
In (c) the reflected trajectory appears

as open circles.
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0.61 eV

)
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2.6.3 Statistical Regions.

The splitting of the peaks near 0.68 a;;y1.04 eV- (Fig.6)
is due to "statistical® behavior of the trajectories within a
narrow range near some band edge551'54’71’83. This is apparent
when these regions are studied under higher resolution. Fig.9
is a magnification of the region near 0.68 eV with an energy
resolution of 0.0002 eV. There is now a subdivision into many
reactive and unreactive bands, and a de%inite coincidence of
the time peaks with the band edges. Again, a close parallel

exisfs hetween the tR

and Eﬁ curves {not shown) and, typicaily,
about half the trajectories are reactive within é region which
.is ca. 0.01 eV wide. This behavior has been termed statistical
in previous studie553’71 and has been treated accordingly, as
opposed to direct scattering where the individual trajectories
are completely defined.

Figs.10a-d show some trajectories at 0.6844,0.6838,0.6852
and 0.6366 eV, demonstrating the complexity that can occur, and
the totally different ocutcome of the collisions that can be
obtained with slight variations (0.0004 eV) of Tg,-in these
statistical regions. Thﬁs, within the narrow range of 0.0016 eV
(Figs.10a-d), reactive and unreactive trajectories.ﬁith'very
different product vibrational energies can be observed. Multiple
collisions {multiple crossings of the dividing line) frequently
occur, resulting fn shdrt-1ived collision complex formations4

This result has also been specifically associated with the




Figure 9

Fine .structure of band boundary,

at ¢§ = 0°, Tg = 0.68 eV.
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BLOWUP OF PEAK AT 068 eV




Figure 10

1 [
Typical complex trajectories in the

statistical region at ¢%=0°, T§=o.ss ev.
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(a) : %
£70.6844 eV . 79=0.6848 eV é
(c) (d) .
To=0.6852.¢ T9=0.6856 eV ’
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behavior in statistical regions, by several other wérken553’7lx83:' -
Complex formatiom is 'generally discussed in anaiody to nuclear
physics, in terms of quasi-bound stafes or resonancé519’53'57’70’ <’"
71,81,83-85 1pe trajectories in Figs.l0a-c are seen to‘executej
several vibrations in the product region, but are then turne&
back to recross the dividing line. Pechukas and McLaffertyss,
dnd Rankin. and M111er70.suggest that such behavior is-related to
roughaess- of the surface contours near the tranQ%tﬁon state.r

For H+H, the general behavior, expected for reactive H+H, tra-
jeftories, js -as shown in Fig.10d, where once the dividing . line

is crossed the trajectory will continue to stay on the product
sidess’ss. Figs.10a-c indicate that even for the extremely well-
behaved SSMK surface the_dynamic behavior_of H+H2 is unpredictable .
and multiple collisions can occur, if reflections in the region

~of highest curvature are invglved (Fybical of extreme corner-
hitting at band edges). It is therefore understandable that more
comp]iéated behavior and wider statistical regions are observeﬁ*

for the Wall-Porter surface551’53, where the surface contours

are bent around the transition state63. For the LEP surface, an

actual well exists on top of the barrier27, and the results of ‘

trajectory calculations on this surface37 can be interpreted in

terms of one large statistical region.

(.

2.6.4. Variations of the Phase Angle.

~

By setting Eg - 7PE, rRB - 5.0 R and varying Tg at diferent

¢9‘va1ue§, the band behavior as a function of ¢° and Tg can be

[



followed. The results of these calcu 4tions can be conveniently

presented in the form of composite {plots, -such as;Fig.lla-h,

¢ where the t® curves for eight diffe

nt phase angles are shown,
_"and where the reactive and unreactive\regions are indieated By
solid aed ddshed 11nes respect1ve]y T e individual tR curves
were generally obtained by usimg an energy resoTut1on of 0.04
reV over the whole Tt range, and 0.01 eVl near the t1me peaks
Tﬁe‘thin-1inesrused to interconnect the time peaks in Fig.1ll
demonstrate the continuous shift of the time peaks and the

reactivity bands witﬁ ¢°. In fact, this continuify extends-‘

beyond a s1ng1e 360 1nterva1 Thus,. the anomalous peak at -

= " SN i
0 0 43 eV) is cTearIy related to Yhe opening of an- unreact1ve
‘ band at (180 ,0.49 eV). The reactive to unreactive (R+U) edge
“ of this band becomes the peak at (0 ,0.61 eV), which sgbsequent]y

chifts to (180°,0.75 ev), (0°,1.081 eV);>(180°,1.36 eWw), and” -
finally ends up in the other anomalous rise near (Oo,i.8 egx.

in this way, time peaks at all ¢> are, either direct]y or N ‘

indirectly related to the presence of\i_Pand boundary. W1th
“increasing ¢ the anomalous peaks torrespond to the beg1nn1ng
of an unreact1ve band, or the term1nat1o#°5f a ?eect1ve band.

A similar continuity 1is shown/jﬁ Fig.1l2a-h for the product
vibrational energy E;Q The generelizations'fer ¢°=0°.$y€ thus .
observed to apply for all phase anfgies:

a. Separations into reactjve and unreactive bands occur.

b. The band edges are accurately marked by time peaks. =
¢. A close para11e1 exists between tR and E' curves. -
d. s;at1s§?ca1 regions occas1ona11y occur at the ‘band edgesz’

- . . ‘\ \ . //.\ . . . i -

[N
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’ - CFigure 11
Reaction time_at”various' phase angles.
8 %, ..
Solid lines indicate réactive, dashed
lines indicate unreactive trajectories.
-_\ ) .. . e
Thé thin solid lines interconnect the

time peaks-and show how thé bands *355 '

i
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Figare 12

Product vibrational energy at various phase
angles. Dashed T1ines interconnect the peaks

to show the continuity with ¢%.
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e. A reactive threshold occurs at 0.35 *+ 0.01 eV, and a high- "~
energy cut-off is always observed.
In addition, the generalizations about individuaﬁ trajeq&fries

and statistical regions also apply, together with the further

observations:

f. Except for the reactive thresﬁold, all features of the final <
parameters shift to higher Tg values with increasing ¢°, in
a continuous and cyclic manner. - .
"g. The tR and Eh curves retain their characteristic shapes at
all phase apg1es;cqrresponding peaks are easily recognizable
from phase angle to phase angle.
K. The statistical regions tend to broaden at higher energies,
but never exceed 0:06 eV.
These generaTizations_have important practical significance:
each individga] trajectory csntributes +o the precise location of
the breakpoints in reactivity, téaetion time and product vibration.

Thus, the determination of the band boundaries at a particu]ar_¢°

is aided by following the tR curve obtained with a rough Tg'grid, ‘

and increasing the resolution near suspected discontinuities only. 1
Further, the band continuity property allows the prediction of
the location of time peaks and possible band boundaries.,at many
- phase angles, once the time peaks have been accurately established
at one particular ¢°. Resolution may then be directly increased
in these suspected areas. This allows a very precise picture of N
\

the total react1on probab111ty to be-obtained with relatively few

trajectory ea1cu1at1ons, the accuracy of the results s Timited

“only by the width of the statistical regions.
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2.6.5 Reaction probabilities.

For purposes of obtaining the reaction probabilities, 2
only thé location of the band boundar{es as a function of ¢°
and Tg need be considered.-The.reaction probability as a function

of'Tg can be written as

PET(Tg) = pR(¢>°,T‘t’) F(o°) do°, (53).
where the subscript OT indicates that all transitigns from
reactants in the zeroth vibrational energy 1eJe1 to products
in all vibrational levels are considered; the superscript R
denotes that only reactive';ransitions are of interest. fhe
individual reaction probability pR ijs unity, if artrajectory
at a particular (éo,Tz) 1streac;ive; otherwise it is zero.
The probability distributien function F(6°)de® reflects the
probability of encountering the reactant molecule between the
phase angles ¢° and ¢°+d¢-0 at the reaction shell, and 1is
directly proportional to the tyme ispent by a transiationless
s}stem within this interval 4¢°. For the double harmondc
appfoximation, eq.(42);can be written in differential form,

yielding

—

L

F(¢?)d¢? = dt = = d¢? (54

T
A particularly simple method to evaluate eq.(53) is to use ‘a

graphical procegure, Fig.132 shows & map of the reactive regions
as a function o%\fﬂ-a;d Tg, where the location of‘the_band edges
has beegﬁtaken through'the center of the étatistica] regions,
and where the (f azis has been’scaled to reflect eq.(54). The

&




subscript I has been uséd to dénote that the ‘phase angles ¢?
correspond to the choice of reaction shell 1 (see Fig.5 and
further discussions below). Considering the explicit form of
the probability distribution function (54) and the definition
of the individual reaction probabilities p3(¢°,T2) = 0,1l as

"~ described abeve, eq.(53) can be written as

R iyl s oR R
Por = (me) (T84 * T,.80.) (55),

where 4¢. (i=1,r) is the width of the reactive region in terms
' of/iﬁitial phase angles in the different {compression and
},/éékehsioﬁ) intervals. Since the ¢ axis in.Fig.13a has been
[ sca1e§ proﬁortiona1 to Ty the total width of the reactive
\\\ regions at Sne péfticuiar-Ti value carresponds directly to
the right-hand side of eq.(55) multipliied by the length of
the ¢ a#is. Hence,the reaction probabiiity can be obtained
by direct graphic%] summation, yielding the solid curve in
fig.1l3b (QCSSMK)' This result is compared to the exact quantum-
mechanical (EQ*) and quasi-classical (OC*) results of Bowman
and Kuppermannsz, obtained from a Wall-Porter type of fit63

38b

to the scaled SSMK suyrface . The latter curves (dashed and

dotted lines) were shifted towards higher Tt87 teécadjust for ‘

-the lower barrier height of 6.454 eV38b’88. ATthough ﬁhe EQ*
resu1t§ seem to be rather well reproduced, the dip in the
proéabi1ity curve near 0.65 eV, related to the position of
the A{£§£ unreactive band, is an artifact of the erronecus

-choice

ff the reaction shell I. AS is evident from Sec-2.2

and confirmed by the results of translationless trajectories



Figure 13

{a) Plot of reactive (shaded) and unreactive
.regions as a function of ¢° and Tg.

(b) Total reaction probability PgT obtained
by graphical summation from (a}. EQ* and QC*

. are thé quantum and classical results of
52

Bowman and Kuppermann

\J
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(see Table 1IV),pure vibrational motion does affect
Rp.8C Hence the probability distribution function
valid only for RR,BC = constant. In a second serie
ca1culation§, reaction shell Ii (ﬁg;ec= 5.3714 R,

was used. The detailed results of these calculatio
bgen pub1ished89, and differ appreciably oniy with

0 R i .
t p1o; and the POT curvef whi

to the linear ¢®%vs. T
{n Fig.l4a and b. The dashed Jateral lines in Fig.
that ident1£a1_resu1ts can directly be ob{ained fr
calculations by evaluating the shift &¢= ¢?I - ¢?
displacement ARA,BC_betweeﬁ the reaction shells I
discussed in Sec.2.5.2,following eg.(38). This inv
computat1on of the displacement ARA BC at various
and the evaluation "of -the phase shifts 2&¢ as a fun

and TE. NO add1t1ona1 trajectories need then be ca

since the relationships ;;?Ween phase anglies ¢II 0

- shell Il and phase angles ¢&§Pn reaction shell I a
\

as a function of Tt’ and thg pasitions of band bou
¢i’T0 determine the location of these band edges &
In Fig.l4b the corrected PST curve for the SSMK su
1ine), obtained from Fig.lda, is again compared to
Ed# curvesSz. The QCSSMK curve now shows no oscill

characteristic of the quantum results (the dip has

From'the(@bove discussion, it is clear that

1
a correct representation of the results should be

-

r but not

Ea) is
s of
see Fig.5 )~
ns have
respect
ch are shown
14a indicate
om the earlier
from the
and II, as
olves the
phase angles
ction of ¢°
lTculated,
n reaction

- .

re established
ndaries at
t 9 Te-
rface {solid
the OC and
ations

largely

- e
qisappeared), iﬁﬁ is more reactive compared to QC .

from now on

given in terms




Figure 14

(a) Reactivity map for collinear H+H, with a
proper choice of the reaction shell (II).
éiﬁg dashed lines show the relation between

Tﬁ?’ and 411

(b) The correct total reaction probability,
obtained by draphical summation from (a),

* ¥*
compared to the EQ and QC results of

Bowman and Kuppermann5

XV"&B
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I

/

<4 . . I

of ¢II tather than ¢I. The results of ca1cu1at1ons w{\F“¢he
"accurate" reaction shell III have also been pub'!'lshed“0 and
wil® be discussed in Chapter 3, in conrection with other mass

combinations. The tX and E! curves (Figs.1l and 12) are still:

-

-t

valid representations of correct results of the present
investigation, although they no Jonger correspond to constant
@?I, except for ¢? = ¢?I\= 00,1800 (see Figs.5 and 1l4a).
/Simi]ar to the band—boundaﬁy'positi%ns, the specific product

S

attributes (tR and E;)‘can be directly tran??ormed tg different
‘choices of the reaction shell, by estabﬂ?gging,the Qéiationships R
of the corresponding phase angles as a function of Tt

In Figs.13a and 14a, the continuity of the reactivity
bands with ¢° and Tg.is efféctjve]y demonstrated. The cyclic
character of this band-continuity property ijs more evident in
the polar plot shown in F{g.ls. The angular and radial variabtes
are ¢?I-and Tg respectiye1yﬁand the band boundaries were‘again
Htaken through the <enter of the statistical regions. For all ¢?I’

the reactive threshold occurs at 0.35 + 0.01 eV {inner circle).

An unreactive band opens up at apprommately (1800 0.45 eV) and.” ‘

forms a continuously w1dan1nq so1ra1 The reactive branch of the
spiral (sh§ded) terminates near (340 .85 ev). Most of the high- “*1
energy region beyond 1.5 eV is unreactive, thus contributiﬁé to *)
the decrease of reaction probab111ty observed in Fig. 145,

Specific reaction probgbr11t1es Pg may be obta1ned by
speéifying a- prddhct'vibrationa1 quantum numﬁer n as'outlined

“in Sec. 2.5. 3 The add1t1ona1 information is collected in the

.rather comp11cated band plot shown in F1g.}6a. In this figure,

-

¢ . -



Figure 15

Polar plot of the total reactivity. Shaded |
' /

region is reactive. Radial coordinaF;:?f

! /

{(eV); angular coordinate=¢?I (degre§3)§ -/
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region U; indicates an unreactive region wifh product in‘the
1th vibrational state, and similarily for Ri (shaded). An
attempt has aliso been made to indicate the width of the
statistical regions at the baﬁd edges (dark shading)}. In these
rgg&ons the trajectories are considered to Le distributed
uniformly over all available Ui’ Ri state553’71; the highest
possible i is thereby determined from the adjacent direct
scattér{ng regions. From this map, the continuity of product -
vibrational energy in both R, U regions {s evident. Fig.léb
shows the specific reaction probability Pgo'for-the SSMK
surface, along with the corresponding EO* and OC* curve552
Dirgct graphical summation of the w{dths of the RO regions

in Fié 16a was carr1ed out to obtain this result. The QCSSMK
curve is again more reactive than the QC curve, and averages

the quantum oscillations. This is also true for the Pgl curve

shown in Fig.16c. The sz curve for the SSMK surface is also

shown in this f1gure The~energy thresho1ds associated with the
opening up of sp°c1f1c procduct vibrational 1eve1s are indieated

in these Figs.16b ard c by arrows Tabeled Tn52 pn the ordinate

axis. In general, the thresholds coergspond closely to the L

expected values:

_Lthld | e _
T, =T F (EpEg)

To summarize, the SSMK surface gives results ctomparable to those

. . ‘o 52,88
of previous calculations. on a similar surface™ *" 3

the QCSSMK
curves average the guantum results, and are somewhat more reactive.

than,the QC-cUnves,_aTthough rgenerally para11e1 to the latter.



Figure 16

(a) Vibrationally quantized reactive (Ri)
and unreactive (Ui) regions, with product
in the i vibrational box. )
(b) Pgo reaction probabilities,

(¢) PR. reaction probabilities.
01
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The results of the collinear trajectory calculations for

2.6.6 Discussion.

the H+H2 reaction were shown to be of remarkable simple form, ~
when reactivity bands and the structure of the final parameter
curves are considered. txcept for the statistical regions,
the outcome of individual trajectories with varying initial
parameters seems to be very predictable, once the results for
a few phase anglies have peen obtained.:The co1nc1dence of the

' band edges with tR peaks, the otherwise spooth and quite predic-
table behavior of the tR curves, and the band continuity property
with increasing phase angle have allowed the reduction of the
caTcu1a:ions to fewer trajectories than required in other 1-D
systematical and Monte Carlo methods of the same accuracy.
It was thus possible to cover a wider range of energies with

48-54’ and

a finer resolution, than in other detailed studies
this led to the observation of the high energy cut-off in reac-
tivity which is related to the quasi—ciassica] brick-wa]i effect,
and of many other, previously reported features, such as the

high product-vibrational energy near band edges, statistical
regions and complex behavior within these regions, etc. Most

of these features have s5een successfully interpreted, or made
plausible, from examinations of the individual trajectories.

The most important phenomena, the existence of reactivity bands
and thgir continuity with the variation of the phsse angle,
remain to be discussed.

o~

From skewed trajectory piotg e-9. Fig.8, it s seen that
‘ N . ) '

j ’

A
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the trajectories élong the approach coordinate {(reactant vai1ey)
have a distinct wave form, which appears to be very regular up

to regions close to the transition state. The wavelength of
}hese reactant waves increases with increasing Tg, bhut the
kmp1itudes are constant, since they depend on the jnitial
Vibrationa1-energy which is always eqda1 to the ZPE. The ortho-
goﬁa1 trajectory plots (Figs.7 and 10) also show these features,
but here the wave form seems distorted since the system cannot

be represented by é single particle in this coordinate system.
The products also show a wave form, buil with a large variety

of amplitudes. It 55 therefore appropriate to speak of a reactant
channel of chEtant width, up to the transition-state region,

and of a reactant wave, the wavelength and phase of which depend
on the initial conditions (Tg and ¢°). Such regular behavior

and generalizations of the type made in the discussion of the
trajectory plots, lead to the intriguing possibility that a priori
predictions might be made about reaction probabilities and energy
transfer_phenomena, from coq}iderations of the initial conditions
and local features of the surface near the transition state. It
seems quitetnatural that reactivity bands should occur, and that
the behavior of the tR and Eé curves is so smooth within the
reactive and unreactive pands, because the variation of Ti will
gradual]y‘change the reactant wavelength, and no sudden changes
can occur un1e§5 a corner hitting trajectory is generated. These
ideas will be pursued more quantitatively in Chapter 5, where

the shift of the bands with ¢° is explained, and a complete

discussion of the collinear case is given at the end of Chapter 3.



CHAPTER 3: COLLINEAR X, + HX

3.1 Introduction.

The collinear ‘4+H2 study was extended to include mass = °

omb1nat1ons of the symmetric type Heavy + Light-Heavy, where
the light atom is hydrogen and the heavy atoms avre actual or
hypothetical isotopes of hydrogen. The effect of chanaing

the mass combination 1is equivaient to 2 variation of the skew-
‘angle 0of the potentiali-energy surface model (see Sec.2.2), and
of the characteristics of vibrational motion of the reactant
molecule (ZPE,-amp11tudes, v1btat1ona1 period). The variation

of reactant vibrational energy could have been more conveniently
studied by staying with the H+Hé reaction. However, more drastié
changes in dynamical behavior are expected for djfferent mass
cdmbinations, due to differences in kinetic energy transfer as

predicted from simple mode1s45-47’68’91‘93,

For Heavy + Light-
Heavy mass combinations, an area of interest to previous workers
has teen thg possibility of vibrational relaxation through reac-
tive co1iision594'97.

Although unsymmetric mass combinations X+HY are generally
easier to study experimentally, the symmetric cases X+HX are of
greaier advantage in systematic trajectory calculations. Thus,
the scaling factor for the coordinate axes can be neglected (see
Sec.2.2), the reverse reactions need not be considered separately,
and the equations of motjon assume a simpler, symmetric form.

Moreover, the results could be expected to be of general validity

and easily extended to include unsymmetric reactions.
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3.2 Methods of Calculation.

As in the H+H, study, three series of calculations were

performed with different sets of initial conditi

-~

in Sec.2.5.1. In the first two series

pecified

the hypothetical masses 2.0, 3.0 10.0 a.m.u. were‘chosen to

represent X. In series IIl a switch was made to the actual iso-

bt 3

topes of mass 2.014 (D) and, 3.016 (T), while the hypothetical

mass 10.0 a.m.u. was retained. The potential-energy surface, .

.

computer prograﬁ and methods of calculation were identical to
those discus;ed in the pgeViéus chapter. The genera1izations of
Chapter 2 also apply for thisfpart of the rfﬁdy. In particular
the correlation between the three series of ca1CU1at1ons, as
discussed in Sec.Z2. 5 5, estab115hed that the resu1£s are essen-
tially identical, indicating thgt the slight mass differences

D-(2.0), T-(3.0) had negiigible effect on the final reaction

Falculations (I and I1)

probabilities. Free use of the results of all tﬁfge calculations

-~

is therefore made; the symbol 62 (i=1,11,111) will indicate
which results are refered to, and the cases studiec w111‘be
labeled H+HH, D+HD, T+HT, and 10+H-10. The specific 1n1t1é7
conditions are characterized by the parameters for vibrational
motion (Ai,fi,andTZ?E), and by the reaction shell radius (po),

the equilibrium distance at the reaction éhe11 (rg), and the

potential enéi?y at this point (Vref)‘ These parameters were °

cummarized for series I and Il in Table 111 (Sec.2.5.1). For
ceries 111, they are 1isted together with the skew angle (&),

the reduced mass (uA BC) and the integration step size (at) in




. Table V. For H+H2 the reaction shell III was chosen to pass
through the absolute minimum of the surface; for the other .

cases it passes nearby. The values of rgeo v A. and T,

ref’ 1 i

are markedly dependent on the exact location of the reaction
shell (comparé to Table I1}. The vibrational energies are
calculated from eqg.(40), using the published surface constants38,
and are therefore independent of the choice of the reaction shell.
(The slight differences in mass D-(ZLO), T-(3.0) introduce
negligible variations in the ZPE.) The skew angle is calculated
from eq.(21) and is again unaffected by slight mass differences.
Integration step sizes were 2.0x10-165 except for I0+H-10 where

it was increased to 215x10'165 to retain a good balance beiween
accuracy and computer time. In general, the total energy H was
well conserved, averaging a constancy of 2 parts -in 104. The
accuracy increases with increasing mass X, but decreases with
increasing Tg. At a band edge larger fluctuations in H occur,

up to an order of magnitude larger thaﬁ for stable trajectories.
The largest round-bff errorss occur at the turning points of the

trajectories, especially when large changes in velocity are

invaolved.

3.3. Results and Discussion.

3.3.1 Reaction Times.

The reaction channel, reaction time, and product vibrational

. . . ) . 0" -
energy were again obtained:as a functmon_of.Tg—at varieus .¢ . The
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Nata Characteristic pf X+HX on Reactiom Shell 111
#
%
\\f )
H+HH D+HD T+HT 10+K-10

rag/R 3.5000 3.3768 3.3153 3.1976
r2./R 0.7414 0.7411 0.7410 0.7408
V_ ¢/eV  -4.62358 -4.62355  -4.62339 -4.62277
AI/R 0.1066 0.1000 0.0975 0.0934
AL/R 0.1399 0.1289 0.1246 0.1180
/T 1.406 1.382 1.371 1.341
ZPE/eV 0.2686 0.2331 0.2200 0.2000
Eg/ev < 0.5251 0.4971  —0.4319 0.3934
E/eV < 1.022 0.8931 08450 0.7713
Es/eV < 1.487 1.305 1.237 1.131
Es/eV < 1.919 1.693 1.607 1.474
Ea/ev < 2.319 2.056 1.955 1.799
£/deg. 30.0 41.8 48.5 65.3
rtx10387s 2.0 2.0 2.0 2.5

by pc/2-meu. 672 1.2086 1.7239 5.2399
® 0. 3.8707 %, see Sec.2.5.1.

p =

R
A
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same kind of behavior as fo} the H+HH reaction (Sec.2.6.4) was
observed. Fig.17a-d shows the reaction time for D+HD as a func-
tion of Tg. Except for a compression atong the'Tg axis, the
general features of this plot are nearly id;nticaT to those

shown in Fig.lla-h for H+HH. Thus for ¢? = 02 and D+HD (H+HH),
regions of alternating reactivity are found at 0.35-0.52 (0.35
-0.61) (R), 0.52-0.60 (0.61-0.69) (U), 0.60-0.78 (0.69-1.04) (R),
0.79- 2.0 {1.04- 2.0) (U), and anomalous ireegularities occur at
0.39 (0.43) and 1.17 (1.8) eV. The reactive thresholds coincide

at 0.35 eV, but different cut-off energies are observed at 0.79
(1.04) eV. Viewed in this light, the results for T+HT, shown in
Fig. 18a d, can be recognized as a further contraction of tﬁe bands
towards Tow 19, and a new reactive band appearing at high energ1es.

'V.

Figs.l%9a-d for 10+H-168, which seem very comp11cated at first
‘glance, can then be understood as a co;t1nuat1on of tHis contrac-
tion pattern. The Tow- energg‘bands have been crowded very .closely
together,-and many high—en%f@y bands have appeared in the Tange
petween 0.5 and 2.0 eV. , view of these results, if seemed highly
probable that high-epergy reactive regions exist‘for H+HH and
D+HD. The H+HH reaction was inQestigated up to 20 eV'without any

indication of high-energy reactivity, but a scan along ¢? = g°

did reveal the begénning of a reactive band at 4.45 ;b for D+HD
extending beyond 10 eV. These results are summarized in Table VI,
from which the contraction pattern is also evident for the h1gh-
energy reactive regions. Thus, no cut-off energies are observed

for D+HD and T+HT, but for 10+H-10 no reactivity is observed at

any ¢? beyond 2.2 eV.



Figure 17

Reaction times for D+HD at various ¢?._

reactive;  ==—===- unreactive.

3
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3.3.2 Reaction Probabilities.

The tota]/;eaction probability PgT may be obtained by
the methodidegfribed in Sec.2.6.5./RLQ&§QE\shows the linear
¢§II vs.iT% Hend pﬁnt for H+HH. The results for this series
of calcuiations assume a particulari¥simple form, in whieh
fewer reactivity bands are present in the linear band plots.
This can be understood from the dashed correctio; lines, shown
in Fig.?20a correlating ¢?I = 0° to ¢?II a; a function of Tg.
The correction Tines for other ¢?I are paraltlel to th one shown,
since the distance between reaction shells II.and III is the i
sam fqr all phase angles: A BC QII DIII = 1.5 R (see also
Fig.p where reaction shells® II:and,III are parallel to each other).
In Fig.20z the correction Tine for ¢?I = 0% starts at ¢?II = 360°
Ty =0.34 eV, crosses the threshold near %500,0.35 and the first
{R—U)-boundary at 200°, 0.62 eV. This indicates that in 2 3
VS . Tg bandplot, the f%rst reactive region at 0? should extend
from 0.35-0.62 eV. From Fig.l4a, it is seen that this is indeed

the case. Following the correction tine in Fig. 20a to the end

near 2950, 2.0 eV, the results for ¢?I = ¢? = o° (see also Table

VI) are faithfully reproduced. . - With:@ many such correction
lines for many phase angles ¢?I drawn in Fig.20a, all parallel

to one anofher, the complete Fig. 142 is reproduced. Thé effect
of transforming Fig.20a into Fig.14a,using such correction lines,
will be to extend the plot along the ¢?I axis, yieidind narrower

reactivity bands but extending over a longer ¢° range at constant.
0
t’ _
will automatically lead to identical reaction probability curves,

T The fact that the correction lines at all ¢?I are parallel
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which are indéeed observed {(compare Fig.20b to the QCSSMK curve

in Fig.14b). This verifies that the correct probability distribu-
tion has been usedss, since the oﬁtcome is iﬁdependent of the
choice of the reaction shell. It also shows that the relative
and angular velocities (cf. Sec.2.5.2) can be considered to be
constants of motion outside the reaction shell. The switch to

the smaller reaction shell radius (IT—I1I) therefore not only
reduces the computer time, while increasing the accuracy (cf.
Sec.2.2), but also simplifies the form of the band plots. This

is also true for the higher mass combinations, the results of
hich are shown in Figs. 21 to 23 in the form of ¢y VS- T
and PST(Tg) piots. The correction lines for ¢?I = 0° are also
shown to simplify the cérre]ation of these diagrams to the

tR vs. Tg curves of Figs.17 to 18.

Fig.21a shows that the results obtained for D+HD are very
similar in shape to those égr 4y+4H (Fig.20a), but the tetal
reactivity (area of the shaded regions) has dropped caonsiderably
because of the shrinkage of the bands along the Tg axis. This is
also reflected in the probability curve.in Figq.21b, which like
the H+HH curve'(Fig.ZGb) rises stee;Ty at the threshold to a
value of 1.0, but then drops off more rapidly to reach zero at
1.1 eV. For T+HT, the results again refiect the consistently
shrinking pattern, when the appearance of the band at high ener-
gies is jgnored.(Fig.22a,b). Again the same general shape of the

low-energy bands is evident, although they have become. much

thinner, and the probability curve still shows the same behavior
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Figure 20

(a) Linear reactivity map for collinear
H+H, as a function of ¢?II and Tg. The
correction Tines (dashed) relate ¢?I=U°
to ¢?II’ and paraliel correction lines
can be drawn for other ¢?I'

(b) Total reaction probability obtained

by graphical summation from (a) is iden-

R

ticel to POT

(0Ccqyy) in Fig.14b.
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-Figure 21

(a) Reactivity map for coliinear D+HD (III).
(b) Total reaction probability curve.

(-=---- ) ey = 0°%.
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Figure 22

(a) Reactivity map for collinear T+HT (III).

. ) L
* (b) Total reaction probability curve.
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Figure 23

{a) Reactivity map for coilinear 10+H-10.

(b) Total reaction probability curve.
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as was noted above for D+HD, with an even faster decline to zéro.

The high energy reactive band then introduces 2 remarkable

phenomenon, in that the reaction probability is zero over a wide
range (0.85-1.68 eV), and then starts to increase again at higher

energy. Under experimental conditions such a sehavior could be

explained By two different reaction mechanisms, €.9. rebound at

.jow engrgies and stripping at kigher energiesgg. In collinear

brocesses, the collision is always head-on, so that a purely
dynamical effect must account for this peculiar behavior.

For 10+H-10 in Fig.23, the region of zero reaction proéabi1ity
persists, but over a much narrower range (0.48-0.53 eV). The

jow energy bands have also narrowed considerably. The. correction
1ines are much steeper in slope than for the previous Cases (this
is because the relative velocity of the 10+H-10 system is very
small at a given energy); they indicate the complicated form of
the results obtained with the larger reaction shell II, narrowing
the low energy bands even further, and giving rise to many mare
bands at high eﬁgtgl\(see Fig.1%8). The reaction probability cuéve

(Fig.23b) shnustﬁmmﬁgistinct:reactivefregions, separated by the

narrow range of zergfreaction probability. The first (low energy)
region 1is clearly ré1ated by shape te the neipst" reactive regions
of the previous Cases- The second reactive region is now for the
first time presented in more or less complete form. It is seen
that it gradually rises to reach total reactivity (PgT=1.O) at

0.95 eV, but drops down again at 1.2 eV to gradually reach zero

by 2.2 eV (not shown). As in the previous case, this is a truly

remarkable behavior, never encountered before in such explicit



form in the literature on quas1—c1ass1ca1 calculations. Since
‘the sh 1nk1ng pattern with jncreasing mass of X is so consistent,
the same effect can be predicted to occur for collinear X+HX,
with X between-4 and 9. ' -
The results can be suymmarized more conveniently, as in Fig.
24a-d, where poiar reactivity plots for the different mass Ccom-
binatijons are shown. Owing to the continuity of the bands, the
reactive regions (shaded) assume & characteristic spiral form
for all mass combinations.'Furthermore, there is a striking
relationship between the 1nd1v1dua1 plots. Where the pattern for
H+HH is rotated and compressed, it -becomes almost identical with
the pattern for D+HD. Further compression and rotation generates
the inner T+HT spiral, and a continuation of this procedure will
yield the narrow inner-spiral for 10+H-10. The outer reactive
spiral,-the beginning of which first appears for T+HT, was 2l1so
detected at very high energies (>4.45 eV) for N+HD, and dominates
thé picture for 10+4-10. Symmetric mass combinations X+HX, with

¥ petween T and 10, are expected to show increasing portions of '

the outer spiral 1in the range below 2.0 eV.

tnother feature common to all mass combinations, at 211 phase
angles, is the threshold occurring at n.35+0.01 eV {inner circle).
Since the ZPE differs by 0.07 eV between HH and H-10, this
constancy of threshold energy is & surprising result. A more
general and quantitative discussion of this phenomenon will be
given in Sec. 3.4.3 C.

F1na11y, the band continuity property and fFamiliarity with the



Figure 24
Polar reactivity maps for collinear X+HX.
The radial coordinate=Tg (evV); the angular
coordinate= ¢?II (degrees).

(a) H+HH, (b) D+HD, (c) T+HT, (d)-10+H-10.
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method allowed the determina;ion of the reaction probability
with an absolutely minimum amount of trajectory calculations.
Basically, a complete scan of onlyv four phase angles (¢0 = OO,
900,18d0,270°) js sufficient, initially with a resolution of

0.05 eV from 0.3 - 2.0 eV, increésing the resolution near the
time peaks until all (R,U) boundaries are defined to within

0.01 eV. A rough ¢° vS. Tg plot is dbtaiped at this stage. For
further refinements, calculations can be concentrated near the
suspected iocations of the band boundaries at intermediate phase
angles (45°,135°,225°,315°), which can usually be predicted to
within 0.05 eV, and near the ends of reactive spirals. If the
product vibrational energy is to be studied quantitatively, e.g.
to determine specific reaction probabilities Pgn or energy
distributions (see next section ), complete scans at eight phase
angles will suffice. In this way, Figs.20-22 were gach generated
from abgut 4100 data points. Fig.23, with its narrow reactive and
unreactive branches, required about tWice-as many points. fThe
total reaction probability, shown in Figs.20b-23b, is e;timated
to be known to at least # 0.02 probability units. The compressian
of the bands with increasinag mass X also causes the statistical

regions to decrease in width. ™

L Y
3.3.3 Product Vibrational-gEnergy Distributions.

The product vibrational energies are not shown, since-they
are found to vary in the same way as the reaction times, also
in the second reactive regions. In fact, all the generalizations
made in Sec.2.6.5 fully apply. No specific reaction probabilities

-




were calculated, but product vibrational-energy distributions
were examined instead. According to the method of Fong and
Diest1er51, the fraction of the total eneray H, which was con-

verted into product vibrational energy, is defined as

fuip = Fvip/™ . (56)
with .
B = Mg I E500) (57)
where E;ib is the mean ;roduct vibrational energy, NR is the
. numbér of reaﬁtive trajectories at a given Tt’ and E%(i) is

the product yibrational energy at the ith discrete phase angle.
In this case no use of continuity was made, since a single number
is sought to characterize E%(i), and many graphical interpolations

would have to be made to determine Eé accurately as a function of

o]

& at many Tg. Since continuity of the bands has allowed the use

of only eight phase angles at each T$, NR will be a small number

(o;NRﬁa) and fv}b will be a crude measure, so that only -trends

0
t

mass combinations; discontinuous segments represent unreactive 1

will be significant. Fig.25 shows a plot of fvih vs. T, for all

regions. In spite of the approximate nature of fvib as measured

here, clear trends are evident in the plot:

a. In the first reactive regions, at increasing collision energies,
the fraction of total energy channeled into product vibration .
increases.

b. The fvib curves of the first reactive regions are clearly
related to each other by a compression along both axes for

'
heavier mass combinations.



Figure 25

Fraction of total energy which is product
vibrational energy (fvib) over the range
of Tg values. (——) H+Hy, (----) D+HD,
(eoeenn } T+HT,{------) 10+H-10.

Discontinuous segments: unreactive.
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Figure 26

as a function of 79 for H+H ahd T+HT,

vib t 2
assuming vibrational adijabaticity for all

f

reactive trajectories.
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c. In the second reactive regions- (T+HT and 10+H-10), fvib
initially decreases with increasing Tg, and for 10+H-10
it remains relatively constant over a wide range (0.8-1.8 eV),
increasing again at high energies.
In analyzing these results account must Eé taken of the fact.
that only relative fractions and not absolute values of energies
are being considered. 1f the reactive trajectories were strictly
vibratioﬁa11y adi;batic, with product n = 0 (reactant§ always
start out with ZFE}, the appearancé of the fi?é plot would be
as shown in Fig.26 for H+HH and T+HT only. Since the product
vibrational energy remains fixed at the ZPE, and +he total energy
increases (H = Tg + ZPE)}, fi?é is a smoothly decreasing function
of TD. Fig.25 shows that this behavior holds for H+HH and D+HD
only for a narrow region above threshold { 0.2 eV): This statis-

. . . 4
tical adiabatic behavior has often been observedll’s"71’81,

and
is closely associjated- with the fact that at low energies near

+he threshold the vibrationally averaged reaction path (VARP,

‘see Sec.2.2) coincides closely with the minimum-energy reaction

path (MERP). At highe; energies, the behavior mentioned in con-
clusion 2 tékes over, and it is striking that for H+HH,at energies
near the end of the first reactiy; region, almost complete conver-.
sion of excess energy into product vibration is achieved (fvib =
0.95). This unusual amount of product excitation was not seen in
the study of Fong and Diest1er5¥; owing to their restriction to
a narrower energy range (about 1 eV above threshold for various

Wall-Porter type surfaces). Wall and Portersz, who studied many

collinear mass combinations on & variety of surfaces up to 2.2 eV,




;report fvi& values as high as 0.65 for H+HH with initially

. vibrgti6n1ess reactants. The trend observed in conclusion a
can be understood from the generalizations made in Sec.2.6.2.

—At low energies, the VARP coincides closely with the MERP and
.rounds thé bend connecting reactant and groduct; valieys
cleanly. On the average, néactant vibrationa%~eﬂ€?qy is thus‘
;onfinuous]y converted into the symmetric stretch of the
transition state and into nroduct vibration, without much
conversién of translational into vibrational energy. At higher
energies, the VARP strikes the steep repulsive. wall facing the
reactant valley at increasingly perpendicular angles, with
larger amounts 0¥ eXCess reactant translationai energy converted
into'prod t vibration. Further, the product vibrational eneragy

] ) 9
ijs at a maximum near the band edges, as & consequence of corner-

hitting trajectories, which are especially effective in the

conversion of reactant enengy -into procuct ‘vibration. Towards ‘
the ends of the reactive regions, only few reactive trajectories

are observed over the whole ¢° range, all OCCurf%ng near a band
edge. It 1is therefore reasonable to assume, that the maximum

fv;B values at the end of the first reactive regions (see Fig.26)
reflect the minimum amount o%hbroduct translational energy
possib]é. By the princip1e.of microscopic reversibi1ity the
absolute minimum of product translational enerqy should be

~equal to the reactive threshold for ,the reverse reaction, i.e.

with reactants starting out with Eé. Wall et a1.37‘and mith'

and Nood100 have shown the decrease of the reactive threshold



with increasing reactant vibrati§§§1 energy. 1he observations
made in bonclusion b can then be understood as f011ows.-The
contraction of the first reactive regions along. the Tg axis
with heavier mass combinations simply refiects the contraction
pattern of the reactivity bands mentioned in the preceding
sections. This contraction indicates that the brick wall effect
“(see Sec.2.6.2) is encountered earlier (at lower Tg) for the
heavier mass combinations. The light atom B in the middle is
more easily gusheﬁ towards the end atom C by heavier incoming
masses A. The VARP is therefore gxpected to strike the steep
repuTsive.wa11'perpendicuIar1y at much lower energies than for
the 1ighter mass ;ombinaﬁions (this is also related to the
skeg angle of the potential-energy surface model). The corres-
ponding'decrease in the maximum values for fvib is then related
to the cut-off energijes -and maximum E"va1ues fdr the different
/_-__'_\E_,,
cases. For H+HH the cut-off energy is T:aifaiiﬁ ey, and the

|
products can be excited to e third vibrational level. The

threshold for the reverse reaction is expected to be very sma11100

Tthd-(v=3)< 0.1 eV. Theoretically, the following meximum values

are expected: Eé = H -Tih1d'(v=3) >2.07 - 0.1 = 1.97 eV and

£ . (max) = £/ /H>0.95. For the other extreme Case, 10+K10, the
vib n. -~
cut-off occurs at 0.45 eV with products stil;/jﬁ their lowest ~

vibratioﬁa1 level. Hence, Eé(max) = 6.65—0.% = 0.3 eV, and

f

., (max) = 0.46, which was indeed observedi Similariy, the
vib -

maximum f .y values: for D+HD and T+HT are consistent with the

excitation of the products to the first vibrational level, and

G



thld.

a threshold for the reverse reaction of Ty {v=1)= 0.23 eV,

The behavior of fvib in the second reactive regions (cdnc]igj;n
¢) can also be understood qualitatively, by associating high
product vibrational energy with the band edges, and the begin-
ning and end of the reactive region to few reactive trajectories
near a band edge. Thus, the f ., cudyve for 10+H-10 in Fig.25
shows almost perfect adiabatic behavior in the middle of the
second reactive reagion, and higher values towards the extremi;
ties of this region (0.5-0.é eV and 1.8-2.0 eV). This is consis-
tent with the picture presented in Fig.23a, where the reactive
trajectories are, on the average quite far away from the band
edges, except where narrow reactive regions are found near 0:6
and 2.0 eV. For T+KT only the beginning of the second reactive
region is shown in Fig.25, but again higher fqp 15 found near

the very edge of this region.

3.3.4 The Role of Multiple Coliisions.

A more satisfying exp1anatfoﬁ 0of the different nature of
the second reactive region 1is provided by an analysis of typical
trajectories in various energy regions. Using T+HT as an example,
two reactive trajectories are shoﬁn in Fig.27. The oné shown 1n
Fig.2.7a is typical of the first reactive region, where similar
to the H+HH case, all the reactive trajectories are direct in
the sense that they cross the dividing'1iae once only (statistical
regions have disappeared because of the contraction pattern).
A11 generalizations of Sec.2.6.2 therefore apply to the first

reactive regions. The trajectory in Fig.27a shows a corner-

e = . . . .



cutting behavior, and ends up with high product vibration (fvib

= 0.63), because the Tlocal direction of motion at the crossing
point is far from optimum. Fig.27b shows a trajectory typical
of the second reactive regidn, where the dividing line 1is
crossed exactly three times. The complex behaQior, where the
dividing line 1is crossed in a normal fashion (first collision),
put where the reflection on the steep repulsive wall occurs in
a direction towafds decreasing rsc,has been observed for H+HH
in high energy regions beyond the cut-off, but never to such
an extent that the repuisive wall is again hit, within the
transition state region, on the reactant side, to result in
yet another crossing of the dividing line. As 1in the discussion

of the contraction pattern {conclusion b, preceding section),
this phenomenon can be reiated to the kinematic mass effect and
the skew angle of the surface. According to Mahanss, multiple
collisions on a hard sphere potential-energy surface model are’
predicted to occur when the angle between the coordina{e axes
is Tess than 510 (& >39°). For H+HH (&= 30°) this condition is
not met, explaining_the absence of a second reactive region.
n+HD is a marginal case (a=41.8°) and, as noted earljer, does
show a broad reactive region aboye 4.45 eV Multiple collisions
are cleérly very important for T+HT.(E=45.8°) and especially
for 10+H10 (€=65.3°), explaining the complicated banding observed
in Fig.23a and 24d.

The trends in prbduct vibrational enerdy can also be

explained in this way. Fig.27b shows why the product of a high-

energy multipie collision for T+HT. may have 1ow vibrational
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Figure 27

(a) Typical direct trajectory for T+HT in

‘the first reactive region.

(b) Typica1-trajectory for T+HT din the
second reactive region, showing a triple
crossing of the reactant-product dividing
Tine. The location of the saddle point is

indicated by =*.



- 98 -

RBC

.33

RBC



-

energy. As the system makes its second rebound and aims to@ards
the product, it is nearly optimally oriented along the product
channel, but crosses at a point of high effective vibrational
energy (see Sec.2.6.2, and Refs.54,71,81,825,”endfnq up with
‘oroduct vibrational energqy in excess of the ZPE. However, since
the total energy is quite high (2.22 eV) for this trajectory,
fvib assumes a small value(0.33). Towards the edge of the reactive
region, the trajectbries cross the dividing iine at a Tocation
and in a direction further away from the optimum, resulting in
an increase of fvib' Towards the middle of the second reactive
region, the opposite is true, and the trajectories will become
nearly symmetrica1,_explaining the adiabatic behavior gbserved

in Fig.25 for the 10+H-10 case.

3.4 General Discussion.

3.4.1 Band Continuity.

It is significant that although most of the important
observations  have frequently been mentioned in the literature,
the continuity of reactivity bands has never been clearly
demonstrated or used to obtain reaction probabilities. Thus,
Wall et a1.37 did not clearly establish the existence of the
reactivity bands, and their PST curve was obtained by simple
numerical averaging of “the fraction of reactive trajectories
over smal} energy ranges. Later systematic invesfigationso'g's4

relied on the assumption of strict vibrational adiabaticity

outside the reaction shell to generate the initial phase aqg]e
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distribution (see Sec.2.5.2). As a consequence.¢° was varied
at constant Ti. The use of‘action—angie variables in semi-
classical studies also leads to this method of variation.
Under such conditions a separation into two bands (R,U) is
observed for some surfaces and at some energiesSl. This is
easily understood from the band plot shown in Fig.l4a. Af

some energies only a single R band is encountered (e.g. at

0.4 eV), at others large statistical regions occur. Most
workers48'54 have noted high values of n at the band edges

and have used this feature to determine the 1pcation of'the
band boundaries more precisely. The detection of band continuity,
however, eluded them, most probably because of their method of
O Thys, judging from the Figs.l-6 of

t
Ref.53, the curves of the product vibrational energy and the

varying ¢° at constant T

comp:lex 1ifetime as a function of ¢>0 are of indefinite shape, ‘
seldom showing pronounced peaks, and are difficult to correlate

at different Tg. Thic is also due to the fact that the ¢° range

is cyclic (0 »2m), so that +he absolute position of the peaks
cannot be determined when different plots (at different Tg}

are compared. Whgn +he final parameters are plotted as a function -
of Tg, as in the present work, 2 totaily different picture is
obtained. The many tR and EB peaks are sharp and often have a
characteristic, easily recognizable shaﬁé. The positions of the
peaks are further measured on an absolute scale (Tg), and
correspond accurately to the locations of the band edges. There

can be no ambiguity in arriving at the correct shifting pattern

using Figs. 11,12,17-19 to generate the band plots.
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3.4.2 The Efficiency of the Method.

As itafed in Secs.2.6.4 and 3.3.3, the band continuity
has an important practical significance. To give some quantitative
estimate of the economies possible by the present approach, a
comparison is made to the work of Fong and Diest]er51, which is
typical of other systematic quasi-classical studies. These authors
show that up to 100 trajectories may be required at one energy
to obtain a precision of 1% in the reaction probability. The use
of 40 trajectories {20 for a rough grid, 2C for a more precise
determination of the break points) led to an estimated error of
2.5-.5.0%. An energy grid spaced at 0.02 eV intervals between.0.3
and 2.0 eV (the same range and resolution used in Sec.2.6) would
thus reguire ta. 8500 trajectories to attain a precision in the
reaction probability curve comparable to that ohtained in the
preseat work from ca. 800 trajectories {8 phase angles, 85 aner-
gies, estimated 1.0% precisiong. Suhsequent caiculations have

shown (see Sec.3.3.3) that for a variety of mass combhinations,

£00-600 trajectories generally suffice to attain the 2% precision
level, except in the case of a highly complicated band structure,

where up to 1000 trajectories may be required. It 1s therefore

clear that the systematic determination of R,U bands also has A
‘several distinct advantages over the honte carlo selection of

initial conditions (at Teast in 1-D calculations}:

a. Band Soundaries can be efficiently located with the help of

the tR and E; neaks and 2 véry predictable shift of these

peaks with ¢°.
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b. Once a rough map has beex obtained, calcurlations can be
concentrated near the band boundaries, resulting in a high
precision with relatively few trajectories.

c. A total rather than statistical picture is then obtained.
Thus, thé outcomes of all possible trajectories are known
in detail, except in the statistical regions, which are small.

d. With no further trajectory calculations, the results can be
converted to different reaction shells and vibrational phase
distributions, without losing track of the detailed corres=
nondence between the varicus initial and final parameters.

e. Such detd%1ed information can further be used, e.g. for semi-
classical studies and for the development of simple mode?s_
to allow further reductions of computational requirements.

£, The total picture obtained extends--beyond a single case to
other mass combinations.Kinematic mass effects can be under-
stood in terms of different behavior in different energy-
regions. Similariy, . the influence of surface parameters
might be better understood if comparison wWas made in terms

of energy bands rather than probability curves.

3.4.3 Reaction Probabilities. TN

The results obtained in the present study seem to agree
very well with the results of other workers. Thus for H+H2, the
only case in which extensive comparisons to ca1cu1atjons on

similar surfaces and similar methods can be made, the salient
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features of other reaction probability curves are quite well
reproduced.(see Sec.2.6.5). Of the other reactions studied,

only T+HT can be compared to the results of Wall and Portersz,
who observed a slightly higher reaction threshoid and 2 Tower
cut-off energy relative to the H+HH reaction. These resuits

were obtained with initially non-vibrating reactants, and are
quite consistent with the observations made in the present g
study (see Sec.3.3.3 and Subsection C beiow). In princinle, -
rate constants can be calculated from the PET curves, according
to well established methodsAS’dg’as’Bs. However, 1-D rate constants
are quite meaningless, unless comparison is made to transition
state theory (also in 1-0)49’88 to determine the convergence of

v

the different methods. For H+HH, this convergence has heen often
es?ab]ished, also for the higher dimensional casessSb’65’83’88*$9.
The comparison to experimental results would involve a highly'
questionabie extrapolation from 1-0 to 3-0.

The emphasis in the discussion of this work will therefore
center on a comparison of the gross structure of the probability
curves, the effective thresholds for reaction, and the degree of

vibrational excitaticn of the products, toO other classical, semi-

classical and quantum-mechanical'resu1ts. .

L. Sensitivity to potential-gEnerday surface Parameters.
62

Wwall and Porter first carried out extensive series of"
classical calculations for collinear H+H2 and isotopic analogues
on systematically varied parametric wall-Porter (HP)63 surfaces.

0f these, the second (Wp2) surface comes closest to the SSMK
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surface; the next best WP6 surface, with a larger symmetric-
stretch force constant, was chosen to investigate the effect
of different mass combinations. Their calculations were carried
out with vibrationless reactants. They related the bobsled
effect to an¥effective activation energy, which is in excess
of fhe barrier height. The existence of cut-off energies was
related to the brick-wall effect. These reactivity bounds were
further shown to depend on +he surface geometry and the skew
angle, as was the product vibrationa1 energy. No indication of
jong-lived coilision complBXes was found, and no quantitative
correlations were made.

Later, Fong and Diest1er51 performed similar calculations
for collinear H+H2, also on a series of WP-type surfaces (FD)

for which quantum—mechanica] results were also avaiTabTelOl.

Their third surface (FD3) was identical to WP2 with a disso-
ciation energy of 100 kcai/mole and a barrier height of 12.8
kgal/mo]e. They investigated the variations of the barrier height.,
the curvature {and position) of +he MERP, and the slope and the
width of the potentiail barrier aiong the MERP, always comparing
the results to those of quantum-mechanical calculations. The
following conclusions were arrived at: :

1. For both the quantum and classical calculations, the effective
threshold of reactioh is directly related to the barrier height:
aﬂd inversely to its width along the MERP.

2. fvib decreases with increasing barrier height, but depends

yery weakly on the curvature of the reaction nath and on the

slope and width of the barrier along the MERP.
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3. The agreement between quantum and classical results s
generally poor, but ijs much improved for higher barrier
surfaces. -

4. Effective classical thresholds are higher than the corres-
ponding quantum-mechanical thresholds.

5. Specific quantum effects (tunnelina, oscillatiens in the
probability curves)‘are not predicteﬁ by purely classical
calculations.

6. On the average the classical results agree with the aquantum
results, in the sense that the gquantum results oscillate »
around the classical ones as @2 function of energy.

In general all these conclusions are substantiated‘by the work

of many other548'50=52‘54,81,83,88_

These generalizations can
therefore serve as an aid in making more meaningful comparisohs
between results obtained with different potential-energy syrfaces.
Table VII summarizes most of the work done on the H+HH-reaction

and some of its isotopic analogues.(first column). The next entries
specify the surfaces used, in terms of the original type and

specific modifications; the numbers jndicate the barrier heights.

The third, subdivided column 1ists the methods used, including

N

characteristic data for the generation of the jpitial conditions

(Do, Js V¥V, T2,¢°), and the two last coilumns give the final results

and references respectively. Since most of the work has been
carried out with surfaces which qenera11y pa?a]]eT each other, '
but which differ in barrier height, conclusion 1 allows a simple

shift of the probability curves along the energy axis to compensate

e
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for this difference. Conclusion 2 could not be proper]y eva1uated
in thé Present work, but the resu1ts shown in Figs.14b and 16b .
are certainly in good agreement with conciusions 3 to 6. The
higher réactivity obtained for the SSMK surface compared to the
quasi-classical resylts of Bowman and Kuppermann52 can be explained
by the assumption that when the barrie} is‘lowered to the scaled
_SSMK surfaceBSb’sz’SS, the reaction channel is also made ﬁarro er,
so that the svstem would have more difficulty rounding the bend
to the pfoduct side. B
F1g 28a shows the same QCSSMK curve of Fig.l14b, compared
to the resu1ts obta1ned by Careless and Hyatt48 on an LEPS type
surface, and by Fong and Diest'lers1 gn the WP2 (FD3) surface.
The tatter resulzs (dashed and dotted 1lines) have been shifted v
along the Ti axis to reflect the differing barrier heights of
8 44 and 12.8 kcal/mole. The LEPS and SSMK results agreé well,
but now .the WP surface is seen to be too reactive. This is again

related to the fact that the WP surface has a wider feaction

channel, as indicated by 2 Tower force constant of the symmetric

stretch. The osc111at1on in the LEPS curve refiects the choice
of a classical harmonic phase distribution. A similar effect was
" obtained for the SS5MK surface as shown in Fig.28b. Thé harmonic
curve in this figure {(dotted Tine) was obtained by rescaling the

¢° axis of the band plots to a single linear scale, and seems to

fit the quantum curvg52 (dashed line) in a better way Careless
and Hyatt48 also showed fhat the use of 2 quantum'disxribution
funct1on can lead to an even more oscillatory behav10r of the

- ‘\_
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" Figure 28

(a) Comparisoﬁ of quasiclassical reaction
probabilities Pi- on different surfaces:

WP = Wall-Porter surface #2 = Fong-Diestler
surface #351; LEPS = Weston's surface48.
(b) The effect of vibrational distribution

. R
function on pOT'
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probability curves. However, Bowman et a].gs proved that only f%e
c]assi;a1 anharmonic distribution function 1is (correct1y) indepen-
dent of the choice of the reaction shell and therefore the only
physically acceptable one. The present work has con?irmed.this,
and has also shown that the improper choice of the reaction shell
also introduces artificial oscillations in the probability curve
(see Fig.13b).

The geometry of the potential-energy surface can aiso be
changed in 2 systematic way by varying the mass combinations.
The variation of total reactivity with the skew angle can quali-

62,100, in that as the coordinate axes

+atively be gnderstood
approach each other, the system should have more difficulty rounding
the sharp bend at the saddle point to reach the product valley.

At the same time,however, 4 different reaction mechanism becomes
increasingly possible, in which the system uses the sharp corner'

to cross the transition state in 2 complex way {multiple collisions).

Fortunately, the present investigation has shown that the regions

in which these different mechanisms take place are distinctly

separéted from. each other by an energy range where the reaction ‘

phpbabiTity js zero. It was thus possible to study the influence

of the skew angle on the reaction probabiiity in an uncomplicated
way. The first reactive regioh, where direct reaction takes piace,
is seen to decrease 1in size with increasing mass ¥, as was predicted
by Yall and Porterﬁz. This contraction was shown to occur in a

yery regular and predictable manner. characteristic features of

dynamic behavior, reactivity bands and probability curves being

completely retained in the process. The second reactive region,
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where multiple collisions occur, also ghows a quite regular

behavior with increasing mass combination, but seems definitely
~more complicated than the first reactive region. Thus, it seems

to grow in size from D+HD to T+HT, but shows a high-énergy cut-

off for 10+H10. At the same time it consistently shifts towards
lower energy regions with increasing mass X, beihg barely visible
for T+HT below 2.0 eV, but dominating the total reactivity for
10+K10, which now becomes the most reactive of all the systems
studied in this energ& range. 1he possibility of multipie collisions
has been cgrrect1y predicted by Mahan68 on the basis of & hard-
sphere potential-energy surface model, and the work of Smith and
Nood100 suggests that it is enhanced‘by the availability of higher
rgactant vibrational energy, SO that a similar second reactive ‘ ~
region can_be expected for H¥H, (v>1). Tﬁe main significance of
these findings 1is that it has shown that the potential-energy
surface model is quite capable of taking kinematic effects into
account, and thatl potentially very jnteresting systems can be

found for experimental studies, by simple extrapolation of the

results of this investigation. However, the persistence of the
bands and their effects on the reaction probability are by no
means certain for the more realistic higher-dimensional cases,
and must yetl be completely investigated.

B. Oscilliations in the Quantum Results.

The important differences between classical and gquantum
reaction probability curves are mainly centered around the
reaction thresholds (“tunne1ing") and the thresholds for the

vibrational excitation of the product552’81’83’88.(resonances).
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Tunneling is generally defined as quantum mechanical leakage
through a potential energy barrier, caused by finite vaiues

for the quantum mechanical wave funcéion beyond classically
allowed 1imits. Wu and Lev‘lne81 show that tunneling in this
sense does ﬁét gccur to 2 sigpificant extent. Quantum-mechanica1
reaction thresholds are generally ohserved at .energies in excess
of the barrier height, dlthoﬁgh significantly lower than the
corresponding classical thresholds. They attribute this difference
to purely dynamical effects, caused by quantum—mechanica]]y for-
bidden transfers of fransTationa] energy . yibrational mode
jn the transition state region, ﬁaking 1ess energy available
(cTassica11y) tp cross the barrier: On the other hand, semi-
classical studies generally account for tunneling corrections

by taking into account classically forbidden processes, by means
of complex valued classical trajectoriesloz. The treatment by
Truhlar and Kuppermann103_further shows that the calculations

of tunneling corrections normally applied to transition state

ct

theory results are not very reliable, and that exact calculations
in higher dimensions (taking into account the curvature of the
reaction path, the bending energy of the activated complex and
the change of the vibrational potential along the MERP) are 25
yet impossible to achijeve. In view of the%é results, the most
reliable method to-account for dynamical tunneling (i.e. in

the sense of dynamically forbidden processes) Seems to be the
semi-classical methodloz, which successfully relates quasi-

classical results to quantum-mechanicaT pnes.
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Semi-classical studies not only provide good results
in accounting for essentially all quantum effécts, on the basis
of purely classical considerations, but also provide a better
understanding of the erigin and significance of the differences
between classical and quantum mechanics. In Mi11er‘356 and
Mar‘cus‘s57 theories interferences of real an¢ complex valued
c1assicél trajectories which are netatijonary" (exactly fulfill
quantum mechanical boundary conditions) are considered to give
rise to these quantum effects. The oscillations in the probability
curves were interpreted in terms of the formation of quasi-
bound states (complexes of short 1ifetimes)lg’20’52’53’81’83'85,
which in analogy to nuclear physics, were thought to give rise
tg resonances, a term meaning enhanced (or reduced) reactivity_
gver narrow ranges of incident energy. p1assica11y, such co11ision
complexes were observed to ?e.formed jn statistical regﬁon§53’70
and an important contribution by Stine and Marcus83 showed that
jnterferences of such complex trajectories with the normaily
observed stationary trajectories (direct trajectories), can account
for the observed oscillations 1n guantum mechanical probability
curves. These examples iTlustrate how reliable results incorporating

jmportant quantum effects can be obtained via the more accessible

method of classical trajectory caiculations, if 2 complete and

detailed picture of the classical results in all ¢?,Tg space 18 ‘
available. The present method provides such information in an

optimal way., by making use of the band continuity property.

The results obtained'indicate that the behavior of the statistical

regions can also be treated on a more accurate and detailed basis,
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by making use of the band continuity property on a more micros-
_copic scale (see Sec.2.6.3), so that the results of the - present
study can directly be extended to semi-classical investigations
without many more computational requirements.

C. The Reaction Threshold.

The reaction probébiTit& at the threshold in all cases
was observed (see Figs.20b-23b) to approxim;te the classical
"step function" behavior, nredicted by Karplus et a1.65 for
reactions restricted to small impact parameters (extreme case:
collinear collisions where the impact parameter 1S zerg). Fong and
Diest]er51;‘ showed that the shape of the probability curve is
dependent on the barrier height, and its shape along the MERP.
A steep rise to a vaiue of 1.0, 2as ohserved in the present studies,
was predicted for 2 parrier of medium height and gentle slope
along the reaction path, characteristic for the SSMK surface.
Mdrtensen49 further observes that the closer the masses of the
reactant atom and molecule, the steeper the classical probability
curve rises at the threshold. Wall and Porter note for vibration-
less reactantssz.the increase of the threshold with increasing
skew angle, but smith and Hood100 observe the opposite effect
for reactants with v=1,2. A1l these and many more qualitative
generalizationscan be understood from a.consideratibn of the
potential-energy surface model and tﬁe roles of vibrational and
“translational energies in the crossing of the barrier.

First, vibrationless trajectories are considered at

~low translational energies near the threshold. They travel along
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the VARP which closely coincides with the MERP. The results of
Wall -and Porter62 show that even at the threshold a bobsled
effect is detected, so that +he effective threshold is higher
than the barrier. It is further remarkable that the smallest
deviations from the MERP (Towest thresholds) are observed for
surfaces which resemble the SSMK surface most (NP2 and WPE).

The bobsled effect has been related to a cent;:fuga1 poten ia154’
71,81,82

which is dependent on the curvature of the Egg;tion

I
-~

path. It is therefore no surprise that the heavier mass com-
binations, associated with larger skew angles and 1argér curvatures
of the reaction path, give rise to higher thresholds, when no
reactant vibration is available.

tlow reactanrts having ZPE are considered on a surface
with a gradual slope along the MERP, such as the SSMK surface.
A typical threshold trajectory (Fig.7a) shows that in order to
cross to the product side, the VARP does not have to reach the
divi@ing line itself.. Rather it has to reach & point at which
;uﬁsequent vibrational motion can bring the system over the ridge
along the'dividing 1ine, quite far from the actual saddle point.
On a gradual sloping barrier, trajectories within a narrow energy
region will spend a long time in just the right Tocation along
the reaction path for such an optimum crossing to take p]acg.
This is because they gradually lose their gaans1ationa1 energy,
so that their motion near the zenith along the MERP is extremely
sjow. 1t is therefore not surprising that the probability curve
rises so abruptly at the threshold for the SSMK surface, and

that an even steeper rise ijs expected for heavier mass combinations
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whose transiationa? motion is slowed down much more than their
vibrational potion, yecause of the different reduced masses for
translation (uA,BC) and vibration (uBC).

Finally, attention should be focussed on the constancy
of the threshold energy for all the mass combinations (Sec.3.3.2).
A qualitative explanation of this invariance can be given in
serms of skewed coordinates as in the discussiéﬁ by Smith and

woodloo:

The skew angle for the ragoTge coordinate axes range

from 300 for H+HH to €5.3° for 10+H-10. The effectiveness of the
7ZPE in promoiing reaction becomes areater as the skew angle &
increases, since then +he momentum vector of vibrationail energy
becomes more parailel to the direction of optimum é?nésing of

+he saddle point. In Fig.29 the reactant vibrational mSmehtdm(}

Py js resolved into components aleng the synme;nk: and asymmetric.\
stretch at the saddle point. It is seen *that w1gh‘€;2:5255555‘—

nore of the ZPE becomes avaiiable for motion along p?, which 1s

effective in bringing the system over the barrier:

Pa = P cos(45% - %8). _ (58)

Since the vectors P. are proportionai +g the sgquare roots of

the corresponding eneragies, the fraction of reactant vibrational

energy contributing to motion across the barrier must be : ' '

_ .0 2 0 - ‘ 3
Epsf = E, COS (a5” - %E). (5&3

Table VIII shows that t?izéalues for Eeff are indeed nearly

constant for different ma combinations, despite the large

differences in ZPE, as larger fractions of E, become available.

an
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Figure 29
»

The contribution of initial vibrational
momentum (po) to motion along the asym-

metric stretch (pA)'

k)
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]
Table VIII. Effective vibrational energies.
: thid.
Skew angle ZPE/eV E se/eV (T Eggg )
cf.eq.(59) eV

H+HH 30° 0.2686 0.2015 0.5485 v
D+HD 41.8° 0.2331 0.1942 0.5442

T+HT 48.5° 0.2200 0.1924 0.5424

10+H10 65.3° 0.2000 0.1909 0.5400

_-_._-___—-__——-_-—_-_-——_—---..-—__.---_..----—..——-.--—---_-—-__--—




chemically more significant information, however, the usefulness,

" possible because of the'additiOnal degrees o%'freedom.

i : . . . ’ . ~

3.4.4 S1cn1f1cande of the Collinear Studies™ - .

The most 1mportant aspect of the study has been the

’ .

development of the ‘method and the attempts to interpret many
01d and new observations with- the help of add1t1ona1 1gf0rmat1on
yielded by the method. Thus, 2 bet;er41ns1ght‘ﬁas been gained
into many aspects of dynamical pehavior'on pofentia1—ehergy
suefaces, espec{aTTy on the re1ationship between various initial
and final trajeetory_perameters. Asvery pqnsﬁstent picture has
emerged'and many usefu]Igeneralizations have been made.

‘The method has opened up new territoe;, which can be

further exp]ored in a number of- ways Investigations on . other

_symmetric.and unsymmetr1c analogues of the H+HH react1on have

been carried outlp4 in 1-D. Such .studies can Tead to a better
evaluat1on of the results, conclusions ane genera1iza€ion§

obtainad in the present work. The suitability of the method 1h
connection with sem1-c1ass1ca1.stud1es has also been ment1oned

For comparisén to experimental results and to obtain

of the present approach in;higher d1mens1one} studies must fir%’
be established. It 1s poss1b1e that in-a h1gher dimensionality
the_baqding effects in reactivity will completely disappear, oW
that no simple correlation of initial and finel parameters 1is

As should_ ke c]ear from the previous d1scuss1ons, an’
imperfant emphasis in th1s work, aside from deve]op1ng an alter-
nat1ve to Monte Carlo methods and understanding” the dynamics of

- >

collisions, is to develop more re]iab?e nred1ct1ve facu1t1es
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CHAPTER 4:- COPLANAR CALCULATIONS

- - +
] 4 ‘ . 1

4.1. Introduct1on

The extension of the study from Tinear to p]anar codlisions-
’b;ings it much closer to rea11ty, since rotat10n§1 motions and
of f-center collisions can tHen be accounted for.:  Trajectory
ca1cu1at10ns have been extended to higher diménsiona]ities by
Karplus, Porter and Sharmass, who obtained the first theoret1ca1
'3-ﬂ cross sections for H+H2 and some of its 1sotop1c 'variations.
Since the Eéfension inﬁo]pes an extremely large increase of
_computati%na] work with everf additional degree of freedom, the .
only pract1ca1 method has been the random samp'lifu;:‘p\c initial 7 é
conditions. Pclany1 and coworkers 45-47 have earr1ed out extens1ve

h1gher -dimensional calculations on a wide variety of react1ons )
,and diagnostic potent1a1 -energy surfaces Most often a semi-
systematical method was used’ 5, in which some paranmeters were.
varied systematically according to +nwe random distributions
~expected under-Z-D pr 3-D conditions. Some Monte Carlo studief

were also carried out, mod1f1ed by "gtratified and importance

samp11ng n4b techn1qnes ' )

The present investigation examineslthe-possibi1ities of
extending the systematic method deyeioped for some collinear
T+HX ré&itigns (Cwapters 2 and 3),‘tp copTanar.systems. It was
o} interest to determ1ne the band continuidy property as @&
function of additianal 2-D parameters and to exam1ng to what

extent the band behavior woqu'inf1uence the shape ‘of react1ve
) ) . b
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cross sections. It is quite possible that many of the earlier
generalizations will have to be modified in 2-D. The results

65

of Karp]us et al. do not indicate‘any bandina effects in

the reactive cross sections. Pattengill and Po1anyi93 note

that multipie collisions for Heavy + Light-Heavy mass combimnations
are of lesser importance in 3-0, and Yhite and\Thompson95 show
.that rotational motion is responsible for these secondary encoun- \\\\—’
ters. “An important contribution by Ma'lcolme-Lawgs99 also shows

that at.high energies the-lateral attack df the molecule can

become more effective than an axial approach. With the present

study, a better understanding of these phenomena ijs again sought. -
gy following the outcome of every individual trajectory as a

function of each initial parameter, the cause of the observed

behavior might become clearer.

4.2. Description of the System.

The relative or center-of-mass coordinate system used by

Karplus et.a1.65 and their definition ‘of jnitial and final

parameters are.particulqrﬁy conyenient for the treatment of
higher dimensional collisions. The coplanar A+BC system is
restricted to lie om the (x,y) plane, with BC (center-of-mass
of BC) 5‘ the origin and the translational momentum vector p,
jnitially parallel to the positive direction of the y-axis.
‘This is shown in Fig?30, where the directions of the positive

vibrational (pv) and rotational momenta'(pr) are also defined.

'

Initially A is located on the reaction shell (RK ac - 0°). . *© \\\
s . " ’ {
{



p Figure 30
/

The 2-D coordinate system, in which the
positive directions of rotation (pr),r
vibration (pv), orientation (g) and of
thé-impact parameter (b) are indicated.
The direction of the  generalized coordi-
nate vectors are also defined, as well
2s the scattering quadrants (v). The
angle 1 is a measure of collinearity,
not employed 1in thé definition of the
‘system, but useful in the analysis of

the results.



- 122 -

vy=180°

Py reaction shell
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Two additional positional parameters complete the description
of the system. These are the impact parameter (b) and the
orientation angle (8), the positive directions of which are

also indicated in Fig.30.

The generalized coordinates are so chosen as to make a

mobile of the system6°’68, j.e. as the components of R and

A,BC
rsC along the x and y directions:

01 = X¢ = %3
(60)
G = ¥¢ = Y8
Qg = % - (mgxg + mexp)/(mg + me) =%,
' (61)
0y = ¥p - (mg¥g * meye)/(mg * M) = Ya )

where the reduction of (61) reflects the choice of BC as the
origin of the Cartesian coordinate system. It is further more
convenient to carry out the derivation of the eguations in terms

of positional vectors, defining:

- . 2 21%
r'ij = [(Xj" X1) + (.yj' .Vi) ]
- 2 2 \% s s '
- (xij-‘-yij) » {1’3 = A’B:C) (62)

Since x and y are orthogonal, the equations in terms of X5

and yij will have exactly the same form as the ones derived
for rij‘ Thus,

rec = (Q% + Qg)BE (63)

"c
R = Yyn t
A,BC AB mB+mC
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3

As shown in Sec.2.2 and Ref.65, the equations of motion are

then obtained in a particularly simple form:

Py = Pa.8C - Ma,BC"A,BC

Pint = Pec 7 MBCTRC (65)

2

) _ 2
T=To* Tine © %PA,BC/HA,BC+ =Pge/Vge

t int
For higher dimensional cases, the potential-enemay hypersurface
js usually a function of the interatomic distances, i.e. V =

V(rAB’rBC’rAC)’ Thg time derivatives of the conjugate momenta

must therefore be obtained as
. R
Pa.gc = - TR oo (66)

A,8C

Vv gr 3V 3rg 2V

ar
- AB_ . BC AC

- + 3 ~
trg 2Ra.pc . 2T °RA,BC °TAC °Ra,BC

and

! {67}

= - - 67
arBC

3V o9r

PEC
AB 3TaC

3V 3V
+ : +
BrAB argc BrBC arAC BrBC

To evaluate these relationships, eas.{60) and (61) are used

together with (62), to obtain:

m

m .
: C 2%
o= {(—=— 0, * Q)" + { 0, + 0,)7} (68)
~ AR mB+mC 1 3 m8+mC 2 4
m m
C 4 C 2, k
r = {(——=— 0, - Q.7 + (=——— Q -Q0,)°Y ¢ (69)
AC mB+mC 1 3 mB+mC 2 4

and together with (63):
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ar m m

AB "¢ c
3q; mB+mC(mB+mC Q; * 05490 /Tag
3¢

°85C
T, Q3/rge (70)
ar m m-

ac . M8 B ]
R mB+mC(mB+mc 0; - Q)T (i=1,2)
ar m
orag ™
50, (ﬁgiﬁc Qo * 0y)/rpg
ar

BC _
. o (71)
or m

ac ., "¢ ) .
7, - (mgeme Yi-2 032 /rac (1=3.4)

In terms of the generalized coordinates and momenta, i.e. the
components of rge and RA 8¢ aTong the x and y axes, the

necessary set of Hamilton's equations of motion is thus:

Ho o= T+ V{rpg>TacsTac)
T o= T¢* Ting (72)
_ 2 2 . (2 2
= 5(Pg + PR)/uy e ¥ 5(PL T PR) g
Oi = P']/URC 3 (1'-‘132)
(73)
Q.] = P'I/LIA,BC 5 (1=314)
ﬁ. = - (—Ei— %:55 + aaV 2;BC + aiv ngC), {i=1,2)
1 orpg 205 rac 2V ac 9
. aV - ar 3y or (74)
P' = "= (a aOAB + ar BQAC); (1=314)
1 Tag i aC %4

The integration of eqs.(73) and (74} will then yield coplanar
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trajectories which automatically satisfy the boundary conditions
of the conservation of total energy and total angular momentum.
The total angular momentum (mT) is the sum of the internal (wint)

and orbital angular momenta (worb)’ which initially have the

values:

$pbe (75%~

int © - Yorb = PrlBeC
The cob]anar A+BC reaction can produce Four different product
configurations (a-d), characterized by the reaction channel X=3i-+,
and different coordinafes and momenta for different modes of motion,
as shown in Fig.31. At the end of every trajectory, the internal
energy of the two particle~system having the shortest interatomic

distance rfj is determined from an ‘extension of eq.(65):

-2
t = Ly, PS03 .. . .
Eint gty 3 (r1J< qu’er) (786)

For product configurations a (no reaction) and d (dissociation),

the original set of genera1iied coordinates and momenta (Ra, rao

Pé, pé) can be used to evaluate the final parameters. Qtherwise,

a transformation to the appropriate coordinates is similar to

the one given by Rankin and Mi11er70:
’ . . ) my i mCM .
b mat Mg {mp¥mg) (mg+mc ) a
m
B
"t -1 mg + me ra
(77)
R; A mA . TTIBM (Q \‘
ta
c mytmg Tﬁk+mc)TﬁB+mc)
- m
\ : |
r 1 ra
¢ - ‘ mB+mC *‘-‘



—

Figure 31

Possible product configurations in coplanar

reactions, and the corresponding coordinates.
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These relationships follow from the definitions of the directions -
of the_positiona1 vectors (Ri’ ri), shown in Fig.31 for typical
configurations b and ¢, ijn terms of their components along the
x-axis (X%, xi). The directions of the original coordinates (R,

a

ra) have already been defined in eqs.(61) and (60) respect{ve1y.
9 'l.

4.3. The Vibrating Rotator.

fn the preceding séction the rotational and vibrational
kinetic energy terms were coliectively treated as internal kinetic
energy, pertaining to motion of B and C relative to their center-
'oftmass BC. The fact is that these two mot1ons are strong1y
coup1ed through the flﬂx1b111ty of the BC bond. Thus, rotational
motion causes centrifugal’ forcés‘io influence the vibrational
mo?ion, and vibration causes changes 1in ihecﬁoment of inertia
(IBC = uBCrgc) to influence the rotafion. Initially, at large

A BC? or more generaily, at large atom-molecule separations,

the total internal energy js a constant, depending on}y on the
85,76,

rotational and vibrational quantum numbers v and J
3

€, = ] tg, (vt + z f. (v+k)3 g+l (78)
? 1

where the coefficients g, and fi' are obtained from spectroscop1c
measurementslos, and the Brd-order approximations, indicated by
the indices of the sums, are very accurate. The problem now is

to separate the 'vibrational and rotational terms, and to express

these as a function of the molecular distance rBC: In general

the internal energy can be written as:
o

e
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EV,J B Tr * TV * Vint‘ (79)

where in analogy to the collinear case (Sec.2.5.3)

= 0 .
Ving = V(ragorcorac)  Vrerle oTel: (s0)

Here, Vref s the minimum energy at the reaction shell, and
should ideally (R A.BLT ) be independent the initial orien-
tation of the molecule relative to the “translational vector

pt In the actual case V ,f is slightly dependent on b and 9,
and must be determined separately for different (b,§) combina-
tions. The equ111br1um separation r, ig taken to be the distance
rac at +®he reaction shell, for which the potential energy is

a minimum (Vref)‘ This distance do%; not depend on b and 68 for
the Yates and Lester surface, but does not correspond to the
equi]ibrium/sgparat1on of the v1brat1ng rotator76.

<. The rotational . energy can then be approx1mated by the

b

expression for the rigid rotator 6
72 |
T = —— J(J+1), (81)
2n ré
="BC BC

and the internal potential energy can be expressed as & Morse

function (cf. eq.(43)):

1nt(rBC) D Lexp(-8 {rge-ve Y{exp(-8 (rgp-rel-2}- (82)

The kinetic'vibrationa1 energy term is then determined:
T (rge) = Eyy - Telrae) - VinelTae)s (83)

and the momenta p. and p, can he calculated from

S, :
p; = * (2ugeTy) 7 3 (i=r,v]). (84)
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The metho&s of generating the initial vibrational phase
distribution are similar to the ones mentioned in the 1-D case
(Sec.2.5.2). The system can again be started from outside the
reaction shell, always at one of its vibrational turning points,
which are characterized by Tv= 0 and can be detexmined6§ by

solving eq.(85) for rec = 1T

Eyg - Trlrge) = Vinelrse) =0 (85)
The initial conditions can-again be calculated as in Sec.2.5.2
{eq.(38) and thé-paragraph.f01lowing it), using spectroscopic:
values for the vibrational period T. .

The method used in the present work is based on the compu-
tation of 2 trans1at1on1ess trajectory at the reaction shell,
starting from the equ11jbr1um position oo with EV,J as obtained
froh eq.(78). In Fig.32 the vibrational paths for‘H+Hé on the

58

Yates and Lester (YL) surface 'are shown in coordinate-time.

space for v=0, J=0,2, 5. By taking into account the different’

v1brat10na] amp11tudes and Der1ods of vibration, obta1n25 from
the translationless traJector1es and 11sted 1n Tabie IX, the
double harmonic approximation,(dashed 11nes in F1g.32} is found
to be of sufficient accuracy. The more accurate methods7 »79,116
mentioned inijgguz.S.ZAcan in principle also be used.

4.4 Ipitial and Final Values.

The generalized coordinates and momenta are initialized
by a pénticu]ar choice of initial values for T£,¢, B, 8, J»
with v = 0 and Rg BC pO = 4.0 R at every trajectory. Using

the double harmonic approximation, rge js determined by: .



- . . . A
. . . . " Figure 32
"The vibnational path of the H, vibrating
T s B .
~rotator, corresponding to the ‘Yates-lLester

surface, in coordinate-time space, for J=
-.-‘—.\. ! 'S

. 0,2,5. (—) actudT'path; (---—:1) path

generated by the double harmonic approx igge

-

-

mafion.
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R

Table IX. Characteristics of the H2 vibrating rotator {v=0) N

P h e, e e EEmr e " -"E - - _-- - Emee e e ceeeer e e E-,r—mrmSSs S m s e m=—-SeSssss==

. ' 16 ; 16
J Eint/ev r1/a.u. A1/a.u. rlxlo /s. rr/a.u. Ar/a.u. rrxlo /s
0  0.269 1.207 0.199 15.85 1.660. 0.254 21.65

2 0.313___1.213  -0.193  15.35  * 1.667 /’;.251 22.45

5 0.485 1.235 0.171 14.58 1.692 0.2 23.70
t" . ' '
--------- e
R :
~
’ )
l’ d
P,
ry
0 .J) ’ P 9
A
%A
N : -/ N
—_— .
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" rRc T Te T A (9) sin(el) 5 (i=1or) - (s6)

where the notation‘Ai(J) is used to indicate that the amplitudes
~ . .

are significantly dependent on J only, if v is held constant as

0

. 0, 0
in the present work. Tﬁ(rBC)’ Vine

0 0,0

(ng , and TV(rBQB can then
be calculated using the procedure outlined in the preceding
section, . .yielding ps and'pg with eq.(84). In ac¥rdance with

F?g.3& the coordinates will take on the following initial values:

= raesig (89

0

0
Ccos( 87 ) o

2
i
Qg = - (g° -bz)‘

. (87)
o _ 0 . Q Q_ - 0
Py = - Q*cgs(e ) o+ DVSjn(G )

- ™ by .
l/‘ V
Disin(so) + pScos(eo)

1

a
||

0 _ 0y :
T

-

" As stated in Sec™.2, the eva1éation.of +he final parameters
& “h
js dependent on the ﬁroduct'configuration. Thus, the internal
angilar motentum can be obtained frem the generalized form of
. a- -

'eq.(75), written as a vector Cross product:
wigg = [Py x Tyl (i#a,b,c)- - (s8)

%

N

”I
[
/
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The total angular momentum is a constant of motion and can be

evaluated in the origiﬁa1 set of coordinates:

Wy T @i Yoy = [p, x ra] + [Pa x R,]

= [py xry] o+ (P, x R:] 5 (i=bsc). (89)

The scattering angle Yy 1s origina11y60’65 defined as the angle

between the initial and final relative velocity vectors, and is

evaluated in terms of the dot product of the vectors:

R y]

|RO] R} fcos (v)

ioi‘ + QOQ'_; (1—a b.c). (90)
This procedure involves 2 rather comD11cated a]oor1thm, since
the initial relative velocity vector components (X ° § ) have
to be stored and the final velncity vector (é%) has to be
computed from P. and p,- Since its absolute value }é%l is

obtained from

Ryl = (xy o+ Y3OE, (91)

its sign is lost in the process, and the direction of scattering
is therefore not completely determined. A simp}er alternative
would be to direct]y'use the initial and final translational
momenta (P° P )3 tak1ng into account that Dg is para11é1 to the’

y axis, ¥ is d1rect1y determxned from the components of P"
oo

tan(y) = PI/Pi, (92)

so that information about the quadrant of scattering is retained.

The product vibrational and rotational energies are cal-

culated according to the deconvolution method described by

r
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Muckermanso. The equations for separate rotation and vibration

are76: -
31 = (W, /8) (93
E! = J'(d:+i)ﬁ2/(2u..r 2) = J'(J'+1)B . ©(94)
r ij'e e ‘
EQ - E;nt B f; (95)
(v'+%) = % (w /wexe)
- %{(we/mexe)z— (4€¢/wexe)}%’ , (96)

where eq. (96) corresponds to eq.(36) for the anharmonic YL

oscillator, with the parametlers « .0 X, determined from the

e
surface constants De and B8 . E; and f& are approximate values

for product rotational and vibrational energies, E%nt is

obtained fﬁ@m eq.(76), and Mij is the corresponding reduced

mass of the product molecule. Rotational-vibrational counling

is then taken into account by60’76:
B, = B, - (vHi)o, (97)
o = 60(w.x.8.5% -8  t/u (98)
e e"e"e - e e
- 3 2 Y
D, = 4B, /vy * B, (Vi) (99)
[ 1 ! - 1 1 2 ‘
E,. = J'(J +1)BV {3 (3'+1)} D, {100)
Ey = Eipe ~ Eps (101)

where E; and EG are more accurate values for the product energies.

The rotational constant B, in eq. {99) is very gma1176 and has

.

-
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been neg1ected60

. This is quite justified since the rotational

constant Dv itself is a correction for the influence of the

cgntrifugal force which is-often neg]ected76. The influence

of the vibrational motion is taken into account in Bv, which

represents the averaged value of Be over several periods of ’
vibration (Trot>>rvib)' Further refinement of the ehergieé is

achieved by substituting E& in place of f& into eq.(96), and

recalculating more accurate values for E; and EQ through egs.

(g7 )-(101) until convergence is obtained. The product quantum

numbers are gbtained by solving J' -g_{J'(J‘-I-l)}’5 and v' < v'+

Te

for the largest integers.

4.5 Methods of Calculation.

The investigation was started by modifying the computer

program for 3-0 Monte Carlo Ca1cu1ation560

to allow systematic
calculations of coplanar H+H2 on the YL potential-energy surface. -
The foilowing restrictiohs on the limits of variation of the

free variables were decided upon:
)

1. Initial vibration: v = 03 Ev = ZPE.
2. Initial rotation : J =0 - 5.

3. Orientation 16 =0 - 360°.

4, Impaﬁt parameter : b = 0 - 2.0 a.u.

5. Vibrational phase: ¢ 0, %0, 180, 270°.

6. Translation S Tt =0 - 2.0 eV.
0

7. Reaction shell 0% = 4.0 A.

8. Step size i At = 2.x10'165.

'“\,//_J ' *
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These values were chosen on the basis of the work of Karplus -
et a].ss, who used similar values to restrictions 1-4, and
the earlier 1-D .calculations (Chapters 2 and 3), which indicated
that reliable results can be obtained with restrictions 5-8.
. In order to test the modified program and to determine
the general effects of various new pérameters on the dyramic

0 4%-9q°

behavior.of the system, a preliminary run with J=5,8%=0
was calculated. On the basis of the results of these calculations,
it was then decided fo first investigate the simplest dase,
J=0, where the infiuence of only two additional paramelers
(¢%and b) could be established separately, and where a direct
comparison to the 1-D restults would be possibleX The results
of the preliminary calculations could then serve to evaluate
the influence of J on the outcome of the trajectories.

For this part of the study the following method was used:

1. Starting with b = 0 a.u., €°= 0% and %= 0%, trajectories

were calculated , Tg being varied from 0.2 to 2.0 eV with

a step size.of 0.05 eV.
[ 4

5> The final parameters X (reaction channel), tR (reaction time),

| t | 1 | .

Eint’ EV, EJ, v', J' (product energies and guantum numbers),
and v (scattering angle), were tabulated and plotted as a
function of Ti.

v

3. Energy band boundaries were determined to withiﬁ 0.01 eV_by
additional trajectory calculations in the neighborhood of

the t° peaks.
4. Similar calculations were then carried out for different

phase angles, resulting in o vs.Tg plots as familiar from
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the 1-D calculations.

5. Next, b was vafied in steps of-O.S a.u., again cdmp]eting a
full cycle of ¢° values before proceding with the next b
value. Maps of the band boundaries as a function of b and Tg’
were thus obtained at constant €%, J, 0,

6. When b = 2.0 a.u. very few trajectories 1éad to reaction,

indicating that the maximum impact parameter43’65, b

max’
has almaost been reached. A systematic variation of 8% can
then be stdrted, by‘succesive1y repeating steps 1 to 5 at
different 6° values. A step size of 22.5% in 892 was found
necessary to obtain a rough.?O VS, Tg map of the band edges,
although sometimes 289 = 30° was sufficient.

7. Refinement of the maps was achieved By calculating individual
trajectories with any.combination of TS, ¢°, b and 8% values,
deemed necessary to complete the exact determination of the
band boundaries. A more complete and revealing picture is

obtained by arranging corresponding maps in sequence, to

reflect the variation of the patterns with additional-para-

meters (composite maps).

4.6 The Potential-Energy Surface.

At the present time, the most accurate ab-initio surface
for collinear H+H, is considered to be the one obtained byalius®,
from a compiete configuration-interaction sgudy using a pasis set
of 27 ao-type, 15 m-type, and 6_é-type functions for the coliinear

H3 system.These calculations yiered a barrier height of 9.8 kcal/

mole, and the energy of the hydrogen molecule was found to be only

4
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0.48 kcal/mole above the true énergy. The results were estimated
to be accurate to ca. 0.3 kcal/mole and no worse than 0.8 kcal/
mole, in the region near the MERP and in the range 1.0 a.u: <
"ag ' RC < 4.0 a.u. As in the SSMK paper38a{ the ab-initio points

were fitted to analytical expressions:

8 .
- . _ 1
iy (Tae) = - 1 r explearge) S(%iTgc) (102)

EH3(rAB,rBC) = - 1.5 + ££ (rAB)+1.} + {EHZ(rBC)+1.}

k=3 Jppd pK=Jy

‘ 1
* - . T
exp{-v(rpg+rgel? I ;.5 Tas "BCITARTBC

(103)

The analytical surface generally parallels the SSMK function,
but has a lower barrier (9.8 kcal/mole) and a saddie-point
closer to the origin (1.757 a.u.). When examined over a wider
range of raR*TRC? however, the ana]ytica1 Liu functioh shows

79a
an incorrect qualitative behav1or outside r = 2.5 R 9 .

The Liu results have been generalized to three dimensions

by vdtes and Lesterss, usinag a Porter—Karplus (PK)56 type of semi-
empirical  function. The PK treatment is a refinement of the

LEPS approach27’64, based on a more consistent quantum-mechanica}
formulation, and incliudes all overlap and mu]tipfe exchange
integrals in 2 parametric form. Yates and Lester found that-the
best fit to the ab-initio points calculated by Liu could only be
obtained by omission of> the energy of the repulsive triplet state
of HZ' The potential-energy can then be expressed in terms of the
Coulomd (Qk), exchange (Jk), double exchanae (] 123) and overlap
(Sk) integrals, with k =1 (AB), 2 (BC) and 3 (AC) denoting the

diatomic contributions.

-
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-
1 I ) e :
E, = DeLexp{-ZB(rk—re}}— 2 exp{-s(rk—reﬁ}} \
o = 1 + x exp(-krk) o |
s, = (1 + gz r, * ¢ rz/s)ex (-Z,r,)
k STk T OSKkTk PL=S Tk
_ 2,1
Q= %L+ ST \
/
Jk = Ok + Ak ¢
A = GSkﬁ(1+1/r1)exp(-2r1)+(?+1/rm)exp(-2rm}};
a {(k#1#m
Qo= Q t Oyt 05
Jip3 = £513253
_ 2 o 2.2 .2 2.2 ,c2 <242,
¢, - (1-515,54)°- 5 {(57-55) 7+ (55-53) +(s3-57)72
C, = -(1-513,55)(0=d1535) ~
.o %{(JI-JZ)(si-s§)+(J2-J3>(sg-s§)+(a3_J1)(s§-s§)}
i} 2 2 2 2,
Cy = (0-0555)7 5 11-3p) (35735 1059y 1
/ - r s ! L’.“
V(ragorgeetac) 7T {C,*(€y-CqC3) "1/ Cy. (104)
The best fit was obtained with28:
D, = 4.72703 eV 5 = 58.25083 eV .
r, = 1.40631 a.u. e = - 79.135565 eV
B ; 1.07366 a.u. k= 3.127965 2.u.
{Morse parameters) A= 0.96131 -a.u.
L
)
’/
' / 4

N\
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g
For the collinear H+H2 geometry the hypersurface thus obtained
typically differs from Liu's values by ~0.05%. The agreement

with the SSMK resultsSS@

is also very good, and even extends to
non-linear geometries. The characteristics of this surface are
listed in Table Il (Sec.2.4), together with those of the SSMK
and Liu surfaces, and are compared to experimental data.

The integration of the equations of motion requires the

derivatives av/ar, (k = AB,BC,AC). These can be obtained in

ana1yt{ca1 formsg, yieiding:

d'E,
= - ZBDe[exp{-Zs(rk-re)}-exp{—s(rk-re)}
drk '
d;k
= - AKEXD(-srk)
drk .
ds - - dr de
K . Kk 2.2 .2 2%k 3
e (B 5o e P (mag )
r r ar )
k k k
dzg t 2 2
- §k+rk——— (1+gkrk+;krk/3)exp(-gkrk)
drkJ
dzg, )
! k: . -
= - §[¢k+rk i (1gy r dgreexp =gy
dr‘kJ
t 1
dag ds . d E
Tl lp g Tk op(1esdy—E
dr k kdr k dr
k k- k
3J ds
123 = E:S]Sm__ﬂl_
ark drk
34d dqQ ds
e LAY —k
ark drk drk
391 2 2
—_ = - S]G(2+2/rk+1/rk)exp(-2rk)
Brk - . ’ : 4
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=
3c ds ‘ ds
1 _ ) Sk 2 .2 2 .2 k
K " dry
3C ds , d0 3J
;_g = (0“3123?51%“E - fﬂ‘515253){ k- 123}
. ary drk v drk Brk
ds 3J 3l
R VTS T P S N [0 -l S (s2.s2)( 21 2
SRS R S 1 B SN 17225, 7 Gy
- . ; ; k k k
- a a o] ' BJﬂ aJ
| + (55-5% {—2- - ——i} + (52—52){—*’— - —1-}
' 273 ar ar 371 3
k ko " 3Tk
3 ) -'
_Ei _ dQ,  3J 55 3, 3,
2(0-d 30— - == - (ymd i -
Brk ] drk Brk ar Brk
3J 23 3d 3d
- (JZFJE){—B_Z— _ 3} _ (J3-J1){'—'§" - __.l.}
rk ark 'ark ark
3V 3C 3C 3C
—_ = g(cg-c1c3)'% {vz 1y 2 ——1}, (105]
ark : ark ark Brk

where the last equation follows after some rearrangement of
the more complicated expression initially obtained from the
differentiation of- eg. (104) with r;spect to Cl’ C2 and C3.
Porter and Karp1u559 have given similar expressions, but the
elimination of their 3Ek term and some serious misprintssg
necessitated a redetermination of all the derivatives.

In Fig.33 contour maps for different geometries (pending
angle T = 09,§O°ﬂggﬁ) are showhl It is apparent that the
surface contours are very smoqth and well behaved at all T,
apd-that ‘locations of the valleys and the saddle point do not

shift appreciably with T . The behavior of the surface is very

- L
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Contour maps of the YL surface for various
bemding angles..
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s1m11ar to the SSMK results in many reshects. A comparison -of

the energy profiles along the MERP at d1fferent T to thé caorres-
ponding SSMK profiTes is shown in Fig.1l,Ref.58, and for the .
collinear geometry the MERP is almost nerfectiv paralle] to the
MERP of the SSMK surface, but is shifted nearer to the coord1nate
axes, as shown in Fig.1l,Ref.39. It is also interesting to note
that the YL function for collinear geométries has a van der Waals
minimum at

rAB:S.Ta.U. of depth 0.0087 eV, similar to the one

observed for the analytical SSMK surface383(5ec.2.4).

4.7 The Computer Proaram.

The original computer program was obta{ned from the Quantum
Chemistry Program Exchanae (OCPE) and is briefly described in °
its catalog60 under number 229 CLASTR. It was written by
Muckermanso, basedfﬁn the formulation of Karp]us, Porter and
Sharmass, appropr1ate for 3-0 Monte Carlo ca]culat1ons us1nq

genera1ized LEPS potential-energy functions. The program was

first modified to allow 2 free choice of the initial parameter

values and the use of the yi surface for H¥H,. The proaram
was further abbreviated to adjust for the reduced nﬁmber;nf
parameters and equations\of motion in 2-D, and the highly
. ymmetr1c reaction (H+H . The integr&tion routine was ex-
changed with the fourth-order pred1ctor corrector algorithm
(see Sec. 7.5.4), which allowed 2 greater precisjon using a
larger time step and the doubTe precision mode. Preliminary

runs were calculated at this stage to determ1ne the reliability
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\9f/;;;\mggified program. Further modifications then allowed
the use of the double harmonic approximation (see Secs.2.5.2
and 4.3). The units used througﬁout the whole program were
changed to eV for energies, a.u. (bohrs) for distances and
a.m.u. for-masses, in order to avoid frequent conversions‘
within the program. The unit for time, 1 s = 1.8562336887x1014
is then only needed for the numerical integration, Planck's
constant ® = h/27 = 0.1221806963 being directly used in the

correct uﬁjts. The remaining conversion factors from degrees

f .
(input/output of angles) to radians (calculation) are stored

b

in COMMON/CONST/ together with the vajue for h, and are initia-

1ized in a BUGLCK DATA statement (see Appendix IT where the

FORTRAN 1listings STt modified program are givqn). The reac-

tion. shell radius RKO and the atomic masses EM dre read into
the MAIN program together with program control parametérs (HO -
time step/lo'lss; NTOT = # of trajectories to be caiculated;
NPRfNT, 1E are output contro! parameters,) and some pre-determined
vibrating-rotator parameters (RLO,RKT are the turning points;
NV,NJ are the quantum numberss; EO0J is the jnternal energy):

The control options are explained by the comments in the Tistings
and a table for the ﬁnqmggjcs used is also given in Appendix III.
Next, mass ratios importﬂnt r the calculation of energies’anJ‘
the transforma{?;; betwee seve\ii coqrdinate systems (see Secs.
§4.2-4.4) are evaluated. Thes mags ratios are‘tﬁénsmitted th%ough
a blank COMMON biock, together with the Morse garameters (¢ = De’

B = 8, RO = re); generalized coordinates, momenta and time deriva-

tives (Y(8),FF(85), internal coofdinates aﬁd poténtia]-energy
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derivatives (R(3),DD(3)), energies and momenta, initial and
final parameters, and interna1 counters. Some of these para-
meters and other more specific constants are given initial

vajues by a call to various initializing routines, e.q. the

free parameters ¢0,80, b are read from data cards in SUBROUTINE
0 0 0 . 0 0 0
PARMIN, where rges Ppo p, are determined from EV,J’ T Vint

and TS as descyibed-in Sec.4.3. These parameters remain constant
for one batch of trajectory calculations. Ths remaining .free -
" parameter Tg is then read into the MAIN program for the first
trajectory, .and the generalized coordinates and momenta are
assigned initial va1ues‘accordi%g to eqs.(87) in SURROUTINE
PARMIN, ENTRY PARMO. Pelative velocity vectors are calculated
in SUBROUTINE ANGLIN, ENTRY ANGLST (initial relative velocity)
and ENTRY ANGLE (final re]atiQe veiocity and scattering angle);
internal and total angular momenta in SUBROAUTINE FMOM; jnternal
and total energies in SUBROUTINE FENGIN, ENTRY FENGY; 2li accor-
ding to the procedures described in Secs.4. 2-4.4. The YL potential-
epnergy function and its derivatives are evaluated in SUBROUTINE
DFPOTI, ENTRY DERIVE(MM); MM = 1 if on1y the potential energy
is required,” MMre—iwobherw1se, the potentia]-enerqy of the
diatomic¢ mo]ecuT (ﬁi}é the shortest 1nteratom1c distance) 1is
evaluated from ;Egﬁﬂorse equatjon in ENTRY FPOTN. The jnternal
coordinates used in these calculations are determined from the
generalized coordinates in SUBROUTINE RVECT.

The numerical jntegration of the equations of motion is

controlled by SUBROUTINE MASTER, which calls on SUBROUTINE DBASH
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to perform the actual infegration. The values of the derivatives

for the generalized coordinates and momenta are obtained from d
SURRQUTINE FSTART, EQTRY F which transforﬁs the derivatives

obtained from DERIVE accowding teo eqs.{(70) and_(71). MASTER

also controls various options for the outputl of the details

of individual trajectories in the form of data files of the

Cartesian coordinates as a function of reaction time, or of

on-line time vs. distance diagrams; it further décides when-

-~

a trajectory is “erminated, what broduct configuration is formed,
and whether back integraticn (ﬁNTRY REMAST) should be performed.
It then returns control to the main program, where the final
parameters are calculated using the subroutines aiready mentioned
above Eﬁr the calculation of initial parameters. The results are

then printed out before-proceding to the next vaiue of Tz.

When one batch of trajectories at constant ¢°,60, b has been
calculated, these parameters can be changed Qi‘specifying a
non-zero vaiue for NTOT on the next data card, otherwise the

program 1is automatically terminated.
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4.8 Results and Discussion.

4.8.1 Preliminary Calculations.

At an early stage the partially modified program was
tested by calculating a series of trajectories with y=0, J=5,
0.4 a, 69209, ¢°=90°, b = 0-2 a.u. and 10 =5 - 25 kcal/
mole. No routine was yetl available to vary the phase anqle, /
and no information had yet been gathered on the vibrating
rotator. The trajectories were therefore always started at
the inner turning point, where TS = 0 and Tg was evaluated
using eq.{81). Here, an error was made in assuming that the.
rotational motion would have negligible effect on the turning
points of vibration. With rgc =7y F 0.6385 R and J = 5, Ta
was determined to be 7.07 kcal/molé; yie1ding-EV’J = Vint
Tg = 13.27 kcal/mole. At the end of the sreliminary calcula~-
tions a thorough check on the reiiability of the results was
made, and it was discovered that én evaluation of EV,J from
eq.(78) and Stoicheff's data105 yields the markedly different
va]u-e of £4. 5 © 11.18 kcal/mole. A detfﬂed analysis of this ‘
discrepancy fhen led to correct treatment of the vibrating
rotator as discussed 1in Sec.4.3. Since the results of the
preliminary calculations were found quite useful despite the
error in the initial conditions, they will be hriefly reported
and discussed in this section.

The initial coordinates and momenta were evaluated from

eqs.(86) and (87), and a time step of 2x10'155 was used for

the numerical jntegration. The total energy and the total’
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~angular momentum were conserved to better than 0.01%. The back
integration always.yielded the initial coordinates and momenta
to within 4 significant digits. The final parameters x,tR,E%nt,

v',J' and Y were selected for analysis of the results.

F{ig.34a-e shows a plot of these parameters against %2 for
b = 0. The reaction channel X is indicated as follows:
x = 0, no reaction,‘produet‘A+BC - thin dashed 1i€e;
y = 1, reaction, product AB+C : heavy dashed dotted lines
x = 2, reaction, product AC+B . heavy sorid line;
oX

= 3, dissociations product A+B+C : not observed.
These were the first results obtained, and immediately some
\\“‘\itriking similarities to the 1-0 results were observed. Above
£Qe threshold ,regions of alternating reactivity oc§ur between
0. 41-0.43 eV (x=2), 0.43-0.£5 eV (x=0), 0.45- 1.0 eV (x=2).
The bouhdaries of  the reactivity bands are-again clearly marked
by peaks of reaction time and product internal energy, and an
anomalous peak is ocbserved at 0.91 eV. A rough paraliel to the
tR and E; curves (a and b) is further noticeable for J' and
(c and e), but the v' curve (d) seems very insensitive to the

structure in the other parameters. The relative scalés in parts

b to ¢ in the figure are misleading. In terms of energy, 2 dﬁf-
ference of 1 in the quantum numbers would correspond to roughly
0.45 eV for v', and %o around J'2x0.08 eV for J'. In subsequent
calculations (see Sec.4.8.3) EQ and E; were therefore selected
as the final parameters of interest, instead of v' and J'. It

js further observed that unreactive scattering takes place in
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the backward hemisphere, and reactive scattering in the forward
direction (Fig.34e; see also Fig.30 where the scattering quadrants
are defined). Throughout the 2-0 calculations, y wWas determined
from eq.(90), and the absolute direction of scattering, shown in
Fig.34e, was subsequently ohbtained from eq.(92). Finally, it is
of interest to note that only product AC+B (x=2) was formed in
the reactive regions. When the calcuiations were extended to
Higher engrgies, an unreactive band was found between 1.7-1.9 eV,
£01lowed by another reactive region in which x=1 exclusively. This
is shown 1in Fig.SSé-e for b=0.435 a.u., where 2 larger range of
energies s nlotted. The first reactjve.region (x=2) has decreased
in size (0.45-1.1 eV), and the second reactive band (x=1) has
moved in to lower energies (1.34-2.0 eV). The results have assumed
a very simple form: no bands within a band aré observed, and no
anomalous peaks occur. Againrthere is a striking similarity
between the tR and E%nt curves {a,b}, é rgugh parallel to the J!
and v plots {(c,e), and an insensitive behavior of v’ {df. Such
plots are {n marked contrast’ to plots of the final parameters 2s
a function of b at constant Tg (not shown), Qhere the band edges
are less clearly marked by jrrequiarities in the curves which are
now quite dissimilar to one another.

The final results are presented in the form of a rough b vs.
Tg band plot, shown in Fig.36. The first reactive region (x=2)
decreases in width with increasing b, until it completely dis-
appears near b=1.0 a.u. The second reactive region {x=1), was

not detected for high b values, but appears to extend beyond



// Figure 34

Plots of the ' action time (a), product

> internal energy (M), rotational quantum

N _

nqug; (c), vibratipnaT quantum number (d),
]

and/gcattering angle (e}, as a function of

2% (——) reactive; (----- ) unreactive.
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Figure 35

Plots similar to Fig.34, for J=5, b=0.435
a.u., e°=¢°=0°. (————) reactive, x=2,
product AC+B8; (-.-.-.-) reactive, product
AB+C, X=1; (------ ) unreactive, product

A+BC, X=0.
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Figure 36

Reactivity map for J=5, e°=¢°=0°, as a

function of b and Tg. The reactive regions

(shaded) represent different reaction

channels.
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4.0 eV at low impact parameters. The plot also shows that the
maximum impact parameter43’§5 has the value of bmax= 1.0 a.u.,
which is about half the values reported by Karplus et a1.65,

and by Yates and Lesterss, fgsm 3-D Monte Carlo calculations.

In order to evaluate the relfdb111ty of the results, an analysis
of individual trajectories was made, and the interpretation

various observations was attempted.

4.8.2 Analysis of the preliminary results.

A single three-dimensional potential-enerqy surface model
can no longer be used to analyze 2-D trajectories, since the

system cannot be characterized by a constant bending angle.

106

Aside from elaborate computer animation technigues , time vs.

distance diagrams65 were found extremely informative. In Fig.
37a-f, some trajectories at b=0 and varijous Tg values are shown.

The plotted distances are rAB(dashed), solid), dashed-

rgcl rac!
dotted), and the sum of the two shortest interatomic separations

R (heavy soiid line). In plot 2, the threshold has almost been

reached (Tg=0.398 eV; Tih]d'=0.407 eV). The vibrational motion

of the reactant molecule (BC) is represented by the uninterrupted

rBC wave. The translational motion causes rAB’ and R to

-1
decrease as A approaches BC, and to subsequently increase again ‘

as the system does not make it over the (mu]tidimensioﬁa1) energy
barrier. The rotational motion can be roughly represented by the
angle n between the generalized coordinates (n ='-r!(-ri,Ri; see Fig. ¢

30). For a collinear configuration, n = 00, and R will equal the



e

| Figure 37

Typical trajectories for J=5, b=0, 6°%=¢°=

00, at varjous Tg. The curves represent the - i)
interatomic distances as a function of time;

.?he tegend is given at the bottom of the

figure. .
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largest interatomic distance, e.9. at the start of the trajectory
= 80:0 =0 = = = 0

b=0, 0, hence n=0" and R rAB+rBC rac” When n=90" the two
largest interatomic distances are equal. This is indicated by

a crossing of the two "translatory" distances.

Using this information, the rotational period of the "un-

disturbed" reactant molecul (i.e. at large atom-molecule separa-

tions) can be estimated as 4 150x10—165 = GDGxIO'lss. This is
65

longer than the neriods reported by Karplus et al.

and those obtained T ctroscopic formu1a76, which predict
values of ¢r0t=400x10_165 for truly undisturbed molecules with.
the same energy content. This can be interpreted as evidence of
the early transfer of rotational to orbital angular momentum,
where even as A approaches it is already deflected from its
original direction of motion, at the expense of rotational energy
of the reactant molecule. This also is related to the "reluctance®
of the systeﬁ to assume the n=900 configuration. The subsequent
quarter turn to attain the collinear configuration (§=rAC+rBC)

takes place in a much shorter time (m400x10'165), but the atom-

molecule distance has become too short te be able to assume un-

disturbed rotational motion. The point of ciosest interaction

;s difficult to define for an unreactive trajectory such as the

one shown in Fig=37a. However, it is seen that the system Spends
{between 100 to 200x10_165 with all three atoms in close proximity.

The vibrational motion of BC is slightly affected during this

period and the collinear configuration is cTnsejy.maintained.

In fact, 2 slowing down of the rotational motion to 2 standstill

and a subsequent reversal of the direction of rotation seems to
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have taken place. This would agree Qith Marcus's theory71’107.
where initial rotation is transformed into the plane bending
mode of the transition state in coplanar collisions, and where
such reversals of rotational motion have been predicted and
observed for low Tg and low total angular momentum. The atom
and molecule then separate again, without having reacted, but
with J'=2 in & reverse direction. This is therefore an example
of a rotat1onally highly inelastic collision.

The subsequent trajectories (Fig. 37b-e), at b=0 and with
Tg increasing, show similar nyndisturbed" rotational periods
and the strong orientation effect at the period of c¢lose inter-
action. Plot b shows & reactive trajectory at the threshold.
Reactivity is indicated by 2 single crossover of one of the
translatory paths with the vibrational wave (rAC and TaC in
this exampie). This trajectory is highly adiabatic, in that
product 1s formed in the same vibrational and rotational states
of the reactant. The next plot (cj shows a trajectory in the
narrow unreactive region at low energies just above the threshold.

65 .
) unreactive tra-

It is more complex than typical 2-0 (and 3-D
jectories, in that a double crossover occurred, indicating that
reaction almqst took place, but that the local directions of

motion of the atoms, at the moment of closest approach, was un-
fa;orable. Too much repulsive energy was buil- up in the AC- _
entity of the transition state, SO +hat A is bounced back again
{(2-D brick-wall effect). This is also an example of 2 highly

(rotationa11y) inelastic collision, in which reactant rotational
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energy was converted into repulsive potential energy, which is
subsequently released totally in the product translational mode
(3'=0}). Fig.37d 1is typical of reactive trajectories 1in t+he broad
reactive region (x=2); except for the fact that its translational
T energy was completely used up to climb the barrier and to halt
the reactant rotational motion. As a consequence, nO product
rotational motion is observed (J'=0). At higher energies, the
excess translational motion is converted into product'rotationaT
energy, as can be seen from Fig.34. The next trajectory (é)
shows the behavior. at the anomalous éime peak in Fig.34. and
indicates that reaction almost failed to occur. It is therefore
reasonable to assume that the anomalous peak corresppnds to the
opening up of an unreactive region at slightly higher ¢°, Just.
as in the 1-D cases, since it can be expected that under slightly
jess favorable conditions at the moment of closest interaction.

a double crossover similar +o the one shown in Fig.37c might well
have taken place. This trajectory is 2lso highly non-adiabatic:
reactant translational energy was totally used up to reverse the
rotational motion and to excite the vibrational mode of the
products to a high degree. Product t:ans]ation is therefore very
Tow, and a long reaction time results. The last trajectory shown
for b=0 (f) is typical of the high-energy unreactive region
separating the regions with =2 and y=1. The time scale has

been doubled in this pTot; since the reaction times are very
short at higher energies..ln Figs.37b-e a trend can be observed, -

in which the crossover points of transiational and vibrational
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o .
¢ increases, whereas

distances move towards shorter times as’T
the undisturbed rotational periods remain roughly constant.

In plot f this trenq has progressed to a point where the first
71=90° configuration coincides with the expected crossover point,
resulting in a highly unfavorable geometry at the moment of
closest approach. It is seen that A canno% overcome the highly
repulsive barrier to come within distances close enough for
reactive interaction with either B or C. It is therefore turned
back without even influencing the vibrational motion of the
molecule appreciably. However, 5+ must have interacted with the
rotational motion to a considerable extent, since the .first
quarter tufﬁ of the molecule has been sTowed down considerab{y.

An extrapolation of these trends to higher energies explains

the existence of the Xx=1 reactive region. At b=0, 6°=0°,¢°=90°

and Tg>2 eV, the B end of the molecule will always be closer to

A so that product AB+C will be formed. The absence of a cut-off
beiow 4 eV for this second reactive region must be due to the S
fact that the configuration at the distance of closest approach

is no longer collinear, SO that different behavicr from the 1-D
case must be expected.

In -Fig.38a,b some trajectories at b=0.873 a.u. are shown
for comparison to the previous case where b=0. Trajectory 2 is
typical of the narrow (0.52-0.715 eV) reactive regﬁon with y=2.
The collinear geometry js again favored at the moment of closest
jnteraction (crossover point), but is kinematically unstable,
since the excess translational energy 1is directed along a ve;tor

more perpendicular to the molecular axis of the collinear complex.




Figure 38

Time vs. Distance diagrams, simiiar to Fig.

37, for J=5, §°=4%=0°, b=0.873 a.u.
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The higher threshold (compared to b=0) can be understood from

a consideration of the initial configuration of the system (see

£ig.30, and imagine €°=0°). The direction of rotational motion

causes A to be deflected towards the right (positive x-axis)

on its approach coordinate {(extension of pt). Thus higher Ti

is required to minimize the extent of this_deflection and to

bring A close enough %o react with the molecule BC. The lower

cut-off in reactivity could also be understood from this pic-

ture, in that it is apparent that B will spend more time closer

to A, than in the b=0 case. Thus, B will still be closer than

C to A, at relatively low Tg for high impagt parameters. Fig.38b

shows that this is not the whole picture. The =90° configuration

stil1]l occurs before the crossover, but is now so close in time

to it, that the molecule has to increase its rotational velocity

very much to achieve the collinear geometry at the (expected)

crossover. 1t does not quite make it and as a consequence the

A atom is reflected by the non-optimum barrier. The jncreased

rotational motion is still gevident 1in the“products (3'=10).
Finally, the observed scatféring angles (Sec.4.8.1) were

also found to be consistent with the method of reasoning used

- above. Thus product (atom) scattering tn 2 backward direction

for unreactive trajectories and forward scattering in reactive

collisions, indicate a rebound mechanism in all low energy. T ow
: K, r

rr—t

jmpact parameter collisijons. With increasing b and Ti, scattering
in a more sideways direction (Y=900,270°) is observed. A reactive
stripping mechanism is never observed, except at very high Tg

(n4 eV)}. Furthermore, with very few exceptions near band edges,
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particle A is always scattered (reactively and unreactive1y)
in the direction of the positive x-axis. In the above discussion,
this was related to the direction of reactant rotatibnt and
considerations of the conservation of total angular momentum.
The results of these pretiminary calculations were thus
found to be very acceptable despite the minor discrepancies
with previousiy‘pub1ished results (the rotational period as
determined above does not reflect the undisturbed vibrating
rotator, and the maximum impact parametler was not really
specified for J=5 in Refs.58 ané §5). The major discrepancy
in the internal energy was traced to a logical errar, and
Ted to detailed analysis of the vibrating rotator problem.
The results were also quite encouraging in that the persistence
of reactivity bands in 2_D was established, and +hat a good
correlation between the final parameters was again detected.
However, the-influence of individual initial parameters On
+he outcome of the trajectories had not yet been established
and seemed to be a more complicated problem than in the 1-0
case. The program was therefore modified to take into account
the correct evaluation of the initial rotational momentum.
Translationléss trajectories were calculated to determine the
characteristics of the vibrating rotator, and the double har-
monic approximation was again found to offer an adequate des-
cription of the vibrational motion. This solved the problem
of introducing further modifications to the program, to allow
the systematic variation of ¢°. Calculations were then started

on the special case of J=0.
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47%.3 Results for J=0.

The basic method of investigation has been outlined in
Sec. 4.5. As before, graphs were found to be the most convenient
form in which the massive amount of data can be represented.
The reactive regions are generally jndicated by shaded areas,

bounded by heavy solid (x=1) or heavy dashed lines (x=2). *

A. Final Pa%ameters.

a

For purposes of determining band boundaries, -only the
reaction times and the reaction channel need-be recorded. The
other parameters follow the.behavior of the time curve éuite
closely, and can be presented for more detailed studies in the
form shown in Fig.3%a-e for the randomly selected case v=0,

J=0, 8°=D°, b=0.5 a.u., ¢°=0°. Here, alternating reactive bands
are observed above the threshold: 0.29-0.515 (y=1), 0.515-0.59%
(x=0), 0.595-1.07 (y=1), 1.07- 2.0 eV (x=0). This result 1is by
no means typical. At other initial conditions total unreactivity
or a single reactive region above the threshold can be obgerved,
with several anomaious peaks in the time curve. Cut-off energies ‘
as found for this case (the last region stays unreactive beyond
3 eV) are generally observed only for the more collinear cases.
Reactive regions with y=2 are often found, but seldom together
with X=1 below 2.0 eV. The more general features in Fig.39 are
the coincidence of the time peaks (a) with the band boundaries,
and the relatively close parallel of the other parameter CUrves.
The scattering anglé y has now heen plotted in the form obtained

fyrom the computer output, i.e. in a range from 0° to 900 only.
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Figure 39

Reaction time (a), scattering angle (b),
internal energy (c), rotational energy (d),
and vibrational energy (e) as a‘function

of TP for J=0, b=0.5 a.u., 8%=¢%=0°, The
product quahtum numbers are aTsé‘shown on
the right-hand side of plots (d) and (e}).

(————) reéctive, X=1, product AB+C;

(mmmme- ) unreactive, X=0, product A+BC.
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The internal energy is p]ottea in the same way as before, but

Eé {d) and E; (e) are now plotted i§stead of J' and v', although
these gquantum numbers are still shown on the right-hand sides of ‘
the plots. If the E& axis is scaled in the non-linear way as
shown in piot d ( mEé%), the J' axis on the right becomes roughly
linear, and more details of the behavior of the.E‘ curve at low

J
J' become available. The E, curve (e) certainly shows more

structure than the v’ ves in the preliminary results (Sec.
\‘4>§4{ﬁ. This is espefially true for the‘more general cases,
where v' seldom redgches values of 2 and higher, and mostly remains
zero. \S\—'

T0 summary e, the following similarities to the 1-D results

can be pointeffout:

1. The Tg speEtrum %s usually divided inte regions of different

values.

2. The boundaries of these regions are clearly marked by tR peaks
and breakpoints 1in the other final parameter curves.

3. Not all tR peaks, however, correspond to a band boundary,
although they are usually related to the existence of such
boundaries at slightly different initial conditions. Rounded
peaks, shoulders and other irregularities in otherwise smooth
portions of t.he_tR curve also belong in this categery.

4. 1If these plots are arranged in sequence, with parameters ¢0,

b or 6° increasing, the variations of the band edges and

characteristic structures of the final parémeters are easily

recognizable and generally very smooth.

-

y
-
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B. Variations with Qo.

The information gathered from a series of final parameter
plots can now be represented in a more compact form, to show
_the variation of the band boundaries with another parameter

such as @0. As in the 1-D case, two methods can be selected
for this purpose.

1. The linear ¢° VS. Tg map can have the ;0 axis scaled to
reflect the correct probability distribution function {see Sec.
2.6.5), to obtain reaction probabilities by graphical methods.
It can also be used to display additional information such as
prodﬁct quantum numbers, angular distributions, statistical
regions, etc. in the form of contour maps [see Fig.l6a), and
is in general the more accurate representation. In Fiag.40a the
2 vs. Tg band plot for the collinear calculations (v=0,Jd=0,
b=0,¢0=0°) on the YL surface are compared to the one gbtained
using the SSMK surface (dashed lines, corrected for a reaction
shell radius of 4 R and a different barrier height of 0.477 ev,
as discussed in Sec.2.6.5). The qualitative behavior of the
reactivity bands is gquite :simi'[ar.‘g although the fit would seem

hetter if the SSMK results were shifted about ap doﬁhszﬁ?‘j)

along the &® axis. The agreement of the reaction probability

I

curves (PST) shown in Fig.40b, however,is very good, the major
difference being 2 slightly higher reactivity of the SSMK surface
(dashed line) and a higher cut-off energy. This is not surprising

cince the YL surface can be expected to be more similar to the

38b,52

SSMK surface scaled to a Tower barrier height i.e. the

QC* curve 1in Fig.l4b. This was'reTated to a slightly narrower

reaction channel for the low barrier surfaces (see Sec.3.4.3)



Figure 40

(a) Linear reactivity map of 6% vs. Tg,

for collinear H+H2 and 2 reaction shell

radius (oo) of 4 R. (———) YL surface;
(m=====- ) SSMK surface.
(b) Total reaction probabilities PgT’

obtained by graphical summation from (a).
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which is also evident from the slightly higher force constant
for the symmetric stretch (AS=O.32 a.u.) for the YL surface,

compared to the value of 0.31.a.u. reported for the SSMK surface
(see Table II).

Z2. The polar form of the o vs. Tg map demonstrates the regu-
larity and continuity of the bands much more clearly, and allows
a more direct comparison between related but different cases
(see Sec.3.3.2).‘ln Fig.4la-d some such maps are displayed for
the collinear (as 6°=00,b=0) and various non-linear results
(b-d38%=45%, 5=0,0.5,1.0 a.u.). Fig.4la does not provide much
new information, since it 1is essentially the same as Fig.40a

and very similar to other polar plots Tor cellinear H+H2 on the
SSMK surface (Figs.15 and 24a3). It serves to point out the
essential features of 1-D results: the threshold (inner circle)
is constant (0.28 % 0.01 eV) at all s the band boundaries

. shift smoothly and continugusly to higher Tg with increasing &

so that a characteristic spiral form is obtained; the unreactive

branch of the spiral widens, contributing to a decrease in reac-

tivity at high Tg and a cut-off in reactivity is observed.

Fig.4lb shows that under quite non-linear conditions (6°=450,b=0)
a very similar pehavior can be obtained. The main differences

with piot”a are a higher threshold (0.4-0.45 eV) which is no
longer constant at all &®, resulting in an eccentric inner circle.
The unreactive branch of the spiral still widens, but no cut-off
;¢ observed. This leads to the surprising result that the reaction

probability inckeases with increasing deviation from collinearity.



Figure 41

Polar plot of reactivity for ceplanar H+H

5
Angular coordinate: ¢O; radial coordinate:

79,

L

o_.0

a) J=0, 8%=0°, b=0 (collinear case);

(
(b) J=C, 8%=45°, b=n a.4.; i
(c) J=0, 6°=45°, b=0.5 a.u.;

(d) Jd=0, 8%=45%, b=1.0 a.u.
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These trends are continued into the next plot ¢, which is
slightly less collinear (6°=45°, b=0.5) than the previous case.
The threshold has increased slightly in value and eccéntricity
(0.42-0.49 eV). The unreactive spiral first increases in width,
but then narrows down again, to disappear near (¢°=O°,Tgé1.55 ev).
An enormous reactivity is therefore predicted for this special
case, over a wide range of energies. A continuation of these
trends yields plot d ©€-45%5=1 a.u.), where the threshold is
now between 0.52-0.62 eV, and the unreactive branch of the.
sgi:gl has completely disappeared. The dashed-dotted 1ines show
a variation of anomalous peaks with ¢% and Tg, indicating that
although the unreactive band has disappeared through a‘variaéion-
of b at constant e? (450), some traces are lett beﬁind in the
form of anomalous irregularities 1in the final parémeter plots.
These traces also correspond to remnants of unreactivity bands
that might appear by varying g9 at constant b (1 a.u.}. The
jmportant point is that the nlot shows that the characteristic
features of the tR curve still vary roughly in the prescribed

O with increasing ¢°}, and that they

t
can be used to determine the shifting patterns of the bands

manner (towards higher T

with other (b,s°) initial parameters. A continuation of the

above trends to 6°=45°, b=1.5 a.u. {(not shown) breaks down,

as no reactivity is observed for this case at all. Anomalous
unreactive time peaks are sti11 observed and can be roughly
related to the shifting pattern of the reaction threshold and
to unreactive bands”and reactive anomalous peaks at lower b

values.



Figure 42

Polar & vs.'Tg plgts of-total reactivity.
2) J=0, b=1.0 a.u.,e%=0%;
b) J=0, b=1.0 a.u.,5%=30°; .

J=0, b=1.0 a.u.,8 =60";
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Fig.42a-f also shows some polar 6% vs. Tg.plots, arraggg;\\\\h\Jf

in a different order (b=1 a.u., 8°=0-135°). In plot a the nearly
collinear case (b=1,e°=0°) again shows great similarity to 1-D
behavior. The threshold is slightly higher, but quite constant

at all ¢° (0.3 + 0.01 eV; inner circle). The unreactive branch
continuously widens, but again no cut-off is observed; reactivity

i¢ thus increased compared to the 1-D case. In plot b ( 0=30°)

o I

the same trend observed for increasing b at constant &~ (Fig.

~

41b-d), but at a much accelerated pace, leads to the disappearance
;of the unreactive band and eccentricity of the threshold (0.42-
O.47_eV). The variation of the anomalous reactive peaks are

again shown (dashed lines). Similar to the behavior discussed

G

under Fig.41, the next plot (Fig.42¢c, b=1, =60°) is totally

[¢2]

unreactive; only the location of the unreactive anomalous peaks
are shown (dashed-dotted Tines). It is convenient 10 regard
these as asymptotic iimits for the threshold (inner circle) and
for the unreactive band (outer circle). The next plot d €=90°)
can then be explained from a reversal of the trends discussed
above. The reaction channel has changed (x=2) as indjcated by

the heavy dashed lines bordering the shaded areas; product AC+B

is formed. The threshold has "decreased® (compared to the inner
circle of plot c) and is guite eccentric (0.74-0.93 eV). An un-
0 _ )
N 0.93 eV)
and spirals out to higher energies with increasing ¢°, continuously

reactive band starts right at the threshold near (¢°=0°,T

widening, but not leading te a high-energy cut-off in reactivity.
This trend is continued 1in plot e (a°=1200), where the threshold

is between 0.47 and 0.62 eV, and where the unreactive band shows
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a behavior similar to the one in plot d. The overall reactivity
(integral of the shaaéq area) sTightTy decreases compared to d,
although it is‘difficuffgggrmeasure by eye. For e°=135° {(f)
the result is very similar to e. The threshold is lowered and
less eccentric (0.42-0.48 eV), and the unreactive spiral alse
widens continuousiy, but seemingly at a\lesser rate. This trend
continues to eo = 1500 {not shown), where ;hg overall reactivity
is definitely increasing, and to e°=180O which is identical to
e°=o°, except for the formation of a different producé (x=2).
gecause of the high symmetry of the present case (H+H2,J=d),
it must be realized that upon exchanging x = 1, 2: h
a. at a single b value, the results obtained for 5% and 180°+6°
will be identicals
b. combinations of positive b,eo values will corresboné to nega-
tive combinations (-b, _8%= 360°- &9).
Thus, only pqsitive values of b and 3% (between 0% and 180°)
need to be considered for a complete investigation of this case.
This can be used to obtain a continuous picture from Fig.42, in
the order c',d',e',f',2a,b,c¢ (2400,2700,3000,3150,OO,BOO,SOO),
where the results for e°=150° (e‘o=3300),w1th a threshold and @
reactivity in between f and a, would nicely fit-in. The behavior
in 2-D is thus observed to be far more compiicated than in 1-D,
but seems to follow & consistent pattern. It js therefore of

interest to explain these observations in 2 simple way. ‘

Since no rotation is present in the reactant molecule, it

is convenient to imagine the system as a single particie of
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reduced mass sliding over three dimensional surfaces of the

type shown in Fig.33a-é. The barrier height (i.e. the energy
) : . +*
profile along the MERP) increases with increasing bending

angle T (i.e the angle betweeﬁ the extension of "B and TRC

in the reactants), but the qualitative features and the location
of the MERP and the saddlepoint are relatively constant. It is
thus still appropriate to discuss reactant and product vaI]eys,
the bend irn the transition state region connecting fhem, and

the energy barrier, ait%ough in the actual case t%e system is
not restricted to any particular surface at constant T, but |
is free to "jump" from surface to surface.

The most interesting result obtained thus far is that the
reaction probability increases with decreasing-co11inearity,
put then abruptly cuts 0ff to become zero (see Figs.41,42, and
discussions thereof). Since the reactivity in 1-D is 1imited
by the brick wall effect, resulting in a relatively iow energy
1jmit for reactivity, these results must be attributed to the
availability of alternative ways in 2.0 for rounding the bend
at the transition state.‘As A approaches BC, T is expected to
increase slowly (out of geometr{cai considerations) if the
initial configuration was not collinear. More translatiaonal
energy is-therefore consumed for non;co11%near trajectories
to climb the foot of the barrier and to climb to surfaces $f
higher 1, at least during the first part of the approach. At
lesser atom-molecule distances, the strong orientation gffect

will tend to decrease r'again; so that the actual barrier

height at the moméht of closest approach is not excessively




- 175 -

_E' ' e
high. This orientation effect decreases with increasfng Tg,
since less time is then available-for it to take place. It
also decreases with increasing deviation from co11inéarity,
because A will pass farther away from either B or C, reducing
the degree of intefaction. Thus the non-ginear trajecto;ies
ceem to have the abiiity to adjust their approach in such a
way that the barriér is scaled without a large amount of
excess transilational energy, e]iminafing the brick wall effect.
1f the deviation from collinearity becomes too0 Targe, however,
this ability is lost as the short-range interaction decreases.
Extremely high barriers are then encountered (T increases
continuously during the approach), leading to a cut-off in
reactivity. -

v Other féatures of in&erest are that the variation-of the
threshold generally follows the expansion and\contract1on of
the reactive regjons, and that it gives r1sevfb an-eccentr1ca1
ellipsoidal form at highly non—]inear initial conditions.

This is again understandabte from the above angumen%s,-where
non-linear trajectories have to climb a steeper hi]T:Qefore

+he orientation effect can take place. More transl&ional energy
would be needed to start w1uh, SO Fha; a point can be‘reached.
where short range interactiaon c¢an ocCur, decreasin%gthe'barrier
height from there on. The reactive threshq1d is therefore not

a direct measure of the barrier height at the time of c1osest
approach. The eccentr%city of the reactive threshold further

C s . . 0 . ..
indicates an increased influence of ¢~ 1In non-linear collisians,

»

I
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at low Tg. Under these conditions, the extent of the orijenta-
tion effect is very mﬁch dependent on the onset of short range
interactions, and the great¥®¥ dependence on 4% can be understood.
Thus, at a favorable ¢°, thé AB or AC distance 1is sﬁori enough
to induce the orientation effect when A still possesses sSOmeE
translational energy, enough to scale the now decreasing barrier.
At less favorable ¢°, the same amount of Ti does not lead to
reaction, because the orientation effect occurs too late. The
atom A, having lost all its translational energy by climbing
the steeper hill, slides back into the reactant valley. At
lTow b and eo, the value of ¢° is not so critical since the slope
of the barrier is more gentie, $O that the arguments in the 1-D
case (cf.Sec.3.4.3 C) appiy-

It must further be realized that b and £ are closely related
in that they constitute a measure of non—linearity. In fact, the

1,1
angle n, which 1is used by many workers 45,46,71,107 jistead of

~

& to describe the rotatfonal phase, can be calculated from

~

n =6+ arcgin(b/RA,BC), " {106)

as is easily verified from Fig.3D. It is therefore not very
surprising that many similarities in the hehavior patterns
relating the individual plots in Figs.41 and 42 were detected.
\This might be an artifact of the rotationless case, where 6
is relatively constant during a major portion of the approach.
Wwhen initial rotationai motion is present, phe effect of §° on

the outcome of the trajectories can be expected to be quite

different from the present case, and from the dependence on b.
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C. 12 vs. b Maps.

In Fig.43a-e the band edges are plotted as a function of
b and Tg, at b°=00 and several 8% values. At e°=00 (a) the B
end is always,closer to the incoming A atom, and because of
the symmetry considerations as applied in the previous section
the results for negative b values are identical with those
at positive b. A narrow low-energy unreactive region is seen
near 0.6 eV, extending from b=-1.5 tB 1.5 a.u. At low impact
parameters (Tess than 0.5 a.u.) a cut-off in reactivity is
observed, indicating that the slope of the barrier,aiong the
approach coordinate is not steep enough to absorb excess
transiational energy,causing +he brick wall effect. This
cut-off region does not disappear completely until very |
high impact parameters; for b between * 0.5 and + 1.5 a.u.
a high enera;-reacfive region appears below 2.0 eV. This
shows that a higher harrier is actually more favorable for
reaction at high Tg, since the strong orientation effect is
expected only to occur at lower Tg. At ¥mpact parameters
between * 1.5 to * 1.7.no unreactive bands are observed
above the threshold (0.44-0.5 eV) and below 2.0 eV. The
react%vity (at constant b} then decreases until it completely
disappears at the maximum impact parameter, bmax = 2.2 a.u.
At 80=22.5O {b) the symmetry of the plot has been slightly
distorted, as if it were stretched towards high Tg and negative
b, with the low-energy part of the plot reluctant to follow.
The tip of a reactive region with x=2 is beginning to show

near b=1.25 a.u., T$=2.0 eV. The maximum impact parameter 1s

7N



Figure 43

Linear b vs. Tg maps of reactivity, at
various 8° values and J=0, ¢°=0°.

The shaded reactive regions are bounded
by solid lines for X=1 (product AB+C),
and by dashed lines for X=2 (product
AC+B).
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around I?ZR;.U. on the positive b side, but remains 2.2 a.u.
on the negative b side. Otherwise the features described for
plot a are qualitatively sti11 recognizab1e. The trends above
continue to plot ¢C (e°=45°), where the effects of the stretch
are greatest in the high energy, highly negative b regions.
The effect on the new reactive region {x=2) is in an opposite
direction; it seems to be pushed towards Tow energies,higher
)positive impact paramelers. The plot has now split along the
points of "highest stress", i.e. those points where the reac-
tive regions (x=1) were the thinnest. This causes the existence
of three separated reactive regions at b between -1.2 to -1.8
a.u. The part of the plot on the positive-b side is qualitative1y
unchanged compared 1o plot b, but the maximum impact parameter
here has now dropped to 1.4 a.u. The bmax value on the negatiJg
cide stiil remains at 2 2 a.u. The trend again continues into
plat d (6°=67.5°), where the low energy unreactive region and
the high energy reactive region at negative b have completely
disappeared because of the stretch. The new reactive region
(x=2) has now separated from the x=1 region as @& résult of its
opposite behavior. The maximum impact parameter for y=1 is now
0.7 a&d 2.1 a.u. on the positive and negative side, but the
brax value for x=2 (positive side only) is 1.8 a.u. Finally,
plot e (e°=90°) is evolved from this constantly shifting pattern
with 5%. Tne map is comp]etejy symmetric about the b=0 axis,
except for the type of products formed (y=1 for negative b, x=2
for positive b). This 1s again understood from the symmetry

considerations of the previous cection, and the absence of any
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reactivity at b=0 follows from the fact that since B and C
are equidistant from A at ail times, the orientation effect
cannot take place and the. unfavorable conditien n=90° is

encountered all along the approach coordinate. The fact that

the reaction probability increases rapidiy with slight deviatj
from b=0 indicates the sigﬁificant role this orientation effgct
plays in the dynamics of the collisions, since without iE the -
conditions along the approach coordinate would be just as unfavo-
rable as for the b=0 case.

Again’ some consistent shifting patterns have been observed
which need to be understood, at least qualitatively. Keeping the {
definitions of positive D and positive eo in mind (Fig.30), the \\z///
decrease of the x=1 region on the positive b side can be related
to an increasing AB distance at the moment of c1ose;t approach
with increasing eo. At the same time, the deviation from colline-
arity must indeed be associated with less favorahble reaction

conditions, since the reactive region (y=1) also decreases with

increasing eo for negative b values. The reactive region with
x=2 inc}eases with increasing eo, because at positive b values
the {ncoming atom A will start to "see" the C end of the molecule
coming out from hehind B. At low 60, the A atom must have suffi-
cient +ranslational energy and rejatively low jmpact parameter

to be able to pass B without being -scattered toO far away from

¢, for reaction to take place. At high g% this becomes less of

a problem since C emerges mOre énd more from behind B. Reaction

with C will thus become possible at lower Ti and 2 wider range
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of b. The reaction probability will thus increase with 8%,
but even at e°=900 it is still far from being at its maximum
which occurs at §2=180%. The following generalizations can
therefore be made:

1. The reactivity in 2-D is generally increased compared to
1-D, because @ cooperation between a steeper approach and
a strong collinear orientation effect'at short distances
will eliminate the brick wall effect, but not excessively
increase the actual barrier height for reaction.

2 However, closely collinear initial conditions must still
be considered to be most favorable for reaction, and by
the same argument large deviations from collinearity are .
very unfavorable.

3. The atoms of the molecule shouid be assigned reactive and
unreactive spheres of influence, bey%nd which no significant
interaction with the translating atom can oCCUr. The radif
of these spheres will decrease with jncreasing glocal} Tt’
and are expected to depend also on the intramolecular dis-
tance at the moment of closest approach. The unreactive
sphere of infiluence is larger than the reactive one, and

will cause deflections of the translating atom, which will

also depend on the {mpact parameter. More gquantitative

definitions are difficult to achieve, put these ideas are

essential for 2 qualitative understanding of the results.
4, For the rotationless case discussions in terms of motion

of a reduced mass over 2 series of three dimensional surfaces



- 182 -

was found to be helpful. Such a procedure may also be applied
to the more general cases where rotational motion is present,
but would be more difficult to follow because of more rapid

upward and downward “jumping" of these surfaces.

D. Plots of eo VS Tg.

- 0 . .t . ..
Since the parameter £ 15 & cyclic function similar to s°

[

(indeed, eo can be regarded-as the rotational phase angle), two

methods can again be applied to map the reactivity bands as a
function of 29 and Tg. At an early stage of this investigation

it was found that only a polar form of.such maps can be obtained,
because the band edges were oscillating wildly on a linear eo VS,
e

Tt piot. Fig.44a-d shows the very peculiar and jrregular form

of even the polar plots, for §%=0° and 5=0,0.5,1.0,1.5 a.u.

0_n0

Fig.44a (b=0) is perfectly symmetric about the &€ =0 axis. Since

the results at 9°+1800 are identical except for y=2 instead of
y=1, the plot ig also symmetric about the e°= 1900 axis. At low

eo a low-energy unreactive region exists, and & cut-off in reac-
tivity is observed. At high 50 a high-energy reactive region
appears, extending beyond 2 eV. The reactivity therefore increases
between 0 = 300 and 700, buf.decreases again as & high energy

-

cut-off appears beyond e°=70°, to become compietely zero at 5°=90

Plot b (b=0.5 a.u.) is completely unsymmetrﬁc about the 5°=0

0
axis. A rotation of 180°, however, would yield the reactive region
with y=2. The behavior on the positive 59 side is still roughly
similar to that observed in plot a, except that zero reactivity

is reached at 62=75°. The reactivity on the negative 5° side

also ceases at a°=180°+75°=255°=-1050. This gives the appearance

0

N



Figure 44

/-

/

0 -0 - 0_n0 '
Polar B~ vs. [, maps at J=0, ¢ 0/>3Hﬂ$3\\_/a

various b values. \
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that plot a has been rotated by -15° and distorted on the negative
99 side, in a compiicated Qay, to yield piot b. . A further rotation
and distortion then generates plot ¢ (b=1.0 a.u.), where a high-
energy reactive region with X=2 has appeared between 8% = 2¢°

and 50°, and where the reactive region has shrunk away from the
1ine separating the predominantly y=1 and x=2 regions, which is
now located at €°=65° (14502. A continuation of these trends
yields the next plot d (b;l.S a.u.) where the y=2 high energy
region has disappeared again, and where the dividing line 1is
shifted to e°= 55° (2350). The positive ¢® side now shows one
continuous reactive region, extending to beyond 2 eV for low

a® (<25°). The map for 5=2.0 2.u. is not shown, but reflects 2
continuation of this rotational pattern, where no reactivity

js cbserved for positive e% and where the reactive region has
shrunk to a narrow band between 0.7-1.2 eV and e°=—90°¢00.

These seemingly very complicated behavior patterns can be
“qualitatively interpréted in much the same way as in the dis-
cussion of Fig.43. In fact, if the plots are closely examined

a parallel behavior to the b vs.Tg maps can be detected.

Towards the end of this investigation, after all other maps

had been refined by numerous trajectory calculations at critical

0 0

t
The results are shown in Fig.45, which also summarizes the com-

vs. T2 was again considered.

(e 1)

points, a linear form of the

plete variation of the reactive regions with all initial para-

meters for the v=0,J=0 case. The individual graphs are linear

o)

g VS. TO

+ maps, ordered horizontally with b increasing, and

-

—
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vertically with ¢° increasing. A1l previously shown diagrams

can be generated from this composite picture in a rough form.
The individual 8% vs. Tg plots have now taken on a very familiar

form, reminiscent of the b vs. Tg plots shown 1in Fig.43.‘Even
the variation of the plots with increasing b (horizontally) can
be described in much the same way as a stretch towards high Tg
and negative 80. although gqualitative differences in the effects
of such a stretchs seem to exist in comparison to Fig.43. The
d1sappearance of the reactive region with y=2 at b=1.5 a.u. 1is
not quite true, since 1dent}ca1 plots with e‘o-e +180° and y'=
do exist but are not shown. The x=2 regior which started to
appear at b=1.0 a.u. must have followed the trend predicted

for such a region (toward higher ﬁositive g,. Tower Tg; see pre-
vious section), and must have joined with the x'=2 region not
chown in these pictures. The variation of these p]éts with ¢°
(vertically) can be easily described from the famijiarity with
s vs. Tg

the band edges shift towards higher Tg with increasing o°

diagrams in 1-D and 2-D: the variation is cycliic and

This trend is clearly seen in the first column of Fig.45 (b=0)
where the unreactive bands shift to higher Tg but a new un-
reactive band opens up at ¢°=270° (bottom) to generate the plot

at 4°=0 (top) by a further shift of the unreactive reaions to
0

g. + plots are symmetric ‘

about the §°=0° axis (dashed lines), at all ¢°. The shifting

heigher T As before (Fig.44a) the 6% vs. T
behavior described above can alsoc be observed at other b values,
and the variation of the plots with increasing b at constant o°

is gquite consistent.



Figure 45

Linear 89 vs. Tg maps of the reactivity

bands for J=0, various b values (ho;:x\\
zontally) and various ¢° values (verti-\

cally). The dashed lines indicate the
0_A0

6§°=0" axes.

N
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E. Reaction Probabilities.

The. total reaction probability is most generally defined
as the sum over the product of a1l norma11zed d1stribution'
functions F(i) and the 1nd1v1dua1 reaction probability pR
Here pR = 1 if the outcome of the trajectory, at a particular
combination of the free variables i, is reactive, and pR = 0
i¥ it is unreactive. Thus, in the 2-D case at constant v and

J, the reaction probability as a function of Tt is:

db 6600898 (b)F (82 (8%)p"

a ‘——h
b |

_PZD(Tg) = { (107)

The 1limits of integration also define the area of investigation,
‘and reflect the exhaustive var1at1on of the cyclic variables e®
;;d ¢° (range'70+2w) The variation of b must be 11m1ted by a
maximum impact parameter bmax’ beyond which no reactivity wi]l
be observedss. in order to obtain accurate results with fewer
calculations, and to improve upon the statistics.of Monte Carle
calculations, 2 smaller value b 4y €N be chosen, where the
reactjvity has dropped to 1ns1gn1f1cant 1eve1sd6

The order of integratiion is not critical and the most

convenient seguence can be selected to evajuate the 1ntegra1

in a series of steps, e.g.:

L
BR(e%,0,70) = [ pP(e%.8%.0.TY) F(6°) do® - (108)
‘ ] 2";";9‘;-,;‘9’,'( - '
PR, 1 A7 PR(6%,5,79) F(8°) ds® (109)

PR (72) - T eR(b,T) Flb) @b L (110
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The distribution of 2% has been given in eq.(54)., Sec.2.6.5,

in terms of the double harmonic approximation, and can be ‘

normalized to yield:
T,

c 0 _ 0 RO [
F(e7) do” = 12-1 ] 1 qe? 5 (2=0eT 0 =) (111)

"The distributions of b and eo in 2-D are uniform:

n

db/b L p=0a-b ) (112)

F(b) db max ma X

F(s®) ¢e® = d8°/(27) (¢ = 0~ 2m) (113)

where the limits of variation can be reduced to eo = 0»n for
the highly symmetric H+H2, J=0 case. The integration can aiso
be carried out as 2 graphical summation with only the ¢° axis
ccaled to reflect @ non-1ineaf distribution. The most direct

. s .
method is 1o construct € vS. o° maps at many b,Ti vajues, and

)
- .

to cut out and weigh rhe reactive regions, to obtain PR(b,Tg).
In Fig.46 some of these PR(b,Ti) curves {(solid iines) as

a function of b are compared to the results of other workers.

The results of Yates and_LesterSS(dashed—dotted} were thained

from 3-D Monte Carlo calculations on the surface used for the

present jnvestigation. Although the general forms of the curves

are similar, the quantitative agreement ‘18 rather pcor. The

came can be said about the results of Karplus, Porter and Sharma

(KPS)65 from 3-D Monte Carlo calculations on the PK surfacesg,
e
as shown by the dotted line. Saxon and Light (SL)l-O8 carried

out'quantum-mechanical and quasi—c]assica1 2.0 calculations oOn

a PK type{of £it to the scaled SSMK surface38b

. The classicgl

calculations were quite 1imited in range and accuracy, SO that



Figure 46

Reaction probability curves PR(b,Tg) for
collinear H+H,, at various Tg values, as

a function of the impact parameter.

(———) the present work;
(=----- ) Yates and Lester’d;
(remeee ) Karplus, Porter and Sharma65;

(-=-=-- ) Saxon and Light 98,

N
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only the quantum-mechanical results are shown in Fig.46 (dashed
lines). This time even the shapes of the curves are different
from the results obtained in the present study. The classical
points calculated by Saxon and Light Qould predict a slightly
broader distribution, but no quantitative agreement would be
obtained. In general the probability curves obtained in the
present investigation are more square than the results cobtained
by others.The é-D results seem def{nitely more reactive at low
impact parameters, and the classical 2-D results show a steeper
drop-off at higher impact parameters.

Purely numerical averaging methods were also tested, but
were found to be less reliable, giving rise toﬁless smooth —
beﬁavior of the curves and a standard deviation from the results
shown in the order of 2%, considered. as the Timit of accuracy.
The band continuity property can in principle still be used to
obtain more accurate results, using many more intermediate values
of ¢?,e° and b. However, the graphical method would soon become
tedious since many more maps wili be needed. The numerical method
would become feasible if the maps are fittés by analytical func-
tions (e.g. splines), so that reliable interpolations and inte-
grations can be carried out-on the computer.

R( o]

t
obtain PR(TE). Eqs.(110) and (112) show that this normalized

The P {b,T,.) vs. b curves wvere graphically integrated to

probability 1is inversely proportional to bmax' An absolute

measure of the reactivity can be obtained by defining a "cross
: t R o} _ R 0 . . .

section SZD(Tt) = bmaxP (Tt) (a.u.), which is more suitable

for comparison to other work. To allow qualitative comparisons
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with 3-D calculations, the differences between 2-0 and 3-N0
distribut{on functions must also be examined. Fia.47 shows
the coeordinate system_for the description of a rotationless
three particle system in 3-0. The parameters are similar to

those used by Xarplus et a1.65, except that g is defined as an

azimuthal anale, whereas the out cf plane orientation of the
molecule is measured by a pelar angle . A third (azimuthal)
orientation angle was eliminated, since tHere is no initial
rotational momentum vector {J=0) which need be defined. Atom

A and the injtial relative velocity vector VR are in the X,VY
plane, VR is parallel to the ¥ axis, and the center-of-mass of
B-C (BC) is still located at the origin. The orientation angle
& is now the angle between the projection of the RC axis ¢n
the X.Y plane and the Y axis, r is the angle of the RC and 7
axes. The impact parameter b is still the distance of A from
the Y axis, and the maximum impact parameter bmax is also
schematically indicated. The distribution functions of QD and
50

Q

as given by eqs. (111} and (113) remain unchanged. The ¢

and b distributions are determined frgm the fraction of the

target area (the sphere) covered by constant values of these

parameters:
_27bdb . Zbdb . (4-
JOKC I e (5=0-b . ) (114)
max max
2 . 0 0
27R"sin{z ") dr
F(z®) a® = sinfe |
47R
- xosin(c®) dg® 5 (£%=0-7) (115)

where the range of t° can again be reduced to 0 ~ w/2 from




Figqure 47

A coordinate system for the selection of
initial conditions for 3-0 trajectories.
The motion of A is initially restricted
to the X,Y plane, paraliel to the Y axis.
A cut-away view of the target sphere

(shaded) of radius bm is presented, to

ax
indicate how the probability distribution
functions can be obtained. The orientation
angle 6 is measured in the X,Y plane, and
the polar angle % defines the orientation

of ‘the BC molecular axis with respect to

the 7 axis.
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2msingdg

Fig.47: 3-0 Coordinate System.
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symmetry considerations. The 2-0 results (:°=90°) allow the

evaluation of the "3-D" reaction probability, only up to

R _ oR ;.0_.qq® <O
Pugpn = Papls =907:Ty) ,
bmax TN
_ 2 R 0
- 2 [ db Pyp(b.TY) b, (116)
bnax 9

| .
TN

A more absolute measure of 3-D reactivity can again be obtained

by the definition of the reactive Cross section:

R,+0 2 R
(T

- 0 2 -
S Tt = wboag P3D(Tt) (a.u.)5 (117}

which migﬁ; be interpreted as the effective size of the target
area, but cannot” be simply related to the actual size of the
atom and molecule.

In Fig.48 the 2-D and "B-ﬁ; cross sections are compared
+o the results obtained by others. The 20 curve {solid lire)
was evaluated from the PR(b,Tg) vs. b diagrams, by means of
graphical integration. To obtain the "3D" curve (dashed line)
the PR(b,Tg)va1ues were first mq]tip?ied by b, and then plotted
against b andeintegrated. The final values were then multiplied
by 27 to obtain the reactive Cross sectioﬁ directiy. The vaWQe

2) VS .

b plots, defines the jimits 9f jnvestigation, out;ide oé which

brax * 2.2 a.u..as determined from Fig.43 and from PR(b,T

no reactivity was observed. The dashed-dotted line again repre-

108 jn 2-n, and the

sents the quantum-mechanical SL results
dotted curve shows the 3-D Monte Carlo KPS resu]tsﬁs, both for

y=J=0. The scale for +he 2-D cross sections 35 shown on the left
hand side in units of lengths; ﬁhe scale for the 3-0 curves is on

the right, in units of area. The agreement between the 20 and SL



figure 48

Reactive cross sections as a function of

3
Tg. The scale on the left is for 20 cross

sections, the one on the right is for 35

results. A1l results are for J=0, v=0.

(————) the present work (2D);

(-e-v-- ) Saxon and LighthB, 20 quantum-
mechanical results;

(====-- ) the present work, assuming‘no =
dependence of the reaction proba-

bility on }afor J=0;
CEEEEE ) Ka;;?}s, Porter and Sharma65 (3D).
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curves, and between the "3D" and KPS results, can be termed
satisfactory, considering the differences in methods and/or
the dimensionality of the calcolations The differences of the

surfaces used may also play an important. role; but has partly
been accounted for by adjusting the KPS results to refiect
the lower barrier height (9.13 kcal/mole) of the PK surface
(the YL and‘sceied SSMK surfaces have a barrier height of 9.8
kcal/mole). The .SL ‘result=shows a very steep behavior‘at the
threshold, more similar to classical 1- D results than to those
expected for higher d1men510n565. The KPS results an the other
hand are in surprisingly good adreement with tpe "3p" curve.
especially atliow Tt. Karpius et al. 65 report that the S curve
slowly decreases in 3-n for Ti in excess of 3 eV. The n3p"
results are therefore sgen to be too reactive between 0{3-6.5
eV and 0.8-1.5 eV, but not reactive enough .between 0.5-0.8 and
:1 5-2.0 eV, iarger deviations occurring at higher energies.

B further extension of the 2-D resuits might be achieved

by speculating about the dependencsa of P§D(5°,Tt) on ;0. If
no dependence is assumed, i.e. PED( ° T°) - constant = Pﬁén"
2
R ,+0y - pR : 0 o . pR
P3D(Tt) - P“3D“ I S.ln(c ) dL: P|13Dn (118)

]

Such an assamption is not very reasonable, because a deviation
from §°=900 will introduce 2 further deviation from collinearity
and will cause the passage of atom A further away from B and C
{see Fig.47, where this is schematically indicated by the B'C'
proaection on the X'Y' plane). This would resuit in-a steeper

barrier aiong the approach coordinate and smaiier b values



for 0#900. The steeper thresho]d of the "3D" curve can then

be attributed to a gentler slope of the barrier, and the less™
reactive regions (0.5-0.8 "and 1.5-2.0 eV) to the absence of
high.energy cut-offs for less collinear initial confiqurations.
The more reactive region (0.8-1.5 eV) must then be attributed
to the larger bmag value for the coplanar case_within‘}his
enerqy range (see Fig.43) which is exenoerated in the extension
to “3D" by the mu1t1p11cat1on of PZD(b TO) with b. These con-
siderat1ons are admwtted1y extremely speculative and based ©n
the assumpt1on that the comparison made _between. the "3D" and
KPS curves in Fig.48 is valid. If no corrections had been made
for the barrier height, the KP3 curve would have been completely
more reactive at low Tg, and a further shift of this curve
towards higher energies would make it compietely less reactive
below 1.5 eV. The arguments can only be proven or disproven

by a comparison to systematic 3-C calculations on the same
surface, byt can be regarded 2s-2 prediction of the resuits
expected from such & cajculation.

Further analysis of product energy distributions, scattering
angles and rate constants are also possible from the results
obtained. However, the restriceion to the J=0 case is still too
artificial to warrant comparison to experimental results. The
real perpose of the study was +o develop a feasible method for

systematic calculations in higher dimensions, and at this point ‘

the need for more quantitative qenera1izations of the band-edge
behavior was felt, in order to be able to reduce the computa-

tipnal requirements even further. Thue, with the present method,



v
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a full 2-D investigation (v=0, J=0-5, Tg=0-2 eV , b =0-2 a.u.,
5920°-270°, 89=0°-330°%; 8J=1, A4T2=0.05 eV, 2b=0.5 a.u., 2692900,
89=30°) would require a minimum of athout 50,000 trajectorj
calculations. In the most favorable case the.additional 3-D
parameters C°=0°-90°, 19=09—18Q° {orientation of rotational
momentum vectoﬁﬁj‘!an be varied in steps wof 30°, leading to
an_estimdted minimum of 1,000,000 trajectories for a fuil 3-D
ih estiqatibn{ In comparison, Monte Carlo ca]culations require ‘gj
a minimum of 300 tragectorues per {J TO} combtnationss, so that
\100, 000 trajectories can be cons1dered adegquate for a full 3-D
study. If the cons1stent shift of the band ggpndartes w1th the
v1brat1ona1 phgse anq1e o can be predicted quant1tat1ve1y
from basic surface and systen parameters, a. reduct1on by a
- factor of 4 could bring the.systemat1ca1 mMethod into much closer
competitition to the Mogte Carlo technique. The investigations |
of the“dafiataon of the band boundaries witﬁ 60 are further-ot
1nterest in that the origin of the reactivity bands might be -
better understood. The trajectory ca1cu1at10ns were therefore
ﬁ?d1scont1nued and an attempt was made to develop 2 sxmpIe ‘mode]
which could. quant1tat1ve1y account for the behavior of the ~
4 peactivity bands, at Ieast for the 1-D case. A further reason

for abandoning the trajectory ca1cuTattons uathhe accumula-

tijon of a massive amount of data, whwch at the t1me could. not

be fully intéigzeted. Rathe

interesting zesults; a be

than addina to the otherw1se quite

er understanding of the dynamical"”

behavior of reacting systgms was sought, which could-aid in

future extensions of the sXudy.
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4.9. Discussion of the 2-D Results.

Although the tompar1son of the reaction probabilities of
the present study to the results of other workers might be
fess than convincing {(Figs.47 and 48), very good agreement
wjth pfevious.resu1ts (cf.Refs.45-54,62,65,81,93,100,107) Was
obtained in terms of preditted and observed dynamical behavior
as a function.of the reaction conditiens. This ijs exemplified
py the comparison to the systematic 2-D study by Wu apd MarculeY,
based on an application of the vibrationa]-adiabaticity theory71
and the use of action-angie variab1e570 tn a natural cdllisional
coordinat system71. They examined the product energy distribu—
tions’,.a_éfound that the 2-D trajectories are statistically more
vibratiotéle adiabatic than 1-D trajectories. They qéduce that
the'TOCéT {excesg) Tt is less effective in exciting product . “
vibration than in i-D, and attribute this to the avai1abt1ity
"'of more energy sinks in the higher dimension. This result has
a1su been observed 1in thé present study, where it was noted
that the v' curves are Vvery insensitive to changes in other

product attributes, and generally retzin low values. Apart from

the fact that rotational excitation is much more effective in ‘

the competition for excess energy because of a closer spacing

of its euergy tevels {actually more energy is usua11y‘being
channeled into product vibration, but th?g does not show up in
the quantum number v'), the excess translational energy is most
' effect1ve1y d1ss1pated by ¢limbing & steeper hill along the

approach coard1nate in non-linear collisions, SO that in general
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less local transiational energy is available than in the 1-D
case to excite product vibration.

Wu and Marcus further t}eat the collision as a continuous
process,. where reactant vibration is transformed into the sym;

metric stretch of the transition state and into product v1brat1on,

whereas reacta tion is converted into the in plane bend1ng
mode of “Xhe ctivated.comp1e;\and into product rotation. The
coupling between orbital angular momentum (1) and rotation is
also treated in an analytical way, showing the possibility of
rotation reversion at low T0 and low J+l: They argue that at
high T the time of closest 1nteract1on is too short for the
complex to execute 2 single bend1n§ visration, and that at high
J+¢ the system cannot be deflected from 2 simple BC rotation.
The dbsérvation of a2 reversal of rotational motion in Sec. 4.8.2
of this study was related to tﬁe strong coliinear orientation
effect, and only obse;ved under conditions which favored the
kinematic stability of the co]1:near geometry, j.e. low b, .ds
and Tg, thus genera11y confirming Wu and Narcus S pred1ct1ons
Many other simﬁ1arities can-be-pointed out such as the existence

of reactive and unreact1ve regions as @ function of eo and the

increase of the width of these regions with T “¢o11owed by 2
drop off at higher Tg (see Fig.45), ‘the observation of closely

collinear configurations at the momeﬁf of closest approach, the

" treatment of 1n1t1a1 vibrational and rotat1ona1 "action" as
constants of motion rather than the corresponding energies, etc.

¥ This comparison shows that quatitatively similar results

were obtained from two quite different methods of calcu1at?on,

J
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although more quantitative comparisons cannot be maﬁé {n a
straightfo;hard manner, because of the completely different
coordinate systems used and the different presentation of
the results. The present method can be regarded as more

accurate, since no approximations are involve

comparison
of the computational reguirements is also nstructive.
and Marcus used Ae°=100—15o and 24 values of ¢? for each e?.
In the present study.ae°=30° and'aco=90 , an economy of
a factor of 12, based on the variation of two parameters.
Finally, some inferences can be made about the influence
of J by comparing the partial results presented in Fig.36 to
Fig.43. Since rotational motion averages OVer all possible &,
comparison should be made to Fig.43¢ where eo=450, and only to
the positive b side. Despite the many differences, a remarkable
‘simiIarity between the two plots 1is observed. The threshold at
J=5,b=0 is only slightly higher than at J:b,b=0 (1es§ than 0.01
eV), and bo;h plots show 2 narrow low-energy unreactive region.
The behavior of'the maximum impact paraﬁete? as a function of
Tg is also simitar, but at J=5 the absolute value of b . (1.0
a.u.) is Tower than at J=0 {1.45 a.u.). Both ﬁTots further have
a high-energy reactive region with different ¥. The only real
differences are thaf at J=5 this second reactive region 1s sepa-
rated from the first by an ﬁnreactive region, and that it extends
to the h=0 axis below 2.0 eV. On the other hand, the unreactive
region associated with the brick wall effect for near collinear

collisions has disappeared 1in Fig.36 (J=5). The high energy un-

reactive region has been shown to reflect the unfavorable
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orthogonal geometry-at the moment of closest approach (cf.Sec.
§.4.2), which might also be termed a brick wall effect, since

a very steep barrier is encountered. These facts all point to
the averaging over 8 that takes p1acerwhen J#0, and might give
some idea of what is to be expected in 3-D where an even more
effective avefaging process can occur. Other efgects such as
the influence of rotational momenta seem to play a lesser role,
although they miqht also be responsible for the Z-0 brick wall
effect mentioned above, and the reduction of the absolute b
value (in Sec.8.4.2 it was argued that the coupiing between
;otationa1 and orbital momenta would tend to deflect A from its
approach coordinate, so that it would pass further away from
EC at the moment of closest approach,.if'th; direction of rota-
+ion and the-value of b are both positive or both negative).

In general then, the present 2-D study has been able to
uncover many interesting features and to confirm many earlier
observations. The results were obtained in & particularly com-
ﬁ}ehensive form, allowing a total view of the dynamic behavior
as a function of various initial parameters to be presented in
a singie composite map (Fig.4%). This has aided the interpre-
+ation of many old and new observations in 2 consistent manner,
and the extension of many generalizations from 1-D to 2-0. The
method has been shown to be quite economical, and capable of
y1e1d1ng very accurate results if full use of tﬁﬁ,band continuity
propertiy is made. As 1n the 1-D case the stu y/has opened many
possibilities for future extension, e.g. o ?u11 3-D calculations,
semi-classical studies, or studieé related to energy transfer

-mechanisms.
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CHAPTER 5: DEVELOPMENT OF SIMPLE MODELS

5.1 Introduction.

The systematic calculations revealed very consistent
patterns of band behavior, which might be used to achieve
further reductions of computational requirements by allowing
quantitative a priori predictions to be made. Thus, the shift
of the bands to hicher energies with increasina vibrational
phase angles is observed for all the cases studied so far.
This is clearly indicative of some redundancy invo1;ed in
calculations at many vibrati@na] phase anales but otherwise
constant conditions.

In the past, many simple models have heen developed to
,allow the interpretation of dynamic behavior on the basis of
system and potential-énergy surface characteristics. The hard-
sphere collisional moedels of Sup'linskasg1 and.Ma1c01me-Lawes92
have been su;cessfu11y applied to several hot-atom reactions.
Many other models have been developed to predict enerdy transfer
phenomena 109 and reactive behavior43’47.

it wou1d\be of considerabie interest and significance to-
design a simplified model which would reprﬁduce the main results,
obtained with the collinear quasi-c]assicaT frajectory caIcula;
tions. Such 2 model would not oniy eliminate the necessity of
varying‘the vibrational phase angle, but would also throw some
"theoretical light an the origin of the reactivity bands. The

110

inclined plane model of Chapuisal, Jean and Salem showed that

ay, . .
reactivity bands are generally expected if the vibrational energy
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js varied at constant total energy. However, the banding observed
in the present study, at constant vibrationatl-phase angies and
energies, but at varying translational energies- could not be

accodnted for. In this chapter, similar but more rea11st1c models

ape deve}oped,on a sounder theoretical basis, in which previously

discussed ideas and findings_ have been incorporated.

5.2 The Vibrational Adiabaticity Assumption.

In Sec.2.2 the separatidn of the kinetic enerqgy intofibra-
tional and translational terms has been discussed. In the analy-
tical treatment by MarCU571? translational motion is considered
to take place 2long 2 curvilinear path; continuously leading
from reactants to the trans1%ﬁon state and to products (if reac-
tidn occurs). Vibrational motion is always normal to the trans-
jational path, and vibrational adiabaticity 1s defined as the
adherence to, @ constant vibrational'action variable (classical
equivalent of the vibraticnal guantum number) during the-course
of the trajectory. The energy content of the vibrational mode
theh depends on the vibrational potential, which continuousiy
changes along the regction path. Thus, in fact, the vibrational
adiabatic principle requires the transfer of exactly the right
amount of energy between the translational and yibrational modes
of motion, to keep the system in its correct vibrational level.
Non-adjabatic energy transfer, as @ rule, only takes place when
the system 1is reflected by the highly curved port{on of the

’ - .
reaction channel, i.e. in the vicinity of the transition state.
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The translational path, at least along the approach coordinate,
is uéué11y taken as the vibrationally averaged reaction path
(VARP) and its curvature and location depend on the initial
relative translational energy. At Tow Tg it will closely adhere
‘to the minimum enérgy reaction path {MERP), and at higher ener-
gies it will become more rectilinear, owinag to 2 centrifugal
force or bobsled effect. The centrifugal potentiéi is dependent
on the curvature of the VARP and the distance of the actuaily
vibrating system from the VARP, and is included in the effective
potential for vibration, which has a minimum at the VARP54’71’81’82.
A simplification can be achieved by treating the reaction
as a discontinuous process: from reactants up to the transition
state (approach coordinate) and from tﬁe transition state down
to the products (retreat coordinate)%3. By use of the principle

2,47,

] i
of microscopic reversibility” only one part of the trajec-

tory need then be examined, with perhaps some overlap in the
transition state region where ngn-adiabatic behavior is most
jikely to occur. Since the reactants always start out in a well

defined vibrational level, whereas productis are formed with all

kinds of vibrational energy, it is reasonable 1o treat the ‘

problem from the reactant's point of view, t.e. along the
approach coordinate. The vibrational adiabaticity princip]é can
further be simpiified by assuming that putside the transition
state region, 1imited by the complex shell (see Sec.2.2), no
energy transfer will occur between the translational and vibra-

tional modes of motion. This means the assumption of a single
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rectilinear translational path (independent on Ti), and constant

vibrational potentials along this path, so that it can be charac-
terized by the Tine rBt=re (equilibrium separation of BC)}. In the
actual case it was found that an adequate simplification of the
problem is achieved by requiring the Yibrationa1 period T to be’
roughly constant up to the transition state. The vibrational

motion can then be treated as 2 simple cyclic form of motion,
desc;ibed by a single parameter, time. Examination of many 1-D
time vs. distance diagrams (not shown, but simijar to Figs.37 and
38) indicated that the VARP's are essentially 1inear and thatt
is quite constant, until rAB=rBC<1.1 E,'i.e. up to regions very
near to the saq§1e point. The iargest errors will therefore occur
in the transition state region where the assumptions break down,

and where non-adiabatic behavicr is expected, but this region is

treated somewhat differently.

5.3 Models Based on a Rectilinear Reaction Path.

5.3.1 A Simple Surface Model.

A. The Surface.

Several simpie models have been based on 2 rectilinear

reaction patfy<all hard-sphere models belong in the present
category. Ma;;::é, for example, discussed extrapciations of
reacti behavior‘on the basis of skewed potential-energy

surface models with hard-walled troughs instead of valleys.

Tunneling correction5103 are often based on 2 zero-curvature
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reaction path, and Wu and Levine81 performed quantunm mechanical
calculations on 'a surface where the curvature of the reaction
path was artificially set to zero, to examine the effect of
dynamic nonadiabaticity. 0gg, Evans and Po1any1‘111 analyzed
the dynamics on potential-energy surfaces on the basis of
a series of rectilinear and perpendicular cuts along the reaction
coordinate. '

The only model pertaining to reactivity bands was developed
by Chapuisat et al.llo on the basis of some preliminary results
of the present studyl}2 and of some of their own caTcu]ationsll3.
This model consisted of an in¢clined plane, bordered by straight
walls on either side with an exit-Tocated at some point alonag
the slope, as shown in Fig.48a. They varied the vibrational energy
- and determined the reaction criteria analytically, and obtainéd
gqualitatively satisfactory agreement to the banding behavior
observed in the dynamical treatment of the isomerization of cyclo-
propane113. The model predicted that no banding was expected for
the variation of Tg at constant vibratiaonal energy, unless an
upper rigid wall is added, as indicated in Fig.A%a. This sudden
and dramatic change of slope reflects some gf the more energetic

trajectories back into the lower part of the surface. The same

gffect of lowering the reactivity above the threshold might also
he achieved Dy introducing 2 moré realistic "curved plane", 1.e.
2 two-dimensional surface with zero curvature in one dimension,
and a gradually increasing 51J;e along the other dimension, per-
pendicular to the first one. The resulting model, 1in which the

rigid walls | and the exit were retained, is schematically shown



" Eigure 49

Simplified surfacg modeTs:3£
{a) The inclined p1aﬁe model of Chapuiéat;
Jean and Sa]emllo.
(b} The present "curved-plane" model.
The exit regions represent the transition

region in terms of the actual potential-

energy surface.

5

—
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in Fig.49b, and can be derived from actual potential-energy

surfaces using the more restricted vibrational adiébaticity

approximation.

The first surface used was obtained by taking a cut through

_the collinear YL surface cbrresponding to rBC=re=1.406 a.u., with

RA,BC= 1.7 to 5.2 a.u. in steps of 0.1 a.u. At RA,BC:

the potential eneray hecomes slightly nega%ive, returning to 2

5.3 a.u.

zero value for R, g¢> 9.7 a.p.'(see Sec.4.6); this portion of
the curve was set to zero for the present purposes. The points

obtained from this cut were fitted to a poiynomial

= - i + - .
v, ai(5.2 RA,BC) ; (RA,BC < 5.2 a.u.). (119)

of~1%

‘The energy profile along this path defines the curvature of the

model .surface I along the tréns]aziona] coordinate, and is shown

as curve a in Fig.5Q. In tﬁis,p1ot and in the subsequent discussion
the variable p = RA,BC is used; the reaction shell is indicated

by 0% = 7.56 a.u., and the curve 1S completely flat for p > py =
5.2 a.u. In terms of the potential-enengy surface model, the exit
region of the present godel represents fhe transition state,

which must be crossed in a direction towards the product side,

for reaction to take place. The beginning of this exit region is

marked by p*, which roughly corresponds to the complex shell. 7
RN

8. Trajectory Calculations.

The vibrational coordinate can be eJiminated by using the

time t as a basic variable. Since the vibrational motion is

described by 2 constant viprational period t, between sgccessive

collisions on one wall, the width of +he reactant channel is kT.
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Figqure 50

Model surface profiles:
2. The simple model surface (I), obtained
from a cut through the YL potential-
energy surface at rBC'= r =;1.406 a.u.

e
b*. The modified surface (I1), where a

<\p]atform correspondini/fgf?}e zero-
poin% energy-of Hy has~been constructed
along the minimum-energy reaction path.

b. The same surface b' lowered by 0.27 eV,

the ZPE.
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The advantage of such a treatment\is thatfonly one comp]ete set
of translat1ona1 tragector1§s has to be ca]cu1ated, since the
v1brat1ona1 motion is comp]ete]y defined by the common parameter
t. The results,can then be adjusted for any initial phase angle
¢°, if the relationship ¢ (t) is known, e“g. from the double

harmonic approximation.

The surface is comp1etel§ flat up to o, SO that the time

needed to go from 0° to f is . ’

o S .
t, = (o - Po) /Y s - (120)
where the initial velocity is censtant in this interval:
o . Q 9 _ ,
v (@Ty v ged ™ S - (1en

o The Newtonian equation of motion 1is

Sy :
UA,BC 3 . dV/de. . (122)
Trmis can be_integrafed to
.2 L0 _ T
- mugge P T Ty Vo S tX)

wh1ch reflects the law of conservation of energy. Because the
non-linear form of eq.(123) (V is 2 polynomial in o), for P<py s
a numerical inéEgratioe is required to obtain the translational
trajectory p(t), @ typfca] exempTe of which is shown on the right
hand side of Fig.51, correéeonding to a partipuiar Ti_va1ye. The_
numerical integqration need only be done f%om ® to the maximum,

since the part up to p, is Tinear and evaluated from eq.{120),
;‘.
and. the rnght hand part, beyond the, maxfmum, is obtained by sym-

metry The actual motion up Phe surface,’shown on the left hand

side of the figure, can be related to the contindﬁi?‘f?ans&atwpnal
- 40 - . ~

A




Figure 51

A typica1 translational trajectory to which
at*er applies with a R>U boundary at ¢3>270°.
+ The attua] trajectories are shown for o¢=
- 270° (;hrve a) and 270%4<360° (curve b),
Hemonstrating the adjustment of the time
axis té. The inset below these trajectifies
define o = 0°,90°,180°,270° in terms of

ﬁhaée space gnd time shifts At¢. - &

)

.
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trajectoryﬁgy the multiple ref1ect§on technique used by previous
114,115 '

workers A necessary condition for reaction is that the

exit region is reached, i.e..Tg > V(p*), where the reactive

threshold corresponds to the potential -energy V(p*) at the

beginning of the exit area. The first time of arrival at o* is.
*
deqoted by tl’ and the second time {on.the return trip) as t;.

The system thus spends a time period of At* = t; - t; in the

exit region (o <e*). Reaction can only take place if®*the exten-
sion of the right hand wall is crossed during this interval At
Reaction aiways occurs (at any 6%y if At* > 7, since the system §
is bound to meet the right hand wall once 1in fime 7. The total

reaction prqbabi]ity PR is unity for Tg values which satisfy

this condition.
Reactivity bands will be observed if 0 < s

the system may have fallen helow the o* level qg%ore gncountering

the right-hand boundary. Reaction wi]llthus occur for some ¢°,

but not for others, and the reaction orobability 1is given by

PR = At*/T . The conditions can therefore be gummarized as:
oRoo g, if at'=n, T2 V(e*), (124)
R = af¥y o, if o] <1, . (125)
oRoogp i at >t (126)

t

*
are essentially cimilar to plots of At vs. 70

t’
'At*=r since PR cannot exceed unity. This will provide a simple

It follows that plots of PR Vs. 79 as found in Chapters 2 and 3,
truncated at

means of evaluating the present results, without going through

the more complicated procedure of determining the band boundaries

»
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as a function of do and Ti, as described be1oﬁ.

C. Adjustments for Different Phase Anales.

Reactive and unreactive ¢° reqians can be determined by
superimposing the viprationa1 phase on the translational motion “
by following the actual zig-zag trajectory and introducing a
shift in the time axis, as illustrated in Fig.51. The computed
translational trajectory 2 corresponds to ®°=270° (see 1nsdrt
in the lower nart of Fig.éi), and the time scale at the top of
the figures app11es (t 270%% 0 at the right hand wall).Suppose
that instead the initial phase angIe is somewhere between 270
and 0° , as in trajectory b shown in F1g.51. The time scale is
then shifted to the left so that t'=0 corresponds to the beginning
of the trajectorys; this 1s shown on the scale at the toot of the
figure. The points ©', 21", etc. are all shifted ecually to the
left, as shown. The relationship between the required shift in
the time axis, &t ., apd o% is shown in the insert at the bottom'
of the figure, and directly follows from the double harmonic’
approximation in eg. k42).-
A reactive to unreactive (R*U) boundary, for increasing 60,

?ound when the actual trajectory h1ts the right hand wall at
p* on its upward.path. This means that t (d) , which is t1(9700)
to which tHe cbrrectidn At% has been added ‘must be an integral

multiple of T:

* ’ * 0 l U—. -
t1(¢) f t1(270 ) + At = nyT. . (127)

Simﬂaﬂy;; the U7R boundary 1s found when the traJectory hits ‘

the right-hand wall at ﬂ on the downward path, and thns is
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defined by

* _ * 0 R
t2(¢) = t2(2’70 ) + At¢ = n,T. j (128)

To summarize tEe procedure: t; and t; are evaluated from the
computed'trangjationaT trajectory and a particular choice of o*.
The required time shift'at! (or At:) is evaluated as the interval
between t; (or t;) and the‘next Iafger iﬁtegra] multiple of =.
The band boundary fs then determined from the phase angle-time

relationship, e.9. eq.(iz) for the double harmonic approximatian

" with ¢%=270°.

D. Results.

Translational trajectories were calculated for surface L

g ranging from 0.2 to 2.1 eV in steps 6f N.1 eV, po=7.56

with T
and p0=5.2 a.u. The family of curves thus obtained is shown 1in
Fig.52. At low Tg the curves are very broad, narrowing down
considerably, but not gaining much added height at higher Tg.
The sharpness of the maxima is not merely a function of Tg but
reflect the steephess of éhe_siope of the sufface near the
turning point (if the surface were a simple aniined plane as
in the ﬁoﬁe1 of Chapuisat et al., the curves would be parabolidc
with broader maxima at higher Tg)..The "exit times" t;, t; and

*
At can be evaluated from this graph for various p*, but weee

computed using numerical interpolation formulae.

* . -
In Fig.53 plots of &t against Tg for varijous exit posi-
tions are compared to the reaction probability curve (dashed
* 3
1ine, truncated at At = 1) obtained from quasi-class1ca1 compu-

tations on the YL surface. The exit locations are p* = 3.46 (a)»



Figure 52

The family of curves representing trans-

lational trajectories on the simple model.

-
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Fiqure 53

Plots of At* against Tg for surface I and
%our different exit lTocations (curves a-d).
The reaction probability curve (dashed line,
truncated at At*=T),obtained'from uns%-
classical calculations on the YL surfgce,_

is shown for comparison.

-
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]

?§3.11 (b), 2.86 (c) and 2.61 a.u. {d). It would be'reaigpab1e to
assumé that the exit occurs before the saddle point (rsp=1.74,
osp=1.5xr;p=2.61 a.u.) is reached, but not much sooner, since
at rgcTr 7l.4 a.u., 0=2.61 would correspond to ryp=1.91 a.u.
which is already much Targer-than Fsp- In the absencelof any |
other reference point, p*=2.61 a.u. washthus deemed a reliable
estimate for the exit 1oca{ion..5ig=53 shows that at o*=2.61 a.u.
(curve d) At*<T at all energies, sO that the model does lead to
banding. The fit fo the quasi-c]assiéa? results (curve e), however,
js far from satisfactory in the iow~energy region, near the reac-

tive threshold.

5.3.2 Improved Model Surface. &

A. The Surface.

¢

For the surface to reproduce the quasi-classical behavior
more accurateiy, it is necessary for it to be less steep in the

neighborhood of the exit and more steep later, so as to lower

the threshold and increase the reactivity at 1ow‘T€, and to allow

Jack of reactivity at higher energies. The first requirement. is

satisfactorily achieved by simulating the procedure of Tweedale

_and Laid]ersz, who constructed a floor on the potenfia] energy
surface, at 2 height corresponding to the zero-point energy (ZPE)
of vibration normal tb the MERP. Since the rectilinear path does
not corresbond to the MERP, it was argued that.the‘qoﬂ!htia1-‘
energy profile along the path wbuld cross this f{bpr‘when the

deviation from the MERP becomes large enough, e.g. near the exit
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location. The ZPE was therefore rather arbitrarily distributed

bétween p = 5.2 and 2.6 a.u..by the formula ¥

v

V- + ZPE {1 - V(p)/Vv(2.6)} (129)

which ensured a smooth curve, which can again be accurately
described by the poiynomial expression (119). The potentia]- -
energy profile thus obtained is shown as curve b' in Fig.50,
,_,,aﬁﬂ\ﬁepresents the curvature of model surface II. The energy
is rdised by 0.27 eV {ZPE) at the start, and by progressively
¢maller amounts as o decreases The actual sur?ace Il 15 repre-
sented by curve b, where the enerqy of H+H2 (incTuding ZPE) has
been set to zero. ’ ' .

The treatment of Tweedale and Laid'lers2 is roughly equi-
valent to vibrationally averaged quaéi—c?assica1 calculations,
where the centrifugal potential has been neglected, and allows
the differeﬁce'in 7PE of the reactants and the transition state
(symmetric-stretch) to help the system cCross the bafrier. This

contribution of 7PE to the asymmetric mode of motion is also

allowed in exact quasi-classical treatments (see Sec.3.4.3 C

and Refs.46-51, 55'100) but the simple model made no prov1s1on
for this. In the present model the to»a] amount of the 1n1t1a1
7PE contributes to passage into the exit region, to compensate

for the steeper slope encountered on a rectilinear path. - o -

B. Reéults. . : -

Fig. Sg-shows plots of At against Tg for p* = 3.11 (a),

2.86 (b), 2.61 {c), ind 2.46 a.u. (d), again compared to the
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quas1-c\ass1ca1 results (dashed Tine). For »* = 2.61 a.u., the
fit at 1ow energies near the thresho]d has great]v improved,
but at higher energies surface I gives s]1ght1y better results
(cf. curve d in Fig.53).

Fig.55 shows a plot of the band boundaries as a function
of oohand T:, determined for p* = 2.61 a.u. according to the
" procedure outlined tn Sec.5.3.1 C. Superimposed on this diagram
ere the quasi-classical results for the YL surface (dashed lines).
The dua1dtative simt]arity of the band behavior, shifting to
higher Tg with increasing o°, is striking. The unreactive band
also widens with increasing energy, but does not lead to a cut-

off in reactivity. : e

5.4 Discussion.

. . N
- Further improvements of the fit of the at curve to the

quas1—c1ass1ca1 resuIts can be obtained by adjusting the "free"

‘e

parameters V( p),)p , and by 1ntroduc1ng a vertical wall above

the exit. However, a high-energy cut-off cannot be generated by
“these means since the size of the exit mdst\:egsiéijnite, 50

. * . ° r -
that PR = At /t would asymptotically apoproach /sma11:but non-

sero value. Other weaknesses of the model ar that no reactivity

—

is-predicted tor vibrationless trajectories, and that the second
‘.(h1gh energy) react1ve regions for h1ghg; mass comb1nat1ons can-

not be reproduced. It 1is 1nstruct1ve to analyze the shortcom1ngs

& «

: T . q
of the models and th¥ effects of the artificial means introduced

P

»

Z

to, improve the resuilts.
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Figure 54
A similar diagram tp Fig.53 for the modified
surface (Il).
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\ Frgure 55
Reactive (sha@ed)/gﬁd unreactive regions
. /’ /
' o}
as_2 funetion &f/ and Tt foT surfacg I1
with p*=2.61 a.u.The \oundarieé obtained
from the quaég-c]assipa] calculations are

shown as dashed lines.

—



. - 221 -

[
gt
.
LY
e

-
. |
/
L]

[
._l

td

.
r -3 Y,y

) 13 ~

_\,\,-|-_-’_‘\\,'\’*-—— foslrvr~a M
- AN AT sarsLT I ]

AT S ) AN NS

vt T om 3 Pt 1T, =y

LR e 1 4 [ Do R Tl T

Pt S R

SN

9




- 222 -

The failure of the simple ﬁodel’;o predict the correct
threshold behavior is directly related to the steeper enera¥y
orofile along the rectilinear cut compared to the actual barrier
encountered on the MERP. The introcduction gf a vibrational floor
above the actual surface cannot be fully justified in the present
case, although it helps in keeping the vibrating system at roughly
the same level as in the actual case, at low Ti; For higher ener-
gies, however, the inclusion of the centrifugal potential into the
cffective vibrational potentia154’7l’81’82, would cause the original
energy profile aiong the rectilinear cut to become more realistic,
put not by much (compare éurve c in Fig.53 to curve d in Fig.54).
The major prob]eﬁ js that no sinale simplified surface is adequate
+o describe the dependence of the translational potential on Tg.
The consideration of curvilinear reaction paths (actual VARP's)
would overcome this deficiency, and would also allow reactivity-
for vibration1essuq§pjector%es.-.as-

The absence of 2 high-enerqy cut-off and second reactive

regions for higher mass combinations must be associated with the
neglect of the skew angle: & (see Secs.3.3.4 and 3.3.5). This can

be corrected for by introducing @2 vertical wall at a {900-5)

angle to the sides of the surface, at some point above the ex;t.
However, indiv;dua1 trajectories must then be calculated separately
at every o, Ti combination, since such a reflecting wall would
4introduce non-adiabatic behayior, and the outcome of the trajec-
tories would then depend on the point of reflection and the local

direction of motion at that point. It would also invalidate

~—
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the expression PR= At*/r, since this was based on the assumption
that adiabatic behavior continues in the exit region.

Further, the exit region was considered simply as an exten-
sion of the model surface, i.e. as an extension of the reactant
channel, whereas the actual transition state inclucdes a sizable
portion of the product channel. The dilemma is 10 determine a
suitable reaction criterion which takes into account the time
spent in the exit area,\the actual geometry of this region, the
skew angle and‘possib1e now-adiabatic behavior. This probiem
seems insurmountabie as yet

L
by examining the energy cnﬁée

although a solution might be found
nt of the AB and BC entities in
the transition-state region, 2as suggested for simple hard-sphere

mode]sgl’gz.

The release and distribution of reactant vibrational
energy 1in the transition-state region, as discussed in Sec.3.4.3 C,
must thereby be taken into account.

The consideration of curvilinear reaction paths, on the

other hand, does not pose +o0 much of & problem, if it can be

assumed that the vibrational and translational modes of motion

can still be separated and superimposed and that the period

t is still roughly constant up to regions near the saddTe.point.
Vibrationiess trajectories can then be calcuiated on the actual
potential-energy curface, up to the dividing 1ine {or the first

turning point, 1.€.p0 = P . V=Tg), +to obtain a roudh estimate

min.
of the average time spent in the.exit region, the energy distri-
butions and local directions of motion. An advantage is that the

only. remaining free parameter p* is then directly. related 1o the
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quasi-classical threshold, through V{o*) = Tih1d', The signifi-
cance of T€h1d‘ is then that it brings the system up to a point

where pure vibrational motion can cause the system to Cross the
dividing line. The unsolved problem is again: where and how to
evajuate the energy contents of AB and BC to obtain a realistic
reaction probaiiity, and how to superimpose the vibrational
motion to obtain the dependence on the in%tia] positional péra-
meters (2 and P

To conclude, however, the simple models were quite success-
ful not only in ge ting reactivity bands, but also dn simula-
ting theilr depende:j:i;:\§° and Tg. This indicates that on the
actual surface, as in thé/simp1ified models, the conditions
encountered at the band edges must be essentially the same for
any initial phase angle. The behavior of the bands can be rationa-
1ized in terms of the shifts of the time axis, &1, associated

with each 6%, as was shown in Fig.52, and the difference in Tg

which will exactly compensate for these time shifts. This is

most easily expiained using the model. For a particular Tg vaxue,
2 band boundary 1is encountered at o? if the right-hand wall 75
exactly met at o¥*. Fof-a higher phase angle ¢g, the time axis 1is
shifted towards the left in Fig.5l. The translational energy must
therefore be increased if at ¢g the right-hand wall is again to
be encountered exactly at o*. In the actual case, 2 band boundary
occurs if the system is réf]ected at a. point of high curvature

near the dividing line, with subsequent motion nearly parallel

to the ridge separaﬂing reactants from products, as if it were
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hesitating which side to remain on (see Sec.2.6.2). At a slightily
Jarger initial phase angle, a band boundary 1is expected to occur
if the very same spot was again hit, which by analogy to the
model would require a slightly increased Tg. '

It is therefore evidegt,that even for the simplest case,
collinear H+H2, the dynamic behavior is quite complicated and
difficult to predict quantitatively on the basis of a priori
considerations -of basic surface and system parameters. The
development of similar models for higﬁer-dimensiona1 reactions
is naturally far more complicated, since thgﬂsystem is no Tonger
restriéted tc a single three-dimensional potential-energy surface,
and because of the larger numger of available degrees of freedom.
Exact quasi-classical ca1ég1a;ipns are therefore still the only
means of achieving a quant{fati;E\understanding of molecular
collision processes, with ?easonabie computational requirements.
The band continuity property as a function of ¢ and Tg, however,
has been shown to be guite predictabie, qua]itatiye]y, since the
two parameters are reiéted through the common variable time.

This band continuity property can thus be expected to persist in
" the 3-D case, and can be relied‘on for accurate interpolations

ac in the present method.
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CLAIMS TO ORIGINAL RFSEARCH

1. A method faor systematic quasi-classical trajectory
ca1cy1ations has been developed, which offers a powerful
alternative to Monte Carlo methods of calculation. The method

is based on the observation that the outcome of individual
collisions assumes the form of reactivitv bands, i.e. regions

of alternating reactivity, as a function of the relative trans-
lational energy, and that the houndaries of these bands are
clearly marked by peaks in the otherwise smooth behavior of

the reaction time. Other product attributes, such as internal
energies and the scattéring angle, show a very similar behavior
to thg reaction time. The band boundaries and the corresponding
breakpoints in the final parameter curves vary in a consistent
and continuous manner with individual initial parameter values,
which allows complete maps of dynamic behavior to he obtained
Wwith relatively few trajectory calculations.

2. The collinear H+H2 reaction and some of 1ts isotopic
analcgues have been studied with this method over 2 wide range
of energies: 0 to 2 eV. Many new features of interest, such as

a2 high-energy cut-off in reactivity, second reactive regions

of different reaction mechanism, the constancy of the threshold
with varying mass combinations, and the consistent behavior
patterns of. the reactivity bands with varying initial paraméters,
have been obserxved. These and many previously reported phenomena
have been interpreted in a consistent way, in terms of motion of
a single particle of reduced mass over a skewed potential-energy

surface.
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3. Complete maps of reactiye behavior have been obta%ned,

and reaction probabilities as a function of the relative trans-
-1ationa1 energy were determined. For collinear T+HT the extra-
ordinary form of the probability curve, showing two reactive
regions separated by a large region of zero reaction probability,
has been noted. A similar and even mare extreme behavior of the
collinear D+HD reaction was confirmed.

4. A complete study of the coplanar H+H, reaction has been
made for the case J=0, and the influence of rotational motion

was briefly looked into. The persistence of the reactivity bands
énd their continuous variation with additional coplianar parameters
was established. Many new features, such as the increase of reac-
tivity for near coilinear initial confiqurations, but the overall

‘decrease in reactivity with increasing non-linearity, the exis- ‘

rence of separate reactive regions where different products were
formed, and clear evidence of «the strong orientational effect at
short atom-molecule distances, have been obse;ved. Many generali- '
zations have been extended from 1-D to 2-0, and most of the
observations were jnterpreted, consistent with the 1-0 interpre-
tations, in terms of the motion of the system over 2 hypersurface.
5. | Reaction probabi]ifies and cross sections we¥e calculated

' from the complete reactivity maps. For H¥H, the effects of the
reactivity bands in the cross section have largely disappeared,
although the high-energy £a1l off in reactivity can be directly
associated with the continuatfon of the large unreactive region,
above the cut-off energy, to non-linear initial configurations.

v
Rotational motion was seen tO average over the non-rotating case.™
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6. A simplified surface model has been developed, which 1is
capable of generating the reactivity baéds and to simulate theilr
dependence.on the translational energy and .vibrational phase

angle in a qualitative way. Although gquantitative'a priori pre-
dictions could not be made on the basis of characteristic system o
and surface parameters, this part of the stuay'has a15§ contributed
to a better insight.of &ynamica] behavior on potential-energy '
surfaces, and has thrown some theoretical light on-the origin of
the reactivity bands.

7. The present study has opened up many ajternative routes
for future extensions to higher Qimensiona1 cases, different
reaction systems, detailed energy-transfer studies and semi-
classical calculations. The main advantage of fhe method 1s

the clear and detailed relationship between initial and final

reaction parameters that can be obtained in the form of reac-
tivity maps. This feature is essential for a deeper understanding
and a more detailed analysis of the dynamic behavior of reacting

: ‘\\ TN

systems.

(] -



. - 229 -

REFERENCES

+

-

1. S.Glasstone, X.J.Laidler and H.Eyrina, The Theory of R@&e

Processes, (McGraw-Hill, New York,  1941).
—_— .

2. K.J.Laidler, Theories of, Reactioh Rates, (McGraw-Hill,

r

New York, 1969). b :
N i -
R.B.Bernstein and R.D.Levine, W lecufar Reaction Dynamics,

-

(3]
.

(Gxford University Press, NEw York, 1874).

)

4. H.S.Johnston, Gas Phase Reaction Rate Theorvy, (Ronald Press,
New York, 186€).

5. W.Byers Brown and J.C.Polanyi (eds.), MTP International

Review of Science, (Buttersworth, Oxford, 1972), Physical

Chemistry. Series 1, Vols. 1 and S.

6. J.Wm.McGowan and x.p.Lawley {eds.), Advances 1in Chemical
R ’ i

Physics, Vols. 28 and 30 (1975).

.7. Ch.Schlier (ed.),.Molecular Beams and Reaction Kinetics,

{Academic Press, New York, 1870).

8. H.Eyring, D..Henderson and W.Jost (eds.), Physical Chemistry

- An Advanced Treatise, (Academic Press, New York, 1974),

Vols. VIA and VIB.

9. W.H.Lester Jr. (ed.), Potentiai-Enerqy Surfaces in Chemistry,

(I8M Research Lab., San Jose, 1971).
10. Discuss. Faraday Soc., Vols. 44 (1967) and 55 (1973).
11. R.N.Porter, Ann.Rev.Phys.Chem., 25, 317 {1974).

12. J.C.Polanyi, Acc.Chem.Res., 3, 161 (1972). : -
13. S.Arrhenius, Z.Physik.Chem. (Leipzig), &, 226 {1889).



14.
15.
16..

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

- 230 -

M. Trautz, Z. Anorg. Aligem. Chem., 95, 1 (1916).
N.C.McC. Lewis, J. Chem. Soc., 113, 471 (1918).

J.H. van 't Hoff, Etudes de Dvnamique Chimigue, {F.Mullgr

and Company, Amsterdam, 1884).
H. Eyring, J. Chem. Phys., 3, 107 (1935) ..

M.G. Evans and M. Polanyi, Trans. Faraday Soc., 31, 875_

W.b. Miller, Acc. Chem. Res., 4, 161 (1971).

J.N.L. Connor, Chem. Soc. Rev., 5, 1257(1976).

W. Eyring, J. Walter, and E. Ximball, Cuantum Chemistry.,

(qohn Wiley and Sons, New York, 1644) .,

: re -
R.C. Tolman, Statistical Mechanics, (CRemical Catalog Com-

pany, Inc., New York,1927].

4 Goldstein, Classical Mechanics, Addison Wesley, Reading,

Mass., 1950). .

m

Schroedinger, Ann. Physik, 79, 486 (1926); 80, £37 (1926}
81, 109 (1926). | L

H. HeﬁtIer~and F. .London, Z. Physik, 44, 255 (1927).

F. London, Z. Elektrochem., 35, 552 (1929}.

H. Eyring and M. Polanyi, Z. Physik., Chem..{Leipzia), 812,
279.(1931); H. Eyring, Chem. Rev., 10, 103 (1932).

J.0. Hirschfelder, Ph.D. thesis, Pr%ncetpn‘University, New
Jersey (1935); J.0. Hirschfelder, H. Fxriné and B. Topley,

. Chem. Phys., 4, 170 (1935).

M.G. Evans aﬁd M. Polanyi, Trans.‘Férday SZC., ;g; 178, (1939).

H. Eyring, H. Gershinowitz, and C:E. Sun, J. Chem. Phys., 3,

o

786 (1935).




7=

. - 231 ~ -

o

g™

31. M.von Hartel and M.Polanyi, Z.Physik.Chem. (Leipzig), Bll,

93 (1931)1 M.Polanyi, Atomic Reactions, (Wililiams and
Northgate, London, 1932). |

32. A.Marcelin, Ann.Physik, 3, 158 (1915).

53, T.H.Bull and P\B.Moon, Discuss.Faraday Soc., 17, 56 (1954). '

34, E.H.Taylor an:>§.Datz, J.Chem.Phys., 23, 1711 (1955).

35. F.J.Lipscoms, R.G.W.Norrish and B.A.Thwush, Proc.Roy. Soc
(London), A233, 455 (1956); W.D.McGrath and R.G.W. Norr1sh
ibid., A242, 265 (1957); A254, 317 (1960),.

36..J.K.Cashion and J.C.Polanyi, J.Chem.Phys., 29, 455 (1958);

, 317, 1097 {(1959); 33, 600 (1961); Proc.Roy.Soc. {London),

= [}
[

A258, 529, 570 (1960).

. 37.%F.T.Wall, L.A.Hiller Jr. and J.Mazur, J.Chem.Phys., 29, 255
(1958). L ‘

38. a) I.Shavitt, R.M.SfeVens, F.L.Minn, and M.Xarplus, J.Chem.

Phys.,48, 2700 (1968); b) I.Shavitty ibic., 49, 4048 (1968).

(F%
(o)

8. Liu, J.Chem.Phys., 58, 1925 (1873).

. 40. A.Xuppermann and G.C.Schatz, J.Chem.Phys., 62, 2502 (1975}.

41 A.B.ElKowitz and R.E.Wyatt, J.Chem.Phys. , 62, 2504 (1875).

42. D L.Bunker, Methods Computat10nal Phys., 10, 287 (1971).

43 J.C.Polanyi and J.L.Schreiber, in Ref.8. |

44. J.0.Hirschfelder, H.Eyring and N.Rosen, J.Chem.Phys., 4,
121 (1936).

45. P.J.Kuntz, E.M.Nemeth, J.C.Polanyi and ¥.H.Wong, J.Chem.
Phys.,52, 4654 (1970); P.J.Kuntz, M.H.Mok and J.C.Polanyi,
ibid., 50, 4623 (1969)#-?.J.Kunté, F.M.Nemeth and J.C.Polanyi,

ibid.. 50, 4607 (1969); K.G.Anlauf, J.C.Polanyi, H.H.Wong



46.

47.
48,
49.
50.

52.

53.
54.
55.
56.

57.
58.

59.
60.

- 232 -

and K.8.Woodall, ibid., 49, 5189 (1968); P.J.Kuntz, E.M.
Nemeth. J.C.Polanyi, S.D.Rosner, and C.E.Young, ibid., 44,
1168 (1956); J.C.quanyi and S.D.Rosner, ibid., 38, 1028 {(1963).
C.A.Parr, J.C.Po}é%yi, andrw.H.Noag, J.Chem.Phys., 58, 5 (1973);
f.G.Czismadia,/ﬁ.C.Po]anyi, A.C.Roach, and W.K.Wong, Canh.J.
Chem., %7, 40@7 (1869); M.H.Mok and J.C.Polanyi, J.Chém.Phys:,
51, 1451 (1969); J.C.Polanyi and W.H.Wong, ibid.,51, 1439
{1§69); N.H.Hijazi aﬁd J.C.Polanyi, ibid., 63, 2249 (1975).

See also contributions by J.C.Polanyi et al. in Refs.5 and 10.
o.N.Careless and D.Hyatt, Chem.Phys.lLett.,1d, 358 (1972).

£ M.Mortensen, J.Chem.Phys.; 49,3526 (1968).

D.Ru;se1 and J.C.Light, J.Chem.Phys., 51, 1720 {1969).

K.P.Fong and D.J.Diestler, J.Chem.Phys., 56, 3200 (1672).

J.M.Bowman and A.Kuppermann, Chem.Phys.Lett.,12, 1 (1971}
19, 166 (1973); J.Chem.Phys., 59, 6524 (1973)..

J.W.Duff and D.G.Truhlar, Chem.Phys.,4, 1 (1974).

S.F.Wu and R.;.Marcus, J.Chem.Phys., 53, 4026 (1970).

R.A_ Marcus, Discuss.Farday Soc., 53, 7 (1973).

W.H.Miller, J.Chem.Phys., 53, 1849 (1370); Adv.Chem.Phys., 25,
5135 (1974), and references cited therein.

R.A.Marcus, Chem.Phys.Lett., 7, 525 (1970); J.Chem.Phys., 59,
5135 (1970), and references therein.

A.C.Yates and W.A.Lester Jr., Chem.Phys.Lett., 24, 305 (1974).
R.N.Porter and M.Karplus, J.Chem.Phys.,40, 1105 (1964).
J.T.Muckerman, Quantum Chemistry Program Exchange, Catalog X,

Program#229 (1974); J.Chem.Phys., 54, 1155 (1971); 56, 2997
{1972).



61.

62.
63.

b4,
65.

66 .

67.

68.
" 69.
70.

71.
72.
73.
74.
75.
76.

77.

78.

-~ 233 - .

F.T.Wall, L.A.Hiller Jr. and M.Mazur, J.Chem.Phys., 35, 1284
(1961). ~ '

33 N
3256 (1362).
S.sato, J.Chem.Phys.,.23, 592, 2465 (19585). .

F.T.Wall and R.N.Porter, J.Chem.Phys., 38, 3112 (1963).
F.T.Wall and R.N.Porter, J.Chem.Phys., s

W

36
M.Karplis, R.N.Porter and R.D.Sharma, J.Chem.Phys., 43, 325¢
{1965).

J.E.Hulse, B.Sc.{Hon.)-thesis, Carleton University, Ottawa
(1972).

R.L.Jaffe, J.M.Henry and J.B.Anderson, J.Chem.Phys., 57, 1128
(1973); J.B.AMerson and R.T.V.Kung, ibid.; 58, 2477 (}973);

3. 8.Anderson, ibid., 58, 4684 (1973)¥-1.M.Henry, J.8.Anderson
and R.L.Jaffe, Chem.Phys.Lett.,20, 138 (1973).

8.H.Mahan, J.Chem.Ed., 51, 308, 377 (1974).

E.A.McCullough Jr. dnd R.E.Wyatt, J.Chem.Phys., 5%, 3592 (1971).
C.C.Rankiﬁ and W.H.Miller, J.Chem;Phys., 55, 3150 (1971).
R.A.Marcus, J.Chem.Phys., 45, 24493, 4500 (1966); 489, 2610,

2617 (1968).

> - - . .
J.0.Hirschfelder, Iqt;J.Quant.Chem., vol.I1IIs, 17 (1969).
. »
J.E.Hulse, R.A.Jackson and J.$.Wright, J.Chem.Ed., 51, ¥8 (1974).
S.K.Gray and J.S.Wright, J.Chem.Phys., received August (1878).

G.Herzberg and L.L.Howe, Can.J.Phys., 37, 636 (1959); G.Herzberg

.and A.Monfils, J.Mol.Spectry., 5, 482 (1960).

G.Herzberg, Spectra of Diatomic Mo]ecu]es; (Van Nostrand,
Princeton, New Jersey, 1950).

H.Margenau and G.M.Murphy, The Mathematics of Physics and

Chemistry, {(Van Nostrand, Princeton New Jersey, 1956).
S C.leasure and J.M.Bowman, J.Chem.Phys., 64, 4229 (1975).



79.
§0.

81.

gz.
83.
84.
§5.
8¢6.
87.
88.
89.
90.
§1.

92.
93.
9&.
95.
96.
97.

- 234 -

a. S.K.Gray, private communications; b. R.K.Preston and

R.J.Cross, J.Chem.Phys., 59, 3616 (1573).

C.E.Froeberg, Introduction to Numerical Analvsis. (Addison-

Wesl

ey, Don Mills, 1969).

S.F.Wu and R.D.Levine, Mol.Phys., 22, 881 (1971); S.F.Wu,

B.R.Johnson and R.D.tevine, ibid., 25, 609, 839, 937 (1973);

R.D.Levine and S.F.Wu, Chem.Phys.Lett., 11, 557 (1971).

A.Tweecdale and K.J.Laidler, J.Chem.Phys., 53, 2045 (1970).

.J.R.Stine and R.A.Martus, Chem.Phys.Lett., 29, 575 (1974).

R.Wolfgang, Acc.Chem.Res., 3, 48 (1970).

R.D.Levine, Acc.Chem.Res., 3,,273 (1870).

P.Pechukas and F.J.McLafferty, J.Chem.Phys., 58, 1622 (1973).

D.G.
"D.G.
J.S
J.S

R.J.

Truhlar and A.Xuppermann, J.Chem.Phys., 52, 3841 (1970).

Truhlar and A.Kuppermann, J.Chem.Phys., 36, 2232 (1971}).

Wright, K.G.Tan and K.J

|
.Wright and K.G.Tan, J.Chem.Phys., received July (1976).

Suplinskas, J.Chem.Phys

.Laid1er; J.Chem.Phys., 64

——

., 48, 5046 (1968); T.F.George
o

and R.J.Suplinskas, ibid., 51, 3666 (1969); 54, 1037, 1046

-y

Majcoime-Lawes, J.C.S.Faraday IT, 68, 1613, 2051 (1972).

pattengiil and J.C.Polanyi, Chem.Phys., 3, 1 {1974).

{1871).

D.Jd

M.D.

D.L.Thompson, J.@hem.Phys.,
.J.M.White and D.L.Thompson,
I.W.M.Smith, J.C.S.Faraday
R.L

.Wilkins, J.Chem.Phys.,

[

57, 4164 (1572); 36, 3570 (1972).

J.Chem.Phys., 61, 718 (1975).

11, 71, 1970 (1975).

59, 698 (1973); 63, 53¢ (1975).

e
-

970 (1976).




98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

i11.

112.

113.

- 235 -

J.M.Bowman, A.Kuppermann and G.C.Schatz, Chem.Phys.tett., 18
21 (1973).

>

D.J.Malcolme-Lawes, J.C.S.Faraday II, 70, 1942 (1974); 71,
1183 (1975).

I.W.M.Smith and P.M.Wood, Mol.Phys., 23, 441 (1973).
D.J.Diestler, J.Chem.Phys., 56, 2092 (1972).

W H.Milier and T.F.George, J.Chem.Phys., 56, 5668 (1872); 57,

2458 (1972); J.D.Dolld, T.F.George .and W.H.Mi]ler, J.Chem.Phys.,

58, 1343 (1973). - (\
D.6.Truhlar and A.Kuppermann, J.C.S.Faraday 11, 33, 1840 (1971);
Chem.Phys.Lett., 9y 269 (1971)-

J.S.Wright, unpublished work.

B.P.Stoicheff, Can.J.Phys., 35, 730 (1951); Advan.Spectry., 1,

91 (1959).

J.C.Poianyi, IBM Publ.RA18, San Jose, California (1971;.

S.F.Wu and R.A:Marcus, J.Chem.Phys., 56, 3519 (1972).

R.p.Saxon ang J.C.Light, J.Chem.Phys., 56, 3835 (1972)3 57,

2758 (1972).

E.E.Nikitin, in Refs.b and 8. _

X.M.Chapuisat, Y.Jean and L.Sa]em, Chem.Phys.Lett., 37, 119
(1576) - e

R.A.0gg ard M.Polanyi, TranSuFaraday Soc., 31, 604 (1935}

M G.Evans and M.Polanyi, ibid., 34, 11 (1938); 35, 178 (1939).
J.S.Wright, K.G.Tan, ¥.J.Laidler and J.E.Hulse, Chem. Phys.
tett., 30, 200 (1875).

X.M.Chapuisat and Y.Jean, J.Am.Chem.Soc., 87, 6325 (1575).



- 236 -

114. D.W.Jepsen and J.0.Hirschfelder, J.Chem.Phys., 30, 1032
(1975).

115. H.X.Shin, Chem.Phys.Lett. gi, 546 (15875).
116. R.N.Porter, L.M.Raff and W.H. M111Q£15J .Chem.Phys.,63, 2214 (1975)

117. W.H.Miller (ed.), Dynam1cs of Molecular Collisions Part B, (Plenum,

New<{35k751976}.
118. A.Kuppermann, G.C.Schatz, and M.Saer, J.Chem.Phys., 65, 4596 (1976),
G.C.Schatz,C:jdi;fuppermann, ibid., 65, 4624, 4642, 4668 {1976).

119. D.G.Truhlar £ .Wyatt, Ann.Rev.Phys Chem., 27, 1 {1976).




- 237 - )

- APPENDIX I: 1-D COMPUTER PROGRAM.
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D sk K ORSERSOK SO A RS R R R OR
oY Tl D) AU R IR AV (D-T1D /)

f;f(HF,UE.RHm RLONDCEM.GELNTITY GOTS 40

PRINT IR CEMHEDT

2

Ay heoale abs ade At abe ol sbe nde e adr oL SRR IR PR Pt PR v
RO T AP BB S e AP PLE S B

ULRY NPRINT STEF

TECHOM GRS TERF+ 1 NFRINTY 1) 20010520
A0 CalL POTEY

0L STO0E LY CEYEY () /UL EY CAYRY (4 /02 ) =Y L3 RY (4 /R

TT=g . SUO0AY CTRIFY Y CIRHE) AUNCTRYL)

TU=(T~T]

EU=TURI-UREF

AL

URTTE Sy H07) TReYrTrUsliy TUSEVS IR -

WCIE-1)Y 100550570

E#*$K*mm$ﬁ%ﬂ$$$$$$$$$$$$**$$$$*$*$$#$$X*$$*$$ﬁmx*ﬂ«*****$$**$$m$*$**
BACK INTEGSRATION :
ﬁf*mxmx*$$$$$$$$$$$$x#$mx$*$mxxxmm$$$$*gxmmm$sﬁﬁxg**$$$*g$$*$ﬁ$$**$m
50 LX=-DX : -
NC=NSTER -
NSTEF=0
00 &0 I=1+NC
40  Call DRAGH
TR=TR~IXDT
WRITE(LH,608) TReY
GOTO 109

$ﬂﬁﬂ»ﬁ*ﬁ****#ﬂK*****$$$$*******$*$***Xﬁ*#******K$$**#***$$$**&#$4K¥$
WRITE OUTFUT FILE FOR STORAGE )
ﬂm**#*ﬁ#ﬁ**#**mﬁ*$$$$$ﬂ$k$*$g$$$m$$$$£*$ﬂ%*$$$m$$$$*$$ﬂ
70 WRITE(Z:70L) AMeFPHI TTO- TRV -EVs IR
100 COMTINUE

B T T Y L i Y T P A T PR Ly R L PR PR [EPRX FETIRN PN [P PRC I JOY PRy PRY PR PRN AR JT TN PR P PR PR P e,
mmnmmxmmmm¢¢mm$$mmmmnmmmxmmﬁmmmﬁﬂdnm$x*mﬁmmnm&ﬁxm$*k$$£nﬁtgn$$X5x**$

REAT INITIAL CONDITIONS FOK NEXT EBATCH

B T T L B T . B 2 A ey : W dp ate g abe 2Tl e N B Lrotr ode aly ata Te b alo s sl ke ale e
AR AU ¢-mﬁ¥mdhhwq¢4-“.K%W ‘fmw3¥$**m.’V'“‘*??YYNVVV’”%$$¥$¥¢m}X

RN T e U RN A e R AL SO Dy - S b B
REALC(S 5342 NRUM, NFRINTy IE2FHI

IF(NRUN.GT.CY GOTO S

STOF . )
500 FORMAT (16A4) ‘
501 FORMAT(ATIS)
502 FORMAT(SF10.2D '
503 FORMAT(FL10.2
504 FORMAT(3IS,F10.2) -
A00 FDRNQT(lHirS(/)y20X716Q4!5(/)rQOXr’INPUT IATA »/»20X»320C7%7))
601 FORMAT (/// 320Xy "FROGRAN PHRAMETERS....:’1//725X7’NRUN’75X9
' 1'NPRINT'!5X!’NIT’ySX?’IE’r/y20X1I87111719vI7)
602 FORNQT(///!QOX;’SYSTEH PQRQMETERS....:’,//yESXv’HA’r10Xv'HE’
lrIOX,’HC'riOX!'ED’rlOXr’DT’1/120X7F10.41F11.47F12-%¢F12.4rF11.2)
603 FDRHAT(///;QOX?’UIERQTIUNAL PARQHETERS....:’7//723XV'PHI'
1,9X1’QL”10X7’QR’;lOXy’RHU’r?Xr’RE’r/720X7F10.21ﬂF12.5)
604 FORHQT(S(/):EOX?’CQLCULQTED DﬁThi’v/720X916(’*’)!//122X7’XSI'
196Xr'UREF’!&Xr’RAB’réXr’RBC’réXr’PU’r/119Xy5F9.5)
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FORMATCLHL »S5¢ Y e 20N "TRAJECTORY & 7« I3y 10Xy "TTO =" »F2 .43/, 20Xy
1/THITLAL CONDITIONS e d”

FOMMAT (/200 "REACTION TINET " »F7.2»/y 20Xy ‘COORTIINATES

12F L2, 50/ s 20Xy "MOMENTAL» a4y 2FL12.6 79 20Xy "RINETIC CNERUY.
2FELR2. 5/ 20X FOTENTIAL ENERGY D "¢ FLlO.a-/+20X "TOTAL ENERGY:'
SF14.67

FORMAT (/e 20Xy "FINAL CONDITIONS . o w o 27/ s 20X "REACTION TINMES

Ty 7 2/ D0 “CONNDIMNATES 7 s 212040/ s 20Xy "MOMENTA LT yAX2F12.5
D/ 20N TRINETIC ENERBY:"Flzoér/r““XF’PUILNTlQL ENERGY: " »F10.5
S,/ 0%y CTOTAL EMERGY I s F14,.8+7 20Xy "RINJVIL.ENERGY : "»F12.8 /220X
ACUTIERTL JENSRBY S F13.8 /20X REACTION CiHIANNELZ " »135)
FORMAT(S() » 20Xy “BACK INTEGRATION s .o 22 //-20Xy "REACTION TIME”
1y F7.2¢/ ﬂOX"LOﬁRUlVﬁTrP" DE12, 8y /020X s TMOMENTAL 73X 2F 12,51

FORMAT LQT‘ 10.4-15)
EMT
BLOCK TATA -

IMPFLICIT REALKS (A-Hr0-)
COMMON/COEFF/CC(T) «C28)

R RSO O KO oL R e ROk RORORCR R ROk
THE H2 FUNCTION CONSTANTS.

sk ORI ORI R KRR R RO IR R RORSRCKORRIOR KR h*’*m\ kR SKROR SRR RO R R R RR X
DATAE CC/2.28811086y-8.6084 lOl'WoOOID} 3765180, 42034F54y
1 0.54751616y-C.24622333,0.04603%6 w?y O 0043568045/

shesi st sl st K R R R iRk R ok sk ok s ok Rk ioloiioioR R s 20 3 OR R SHORECEOROKOK ORI BOIORKOR R SRR
THE H3 FUNCTION CONSTANTS. ALL CONSTAMNTS DEFINED HERE ARE
STCHRED IN LARE {en COMMON BLOCK/COEFF/.

MOk e 'ﬂ\wY“k“ S P i ***WJ'*“th*mﬁm$¢¢m¢xmxximmx“x”.xk?xmn“$p¢n%**
DQT(‘I C/0.1 175000, 4. 558417300050, 53846745000 r 32 . 3009721100 -

~-8.802526< !0071 OIS 4VI00» =20 77247000, 2.09714615000- 5. 1798531000

¢7~l 4533885000103, 11613000 -1.9957114 DUO?“Q.J~9&J$GHUO?
*—C.L:?22732D0090.J4209’O“WQO: 51.744419000,~2.8121584000,8.5350058

.

*000 0. 45704353000y ~ 0.11°é?c7ﬁ00y—ﬂ 078315251000 20, 672820005 -3.3532
¥ETRATUCC, 3. 82079212000 - fTELETTRD 00 0. 53396417000, -0.03495 S/ZZDOOr
0. 00586466971210100/

END

SURRCUTINE FOTIN

s K R AR SO SRR AR O R ORI RSO RCORRG
INITIALIZES SSMK SURFACE FARAMETERS: -1 1S ENERGY CONVERSION

FACTOR (EV/A.U.). .
e 5 K R OO R R RS R BRI RO BRI

IMPLICIT REALX%8 (A-H:0-Z) _ 3

COMMON/COLEFF/CC(9),0(28)

COMMON Y (4 yDY{4),U(2) »BM» VDX IRy NSTEF

COMMON/FARAM/ AyALFHASFL ‘
F1=27.2116520090

A=1,32000
ALFHA=1.218D00
EREF=—1.66%9592000
RETURN
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ENTRY FOTEN

1
S AT TR S R IR R R R R R S ROROR R R R TSI Tt TR SRR S SR R e S-S i 34
CALCULATES TIlL ﬁbuk FOTENTIAL EMERGY AS A lU!CTl]N 0F THi IVXLR
ATOMIC SEFARATIONS . WHERE Raw o RIGC.
W x«vx\q“'wmrkm#k¢tﬂm .»n;}‘gxﬂmx\;»~w$'~$$f S YO SR NOR SR SRR RO K
:(\(IRF]).LT.Y(EMIR)) IN=1AUSC IR~
=Y IR .

AR
HE (-’"h\)

b sl st I I R R KRR OKOK R R R OR R R

; e R R OR S R R RSOk R OR K
10 HJSUH:CC.?)
nd 1o K=1.9
17 H2SUMoHISUIRECHFCC(9-R)
EH2mH2SUNSEDEXF (- FREC) ’/’ﬁ‘&\\_ﬂ
: /
K SR SR K AR R R x s S K SO R KR
THE H3 ENEKGY A )
dodtokhek ""’{\"\K\““\'\-'\"\.:w: RS i 7\“"%" Rl e 1\(‘:’.““’ P "‘“\)\*’k'z XONCR .\"(D*\”"ka“.‘(a\.ﬂh*
H3ISUN=0. 000
LG 14 I=1:7 : '
_J.".:
1..:0 J-n.H‘l ;

= (I-1Y%I)S 2
HESUM=H3SUMFC (N R RECHR (7- 1) dRAI: (J-1) -
IFCI-J) 14,14410
CONTINUE
E= FHhWOJIHQSUM|DL\l(“QLrH SCRABHREC)Y 3
THE ENERGY SCALED WITH ZERD OF ENERGY AT INFIMITE
SEFARATION. . RETURNED IN V.
Ve (E-EREFINFD
RETURN
ENL
SUBRIOUTINE DERIVE

P

S SR S R AR SRR TR SRR R TR AR s s s RO KR S B SR R R R B OO
VGLCULATES THE TIME D“PLUHTIUE 0F THE COORIINATES AN! MOMENTA
ACCORTIING TG HAMILTOM’S EQUATIONS OF MOTIOM AND THE SSMK
FUTENTIAL—ENLPGH FUNCTION

e b P Y Al PR PRIPRUSY) L =@
SECSHOK 3R ORI AR I OHOR KK R L RO O ACRRROR AR K R KRR ICIURRROROR R

IMNELICIT REALXS (A=H,0-Z) T
COMMON/FARAN/ &y ALFHASFL

COMMON Y (43 yTIY (43 UC2) s EM» Uy IXs IRSNSTEF
COMMON/COEFF /CC(9)»C(28)

DY (13=Y(3) /UC1)=Y(4) /BN

By (2)=Y (43 /U(2)~Y (3) /BN

TF ¥ (TRE1).LT.Y(2-TF)) IR=IARS(IR-1)
RAE=Y (IR+1)

KEC=Y (2-IR)

! - i I - LY LN s s Wl - . PRV w2 i H - -
SR 3% 3 oK K SO TR R AR ROR stk st Kk K OISR RO R sty stk R SR kK R SORACRGR RO OR KR

-
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Al=DEX
AZ=DEXR
S1=CC(
sS2 (]

e €Y
= e
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FOWER SERlEq.

LT REC (TERIM 1)

SO O ROROR R SOIOR ARk
P —-AXREC)

P{—aALFHAR (RAESREC))
CIKRECHCOC(SE)

QOHLCC(®)

D 12 K=&

S1=851%
S'-\_,, SR
TERML=

NRORRACRE
THE H3
EHI W.R

AR SO ORI

ate
‘o

-.r-

al Al '.'(
PR

§3=0.
84—0 *

SS:—:‘I

DO 14
J=0

NERES)
M= (1=

S3=8
S4= ..)‘15
§5:=85+

IF(I-J
CONTIN
TERM2=
TERME=

F(RAE)

F{REC)

ORI
DERAE=
OERRC=

Lr \r
’a 4¢ /\n

grorr
NEGATI
S PRR Y AU
oY (IR+
ny(a-1I
RETUREN
END

ERCH+CC(P-K)
PWC+EC(10PH)$(9“N)
1N (S A*Sl)-

%*%***‘%x.mﬁr“%X““\w““kkp b R R R R RO R Rk

FOWER SERIES.

LT. RAE (TERM3) AND W.R.T. REC (TERMI)

R R K SR R S T SRR R R ok kR
131!7

~1)%I1) /24

L(N)aPume(Twl)%RAB$ﬂ(J"1) ’

CONI % CJ-1)ERBONXR (7= 1) RRARRE (-

CiMNYX(7- I)WPBCX’ 1“1)}RhBY?(J 1)

) 14!1‘r71._1
UE

A% (S5-ALFHARES)
ATE(S4-al FHANRSSE)
s stk Y R AU RSO RO R AR

IS8 TERI3

I8 T
P O ¢
TERM3
TERM

Rl
L

)

1HTERME

an

Jegrln

i\l

INTO
Uk

l\JJ

‘l
1-1\1 e r N e T A

t.,!b
(PR

Q)J"Duﬁﬂmmrl
F)=-DERBCHFL

l
Bl A A

st K Sk R OR A

SULRCUTINE DEASH

AOAMS~ENGHEORTH 4TH ORDER FREDICTO

THEREE-
KRR

STEF RUNDE hUTTﬁ START-UF»

30 .\n\"” ORI TR R

LROR ARG

’al .v,.-..n.._v,\;, EVINE \b\J \L .|,‘_u\;;
PR e

x'\rruﬂf F I ATE ELEMENTS OF

¢IGN INTRODUCED FOR CPUNTIDN
uvrw* Py

e e FRUARIRYH
Kk sion stk i IoR KR

RPN & & BB P G B
OERIVATIVE VECTOR.
5 0OF MOTION

K

Lm*m\aﬁpx3**.$.

KKK ORK

il

ﬁ*$$$$$*$%333$3$$$3$$

B P B A S ")KXA"XX

K*Xh$;mkF?n4*mm#k¢$*$X*X**¥*£

R-GCORRECTOR ROUTINES WITH A

ANDI A FIXED STEFSIZE (LX)

if&#“?'\*“*%x***“***$******#*x*
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IMPLICIT REALXS (A-M,0-2) @
COMMON Y(3)»DY(4),U(D) s BEMsUsIIXs IR - NSTEF T
DIMENSTION DIFF(4) «ARRAY (474) : -
NE=4 .
IF (NSTEF.LT.3) GOTG 9

C FREDICTOR COLLECTOR INTEGRATICN~

NG 1 J=1.NE

YECEARRAY (s J) +IXK (2.2916646566566S67I00XNY (1) -2, 45833333332333000

LXARRAY (302 +1.53418566566566657D00TARRAY (250) =0 37 5U00RARKAY (1,2)

ARRAY (1+J)=ARRAY (2: 0} :

ARRAY (2 J)=ARRAY (3+J)

ARRAY (3+2)=01Y(J)

Y(J)=YFC~C.52F62P62982F63N00IIFF (.3)

1) and

TUIFF(J)=YFC
CallL DERIVE
nGg 2 J=1-NE
YFC=ARRAY 2y J)FONE(O.ITSD0OOXIY (I +0. 7918665846 58567N0ORARRAY (3, J)—
10.20833333333333300*ARRAY(2rJ)+0.0Jléédéééédéé?DOOﬁﬁRRAY(1rJ)f
LDIFF(Jy=TOIFF{J)-YFC

2 Y(JY=YFCL0.070370370370371100  XRDIFF ()

- CALL DERIVE
NSTEF=NSTEF+1

3 no 4 J=isNE
4 ARRAY (4- =Y (.2
RETURN )
C
C ##***$*$***£*gxx***$$$*$*$**$$$**#**$X*X$*k$x**x**#*x**$*$$$$#***#**
c BUNGE KUTTA INTEGRATION
c **#***m*$**ﬂ**K**ﬁﬁKﬁ$$K**K**$******Xgﬂ***ﬁﬁg#**ﬁ*k****ﬁ$$*****$$#**
@ O If (MNSTCEF.NE.Q) GOTO 7
caLl DERIVE
g & J=1-NE T
é ARFRAY(1.Jy=DY(J)
7 DO 26 I=1r4
00 14 J=1yNE
GOTD (8:9+%9-10)¢1
8 DIFFC =YD
ARRAY (4, J)=-DY (J)
K4 YFC=2.1100
10 AREAY (4 JI=ARRAY (4 D) FYPCHDV ()
. GOTO ¢(132:13-12:110-1
11 YD =DIFF (Y FDXEARRAY (45,33 /6.000
GOTO 14 ’
12 YFC=1.0C0
13 Y(D=DIFFCD+DXRDY (L) /YFC
14 CONTINUE
CalLl. GERIVE
" 26  CONTINUE .
NSTEF=NSTEF+1
0o 17 J=1sNE -/)
ARFRAY (NSTEF+172)=0Y (D) . - ‘
17  DIFF(JY=0.000 .
IF (NSTEF.LT.3) RETURN w/
GoT0o 3
¢ :

END

> - -~ Fd l‘
’
~ 0 . ’
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SAMOLI TUNLIOHHT, SHI = T.36 A.U. T
I

¢

LY
INPUT DATA
o % K W A%k Wk .
CEROGIAM PASAMETERS ...t
NS UN NPRTNT NIT 1 )
2 12¢C SQ90 S
SYSTEM OARAMETERS....! )
]
MA v 3 +C £ DT .
2.0140 1.0C3C 3,°012% £.2200 2.C0
-~
J .
VIBSATIONAL DARAYMI TEIRS e v e w -
PHI 20 AT I=C 2e
Q.7 c.142CCC C.l3322 7.9500CC 1.210CC -
® CALCULATED DATAS .
nt#*:t}\*t*x:t:‘z
Xs1 . VaEr = AR St PV
4a.,s7lca -0 ,.00815 iy ,wC323 1.41°350 =" ,.37650
- - -
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TRAJECTORY # 1 TTC

;INITIAL CONDITICNS anne:

REACTICON TIME: C.0

COORDINATES: 6.503201
MOMENTAZ ~1.033427 -
KINETIC ENERGY: 1.,2200C0
POTENTIAL ENERGY: —0.008153
TOTAL ENERGY: 1.2113a47
REACTICN TIME: ZCT.CC
COOSDINATES: 2.151252
MOMENTA -1.3C06520 -
KINETIC ENERGY: Ce73%v62
POTENTIAL ENERGY: Ded4e03531
TOT AL ENERGY: 1.211843
REACTION TIME: aCl.C0
COORDINATES? 3.743216
MOMENTAZ 1.325C64
KINETIC ENERGY:S D.ELC5T0CS
FCTENTIAL ENE23GY: C.3065632
TOTAL EMERGY: 1.212537
FINAL CONDITIONS s oot
FEACTICN TIME 35%2.CC
COQRDINATES: ©6.75T=30
MIMENTAZ l.118131
KINETIC ENEPGY: Ceta 724
POTENTIAL ENERSY: S.7T33755
TOTAL ENERGY: 1e212042
KIN.VIB.ENERGY: Ce213157
VIBRTL.ENEEGY? 2.7T25068
REACTICN CHANNEL:Z 84

= 1.C000

1.4103C3
1.3045064

1, 3046842
1.35320°3

1.735832
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TQAJECTORY ¢ 2

INTTIAL CCND

-1

TIONS e eeas

IEACTICN TIME: T W
COJRDINATES: 65,95¢C3201
MOMENTA: -2.3170C928
KINETIC ENZERGY: 2.220270
PAOTENTT AL ENZRGY: —0.2958153
TOTAL ENERXRGY: 2.211347
SEACTION TIME: 200 .CC
CSORDINATES: 1a £2555%

C_MCMENTAL 1.664270

SKINSETIC ENECGY S 1e213068
POTENTIAL ENERSY S (A o e e TS
TOTAL ENESGY: 2.211332
FINAL CONDITIONSee oo .
SEACTICN TIME 382.7I7
CTIIDINATES: BePLeT3
MIMENT AL ' 2. 1523101
KINZTIC ENEXRSY S 1a7¢2el
POTENTIAL EMZRGY: nDL,al1x32¢

. TOTAL ENERGYS : 2.211320¢
KINVIZOMETGYS D.C022%5
VIBETL .EMESGYS N.62557¢

~

SZACTICON CrAnNNZL:

SHl12202
-2.313221
1.382272
0.3%5336

1.7643317
lect=a42

(g ]

[
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APPENDIX II:- 2-D COMPUTER PROGRAM.

*********X***********************************************************
SYSTEMATIC QUASI-CLASSICAL TRAJECTORY, PROGRAM. THIS VERSION IS A
MODIFICATION OF THE MONTE CARLO FROGRAM (QCFE 229) WRITTEN RY

Je T HUCKERHAN.,...H%THOD BASED ON FORMULATION OF KARFLUS, FORTER»
AND SHARMAy J. CHEM. PHYS. 43y 3259 (19635)» WITH SOME MODRIFICATIONS.

THIS VERSION IS APPROFRIATE FOR THE 2D H+H-H SYSTEM ON THE YATES -
LESTER GENERALIZED FOTENTIAL ENERGY SURFACE

EUsAU. UNITS ARE USED THROUGHOUT UNLESS OTHERWISE SFECIFIED..... .
*****************************X***************************X**X*******X

onoOo0nNO0O0000n

IMPLICIT REALXS (A-H»0-2)

DIMENSION NAME(16),EM(3)

COMMON XH;S(4;3)yCyBrRDyRLD!RHI;Y(S)rR(S)vFF(B)rDD(3)sTERHrURELr
IRHOyHUrAUUrﬁNGrAﬁINTrﬁHTDTrXTERrENFINrENTOT,TrHvEUIBrERDTyTﬁD:DIST
2+,NVsNJ» IREACT»KDQy IDEX, IE '

COMMON/CONST/RADyHBARSFI

*****************X*****X***X*********X***X**********X**************X
READ AND WRITE' TITLE TO IDENTIFY SYSTEM AND ENERGY
***x*****************X*X******************************************** .
READ(1>500) NAME . .
WRITE(&674600) NAME -

aoooOon

********}***X*X*********X*******X*****X******************************
RHO IS INITIAL A-BC DISTANCE, EM IS HYDROGEN MASSs HO 1S STEF SIZE
IN NUMERICAL INTEGRATION. ... .NTOT IS THE NUMBER OF TRAJECTORIES TO
" RE COMPUTED.....NV AND NJ ARE THE INITIAL VIBRATIONAL AND ROTATIONAL
QUANTUM NUMEERS OF THE REACTANT DIATOMIC MOLECULE.....IE DENOTES
CHOICE OF CONTROL OPTION.....
<0 BACK INTEGRATION OF EACH TRAJECTORY »
0 NORMAL (NO BACK INTEGRATIONY» FRINTS COORDINATES EVERY NPRINT
TEP

i CREATES DATA FILE (PUNCHED OUTPUT) CONSISTING.OF CARTESIAN
COORDINATES OF EACH OF THE THREE PARTICLES (IW INTEGER FORMAT?

ocowonooaonnooaonon

-
o]

PRODUCE COMPUTER ANIMATED MOVIES OF SELECTED 'TRAJECTORIES.
5> ON LINE PLOT (INTERNAL COORDINATES) :

READ ANDI WRITE THIS GROUP- OF PARAMETERS "
x***#x****#*x**x*x***xxx***x**xx**x***x***xxx***xxxx*x**x**x**x*x*x**
REAL(1s501) RHO»EMyHOsRLOsRHIsECSsNTOTsNPRINT, IE7NVN.
IV = NV _ o
IJ = NJ _
WRITE(67401) NTOT»EM(1) sEOJ»RHOs NPRINTsEN(2) » IV, RLOS IE,EN(3) 2 1S5
1RHI»HO | : : ‘

mMOOOO

J

-
-

*****************************************‘3*********************X***
SET UF MASS RATIO ARRAYS -

000

~-



OO0 0O00000

OO ah
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KK KKK AR KRR KRR K SO KOR KRR OOE KO R KRR EKOK K KR R KK X KKK K
XM=EM (1) +EM(2I+EM(S)
DO 10 I=1,3 ’ '
SCisID=EMCI)/CEMCIIFEM(2))
S(2,I)=EM{I)/(EM(1)+EM(3))
S(3,I)=EM(I)/C(EM(2Y+EM(3)) ‘
S(4,I)=EM(I) /XM
10 CONTINUE . :
RME=XMXS(4,1)%X(1.000~5¢(4»1))

KR OK 0O OR R R0 KK KRR K KK HOKOK S SCRCROR R K ROR KR ORK KKK KO KKK NOR 300K KKK KKK kKK
CHANNEL NUMRERS ARE ASSIGNED AS FOLLOWS.....

0 NO REACTION (FRODUCT EC) .

1  FRODUCT AR

2  PRODUCT AC ,
3 - DISSOCIATION '

i
THE FOLLOWING CALLS TO SUBROUTINES INITIALIZE CONSTANTS IN THESE

ROUTINES OR ALLOW IATA 7O BE REAI BY THESE ROUTINES.....ALL ARGUMENTS
ARE TRANSFERED THROUGH RLANK COMMON. |
SKCHOR SRR KRR OR 3OKOROR MR OR RO SR NOR KRR R KKK KRR OK KK SRR IOR SO R RO K KR XK

CALI. FMOMIN

CaLL DFFOTI

CALL RESLVI

Call ANGLIN

CALL FSTARTY

CALL FENGIN

400 CaALL FARMIN

“ﬁi*****************X%***********ﬂ****i*******X******X***************

" TRAJECTORIES ARE COMFUTED IN THE FOLLOWING LOOQP

ECOL IS THE C.M. COLLISION ENERGY IN EV. DEC = THE INCREMENT FOR ECOL
AR KRR KRR KRR RO ORI OOOOK KRR KRR KR KK
READC1,504) ECOLsDEC :
IF(IE.EQ.1) WRITE(7,701) NTOTsIJ,RLOsRMI,EOJ,ECOL»LDEC
RO 300 ITRAJ=1,NTOT _
Call SECOND(TALD | ‘
T=0. (
IREACT=0
NU=IY
S NJ=IJ t
WRITE(S,614) ITRAJSECOL :
VREL=DSQRT (2.D00XECOL/RME)

3 CKOK SKOK SKK KKK KKK K ORI KOK SOR KOK KKK SR KKK K KOKRK K KKK K K HOK KK IR RO KR ROROR K KRR X
INITIALIZE COORDINATES AND MOMENTA

Call FARMO
RECORD INITIAL RELATIVE VELOCITY VECTOR
Cal.L ANGLST

COMFUTE INITIAL ANGULAR MDHENTQ
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Call FMOM
-
COMFUTE INITIAL ENERGIES
CALL FENGY

*$*************$*****************XK#***&*****X***********X***********

WRITE INITIAL VALUES OF TOTAL ENERGY CENTOTY» TOTAL ANGUALR MOMENTUHM

(AMTOT)» INTERNAL ENERGY (ENFIN)» INTERNAL ANGULAR MOMENTUM (AMINT)»

ANDl FOTENTIAL ENERGY (XTER) .

RAORR K *m**x*x***msm******x**&*x*x*xx***************m***xx***x**x***
WRITE(47,602) ENTDT:AHTOT:ENFINyQHINTyXTER

{

cALL TRAJECTORY CONTROL ROUTINE MASTER

5

calLl ﬁQSTER(NPRINf) : AN
COMFUTE FINAL ENERGIES IN FENGY. ‘ \ -

CaLL FENGY
COMPUTE FINAL ANGULAR MOMENTA IN FMOM

catL FMOM
COMFUTE FINAL RELATIVE VELOCITY AND SCATTERING ANGLE IN ANGLE

CALL ANGLE
ANG=ANGXRAL ) e

xxxxxzzxxmm*x#*#*xgxx*****x*x#*xx*x****xx***xx**x***xx********xx*x*#*
WRITE COLLISION TIME (T), REACTION CHANNEL (IREACT)» SCATTERING ANGLE
(ANG)» AND FINAL VALUES OF RELATIVE VELOCITY (AUV); TOTAL ENERGY>
TOTAL ANGULAR MOMENTUM, INTERNAL ENERGY> ANI INTERNAL ANGULAR
MOMENTUM. .
x***#**x*x##**##**#**x***********x*#***#****x**********x*#gﬁ****xxxx#
* CALL RESLVE

WRITE(&»603) TrENTDTyGMTDTrﬁHINT;IREACT;QNGyXTERyENFIN;EUIBrNU:

1EROT P NJ . . -

R RORREN ********#******#***#***********#*****X#**$***X#************
CONTROL OPTION (IED OETERMINES IF BACK-INTEGRATION IS TO BE FERFORMELD
BACK INTEGRATION CONTROLLER EY REMAST

X*X***#**X#*X*********#********##******###**#*******#***************

IFC(IE.L.T.0) CALL REMAST
IF(IE.EQ.1) WRITE(7+702) T;IREACT,ANG:EUIE;ERGT;NU7NJ
IF(IABS(IE).EQR.2) caLlL OLPT -
300 ECOL=ECOL+DEC -
READ(1,3503) NTOT s NFRINT,IE
- IF(NTOT.LE.O) GOTC 999
URITE(&!&O4)NTUT?NPRINT!IE”
GOTO 400
999 STOF
500 FORMAT(16A4)
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501 FORMAT(B8F10.3»/+513) . . -

504 FORMAT(2F10.6)

505 FORMAT(3I3) :

500 FORMAT(1H1:5(/)r20Xr16A4)

401 FDRHAT(S(/)?QOXr’INFUT”hATA....:’r///yQOXr’NTUT =y IS5y MA =7
1F7.37° EQJ=7sF7.3y" RHO =’ sFS8.4r/220X» "NFRINT="yI5," MR = g
2sF7 .37 NV =7,13+7Xs"RLO :'!FS-47/720Xy'IE =5Io” MC =~ I
IyF7.3y7 NJ =77I3»7X-"RHI = yF8.4¢ /920Xy "DT = yF&.2) "

H02 FORMAT(///»20Xy 7 INITIAL ENERGIES.«sss’ 710Xy ANGULAR MOMENTA s v’ !
1/y20Xy*TOTAL (HY =7+F11.5,5Xy " TOTAL WL+DD =/ yE1S5.62/ 920Xy '
2/ INTERNAL (E) =’,F11.5s5Xs INTERNAL WeJ)=’,E15.56»/-20Xs "POTENTINL
3 (VY =9F11.6)

503 FORMAT(///»20Xy "FINAL CDNDITIONS....:’v/rEOXv’CDLLISIDN TIME:”
1,F20.2,/+20Xy " TOTAL ENERGY < L F21.4s/ 920Xy 'TOTAL ANG.MOMENTUM:I
27520.6;/:20Xr’INT.ANG.HOMENTUH:’rEEE.és/yEOXy’REACTIDN CHANNEL
3;115;/;20Xr’SCATTERING ANGLE S yF15.2¢ /20Xy "FOTENTIAL ENERGY ' ' !
A5F19,56 /320Xy " INTERNAL ENERGY:'!onoé’/?QEXr'UIBRATIONAL ENERGY |
SrFl?.érIOXr’NU=’rIérYyEOXa’ROTATIONAL ENERGY:’yFlS.érIOXr’Nsz}Ié) |

504 FORMAT(10(/) 20Xy "NEXT CALCULATIONS .ot 12/ 2 Xp'NTOT,NPRINTrIE:7/T\“%
1,31I62 « N

414 FDRHAT(lHlr20X714HTRAJECTURY NO.rISr@Xy” TT =72F10.2¢° EV“2 l

201 FORMAT(2IS,5F10.3) ) ' i ;

202 FORMAT(FS5.1:I5,3F10.5,2I35) :

ENT o

ELOCK DATA i .
IMFPLICIT REALX%8 (A-H,0-2) \
COMMON/CONST/RAD s HEAR» F I |

ODATA RADvHBARyPI/S?.29577?51308D00r0.1221806962679D00r
%3,141592465359000/

END . -

SURROUTINE DFFOTI

#***X*#*%*#ﬁﬁ*#f**#*****$$***ﬁ**$***$**#**3********X*X**************
rOR INTERATOMIC DISTANCES R(I)s CALCULATED IN RVECT. , _
CALCULATES THE FOTENTIAL ENERGY ACCORDING TO THE YATES-LESTER FUNCTIO

~-

TWO ENTRY FOINTS: DERIVE (MM CALCULATES THE FOTENTIAL ENERGY AND THE
DERIVATIVES (MM=2)» OR ONLY THE FOTENTIAL ENERGY (MM=1); FFOTN
CALCULATES THE H2 ENERGY FROM THE MORSE FUNCTION.
-*X***$*$*****#*#**#****:**#*X**X*****X*$*X****ﬁ************#******** -

IMFLICIT REALXS (A-H:,0-2)

REALXB J4rJ
DIMENSION 5(3)788(3)rﬁ(3)yDEL(3):DS(3)rDG(S)yJ(3)vGS(3)yAJ(3)

™. 1,DDEL(3)

! COMMON XHrU(473)yCyBrRDaRLOyRHIrY(S)rR(3)vFF(S)yDD(3);TERH,URELy'/

IRHU;HD79UU)QNG!QHINTvﬁﬁTOTrXTERvENFINrENTUTrTyHrEUIB:EROTrTQDrDIST
QrNUrNJrIREQCTvKﬂavIDEX;IE
READ (1réO)CrRDyBrﬂKﬂﬁLr[llrﬁE

WRITE(Ss61) C!AK?ROrQL!B:DI:QE
&1 FORﬁAT(lO(/);QOX!'YQTES"LESTER SURFACE FARAMETERS: “»// 20X

1/0E =4 yF10.5y4X s "RAFFA =¢yF11.9s/920Xy 'RE =/yF10.5:4X>»

2/ LAMEDA =7yF11.5¢ /220Xy “BETA =/,F10.5.4Xy "DIELTA =/ yF11.5+/»

320Xy * (MORSE CONSTANTS)Y »’ EFSILON =/,F11.3) -
GOTOD 900 .
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ENTRY DERIVE(MM)

00 30 K=1s3

RK=R ()

N =DEXF (KX (RK-RO) )

CS=0XEXX(EX-2.000)

Z=1 . 000+AKKHEXF { —ALXKRK)

TR=ZRRK ]
S(K)=(1.000+ZR%(1.000+ZR/3.000) Y XDEXF (=ZR)
SS(K)I=S(RNI%XS(K) _
Q(K)Y={(1,000+8S(K)IXES/2.000

NEL (K)=0I%(1.000+1.00C/RK)XDEXF (-2 .DO0XRK) ‘
IF(MM.ER.1)G0T0 30 s é

LES=-2.[00XKXCXEX% (EX~1.1200) © i
nZ=AL%(1.000-2) :

NS (K)=-ZR¥(1.000+ZR) % {Z+RK¥DZ)XDEXF (~ZR) /3. 100
IQCK)=(1,000+85(K) IYXNES/2.000+S (X)) KOS (KIXES
DDEL(N)=—DI*(2.DOO+(2.DOO+1.DOO/RK)/RK)*DEXP’—E.DOO#RK)

30 CONTINUE J’

QU=Q(1)+A(22+8(3) A o
54=1.000-S(1)%S{21%XS5(3) &
4=QU+AEX{54-1.11002 '
J(1)=0C1)+SS(1IX(DEL(2)+REL(3))

J¢2y=QR(2)+SS(2IX(DEL (1)+DEL(3))
J(3)=Q(3)Y+SS (3% (NEL (1) +DEL(2))

AS(1)=8S(2)-35(3)

AS(2)=85¢(3)—~8S(1>

AS(3)=85(1)-55(27

AJ(1)=J(2)=J(3)

AJ(2Y=J(3)=-JC1D

AJ(3Y=d(1)=d(2)
01=S4x94—<asc1>$ns<1)+as(2)*95(2>+As<3)$ms<3>)/z.noo
CZ=-S4*J4+(AS(1)*AJ(I)+AS(2)*AJ(20+AS(3)$AJ(3))/E.DOO
C3=J4*J4—(AJ(1)$AJ(1)+AJ(2)*AJ(2)+9J(3)*AJ(3))/Z.BOO
E=—(C2+0SART (C2%C2-C1%C3))/C1

XTER=E+C . o

TE(HMM.EQ.12G0TO 9090 N

0o 31 K=1:3 _
L=K+1-(K/3)%3" -
M=L+1-(L/33X3 )

[1ISS=S(K)*OS(K)*%2.100
0S4=-G(L)XS(MIXDS{K?
DJK=DG(K)+DSS*(DEETL)+ﬁEL(H))
DJL=SS(L)*DDEL (K)
DJM=SS{M)*DODEL (KD >
DCI=2.D00*S4*DS4—DSS*(AS(H)*AS(L))
DC2=—S4*(DG(K)+AE*DS4)—J4*DS4+(DSS*(AJ(M)—AJ(L))+DJK*(AS(”)—AS(L))
1+DJL*(AS(K)—AS(H))+DJH*(QS(L)—AS(K)))/2.D00
DC3=2.DOO*J4*(DQ(K)+AE*DS4)-(DJK*(QJ(ﬁ)“AJ(L))+DJL*(AJ(K)—AJ(H))+
1DJIMK (AJ(LY=AJ(RI DD )
DD(K)=O.5DOO$(E*E*BC1+2.DOOXE*DC2+DC3)/DSGRT(CE*CE—CI*C3)

31 CONTINUE

500 RETURN
ENTRY FFOTN .
RK=DMIN1(R(1);R(2):R(3))
IF(RK.GT.RHI+O.5DOO$RHO) E0TC 210

L4
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EX=1,000-DEXF{(-BX(RK~RO))
TERM=CXEXXEX
GOTO 200

210 TERM=0.DOO

GOTO 200

&0 FORMAT(7F10.2)

ENDI .
SUBROUTINE RESLVI '

**:#*************x******x**x*x****x*#*****x**x********x*#*x*********x
ROUTINE RESOLVES THE FINAL INTERNAL ENERGY INTO ITS VIRRATIGNAL AND
ROTATIONAL COMFONENTS.....ALSO CALCULATES NEAREST INTEGER VALUES FOR
THE UVIBRATIONAL AND ROTATIONAL QUANTUM NUMRERS.....TWO ENTRY FPOINTS
... RESOLVI INITIALIZES SFECTROSCGOFIC CONSTANTS.... .RESOLVE USES
METHOD DESCRIERED BY J. T. MUCKERMAN» J.C.F. 54» 1155 (1971) AND
J.C.F. S&» 2997 (1972) TO IO CALCULATION .
****X*&*******G*#**************#*****X******************************

IMPLICIT REALXS (A~H,0-2) R

COMMON XNyS(493)rCyBrROrRLD;RHIrY(S)yR(3)vFF(SJyDBCS)rTERﬁyURELr
iRHO,HDyAvUrANGrAHINT;QMTOT’XTERrENFINrENTOTyTrHrEUIB;ERDTyTAD:DIST
27NU!NJ!IREQCT!N‘JQ?IDEX!IE (
COMMON/CONST/RALyHBAR,FI

EMUO=XM%XS(4r2)%S(3+3)

EMUL=XMXS(4,2)%5(1,1)

EHUR=XM%XS(471)%S(2,3)

DEQ=EXHEARXISART (2.000%C/EMUQ)

OE1=B%HBARXDSQRT (2. 000XC/EMULD . ;
DE2=EXHEARXDSQRT (2. DOOXC/EMUZ) | :
DEXEO= (HRARXHEARXEXE) / (2. DO0XEMUO)

OEXE1= (HEARKHEARKEXE) /(2. NIOOXEMUL)
OEXE2=(HEARXHEARKEXE) /(2. DOOXEMUZ)
REO=HEARXHEAR/ (2, D00XEMUOXROXRO)
BE1=HBAR$HBAR/(2.DOO#EMUl*RO#RD) >
HE2=HEARKXHEAR/ (2. OOKEMHU2XROXRO)
GEO=6.DOO*(DSGRT(OEXEO*BEOX*S)—BEO**E)/UEO
AE1=6,000% (ISQRT(O 1%BE1%%3)-BE1%%2)/0E1
AE?=6.000%(ISART (O DARERX%3) —KE2%%2) /0E2
EO0=4.000XREOX%X3/0EOK%2 =
[E1=4.,000XKE Mex3/0E1%%2

. TIE2=4.000%BE2XKZ/0E2XX2 -
10 REWURN
ENTRY RESLVE

s

—

*#*****X**#*$*********X*X****#***XX#K**##*******#X*****X*******X****
RESOLVES INTERNAL ENERGY (ENFIN) AND INTERNAL ANGULAR MOMENTUM
(AMINT) IN CHANNEL DESIGNATED RY IREACT INTO VIBRATIONAL ENERGY
(EVIEYy ROTATIONAL ENERGY (EROT)» VIPRATIONAL QUANTUM NUMBER (NV)»

##****#**#***#*#*X****#**K******#*#*X*********X#**********#****X****

‘

TJ=(AMINT/HRAR) ¥X2

NJ=DSART(TI)

NN=IREACT+1

GO TO (1s4s7s11) 7NN
1 CONTINUE
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MM=0
ERDT=TJXREQ
EUTE=ENFIN-EROT
TER=0.000 °
TEVU=0.100
CONTINUE
ARG=(OEO/OEXEQ) ¥X2~4 . IOOXEVIR/DEXED
IFCARG) 21,22,22
CONTINUE
ARG=0.000 ,
WRITE(Gr61) o
CONTINUE
TU=(QEO/OEXEO-DSART (ARG)) /2. 100
BU=REO-TUXAED
EROT=TJXBY-TJXTJXDEQ
EVIR=ENF IN-EROT
1F (DAES (EROT-TER) .GT.DABS(EROT)*1.D1-03) GOTOD
IF (DARS (EVIB-TEV) .GT.DABS(EVIE)*1.0-03) GOTO
NU=TU ,
GO TO 10
CONT INUE
IF (MM.GT.S0) GO TO 12
TER=EROT
TEV=EVIE
MM=MM+1
GO TO 2
CONTINUE
MM=0
EROT=TJXRE1
EVTE=ENF IN-EROT
TER=0.000 '
TEU=0.000 ‘
CONT INUE
ARG=(OE1/0EXEL) k%24 . DOOXEVIE/OEXEL
IF(ARG) S1,52,52
CONTINUE
ARG=0.1100
WRITE(S761) . ™
CONT INUE _ :
Tu=(DE1/DEXEL-DSGRT(ARG))/2.800 y
BU=RE1-TUXAE1 -
s

Ut Gl

EROT=TJ#BU—TJ*TJ*DE£

EUIE=ENF IN-EROT .
IF(DABS(EROT—TER).GT.BAB (EROTY*1.0-03) GOTO &
IF(DABS(EUIB—TEU).GT.DABS( vIB)%1.0-03) GOTO 6
NU=TU

GO TO 10

CONTINUE ‘

IF(MM.GT.50) GO TO 12

TER=EROT

TEV=EVIE

MM=MM+1

GO TO S

CONTINUE

MM=0
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EROT=TJUXEE?

EUTE=ENF IN-EROT
TER=0.D00 ~
TEV=0.1000 , (
CONTINUE v
ARG= (DE2/0EXE2) Xk2-4 . DOOXEVIR/DEXED

IF(ARG) S1r5S2,82

CONTINUE

ARG=0.D00

WRITE(&»&1)

CONT ENUE

TU=(DE2/0EXE2-DSART (ARG) ) /2. 000

BU=RE2-TUXAEZ .
EROT=TJXRU=-TJXTJXDE2

EVIR=ENFIN-EROT

IF (DABS(EROT-TER) .67 .[ARS(EROTI¥1.0-03) GOTO 9
1F (DARS (EVIR-TEV) .GT.DARS(EVIR)X1.,0-03) GOTO 9
NU=TV

GO TO 10

CONTINUE

TF(MM.GT.50) GO TO 12
TER=EROT ,
TEV=EVIR .

MM=MM+1 «

GO TO 8

CONTINUE

EROT=0.D00

EVIE=0.D00 ,
GO TO 10 ' ) ‘
CONTINUE ’

WRITE(S750)

EROT=0.000

EUIR=0.D00 -

60 TG 10 :

FORMAT (50H ITERATIVE NECONVOLUTION OF INTERNAL ENERGY FAILED)
FORMAT (20H ARG WAS SET TO ZERD)

END

SUBROUTINE DEASH

#*******************#**X*X****#****#*X#***********#*******X***X***X&

THREE-STEP RUNGE-KUTTA STARTUR/AND A FIXED STEP SIZE (DX).

ADAMS-BASHFORTH FOURTH-ORDER Z?EﬁfblﬂR—CGRRECTDR ROUTINEs WITH A

*****X***************X****X* XX******X****#*#**%*X***X*******X******

IMPLICIT REALX3 (A-Hy0-2)

COMMON Xﬁ!S(413)!C!B’RD!RLO!RHI!Y(B)rR(3)7DY(8)!DD(3)!TERH!UREL,

IRHDrHOrAUUyANGrAﬁINT;AHTDTrXTERrENFIN;ENTDT:TrDXrEUﬁFrERDTvTAByDIS
1

2!NU!NJ!IF\'EQCT!KDG?NSTEF’?IE \ ~
83 yARRAY (4
géngSIDN DIFF(8)sAR » 8 , !

IF (NSTEF.LT.3) GOTO S i
0o 1 J=1sNE
YPC=ARRAY(4;J)+DX*(2.29166666666667D00*DY(J)—2.45833333333333D00

I*ARRAY(37J)+1.54166666666667D00*ARRAY(2rJ)*O.375DOOXARRAY(lyJ))
\
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ARRAY(1rJ)=ARRAY(Z2,J)
ARRAY (2, J)=ARRAY (3yJ)
ARRAY (3, J)=DY ()

Y(J)=YPC—O.92962962962963HOO*DIFF(J)

DIFF(J)=YFC
caLL F
0o 2 J=1,NE

YPC=QRRAY(49J)+DX*(O.375DOQ}DY(J)+O.79166666666667D00*ARRAY(3:J)—(
O.20833333333333ﬂ00*ARRAY(2;J)+0.04166666666667D00*ARRAY(1yJ))

RIEF( D =0IFF{J)-YFC
Y(J)=YPC+0-O7037037037037D00
takLl F

NSTEP=NSTEF+1

ng 4 J=1:NE

ARKAY(4-J)=Y (D)

RETURN

RUNGE KUTTA INTEGRATION

IF (NSTEF.NE.O)Y GOTO 7
cALL F ’ .
Do &6 J=1sNE
ARRAY (1, )=DY (D)

Lo 26 I=1.4

Do 14 J=1sNE

‘GOTO (8:9+9510) 1

DIFF(JY=Y(S)
ARRAY (45 J)=—DY ()

YFC=2.[00

AREAY (47 J) =ARRAY (47 JY+YFCXDY (D)
GOTO (13,13,12s11)51

Y{J)=DIFF (J)+IXKXARRAY (45J)/6.100
GOTO 14

YPC=1.D00

Y(JY=DIFF (J)+OXXOY(J)/YPC
CONTINUE

CALL F

CONTINUE

NSTEP=NSTEF+1

D017 J=1sNE

ARRAY (NSTEF+17J)=BY ()
17 \ DIFFYJ)»=0.D00 ,
TF (NSTEP.LT.3) RETURN,

5070 3
END
SUBROUTINE PARMIN

*DIFF(DD

+
~

.

****X*********K*********#*X*****

*X*X********************K***X***

**********************#*********X*********#*#***********************X

VARPABLE INITIALIZAT
CALCULATES CONSTANTS AND
FIRST TRAJECTORY ¢ e vss
KK KK K K KRR SOR KKK R

ION ROUTINE.....TWO ENTRY FOINTS. e+ o MONTIN

REANS CHOICE OF DIATOMIC TURNING POINT FOR
MONTE INITIALIZES ALL MONTE CARLO VARIAELES
******X******X#*****************$*****X*******

£

-

-
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INFLICIT REALXS (A-H,0-2) N
COMMON XMrG (2w 3)»CrErROrRLO,RHI»Y (8)sR(3),FF (8) DR(3) » TERM; URBKI S
(RHD . HO y AUU» ANG s AMINT y AMTOT » XTER s ENF INsENTOT » Ty H» EVE,EROT» TAR EOJ
54 NU»NJ» IREACT 1 KDQy IDEX, IE
COMMON/CONST/RADy HRAR P I
BRFM = IMPACT \PARAMETER : .
HIoEnacE ANGLEI\ THETA IS ORIENTATION PARANETER,RLO IS INNER TURNING
EOINTAPHI=90)s RNI IS OUTER TURNING FOINT (FHI=270) AND EOJ IS THE
ENZRGY FOR.THE AFPFROPRTATE (NUsNJ) LEVEL.

(
READNC(1,501) FWI,THETA,EFH =

WRITE (&+601)FPHI» THETA,EPM ' ¢
FHI=FHI/RAD

THETA=THETA/RAD « . ' \%5 -
EM=XMXS(4,2)Y%XS(3,3)%2.000 i ' ¢
TJISG=NJX (NJ+1) . R
ST=DSIN(THETA) :

CT=DRCOS(THETA) (
AMF=R0O-RLO ' .
IF(PHI.GT.FI) AMP=RHI-RO :

RR=RO-AMPXISIN(FHI) y (

PEQ=DSART (TJSG) XHBAR/RR

EFX=1.D00-REXP (~B¥(RR-R0))
“‘EPR=PEG*PEG/EH+C*§R§;§§X/ , 4

IF(EQJ.LT.EPR) Egﬂf : "

FRAD=DSART (EM* (ERU-EFR))

IF(DABS(PHI—PI);GT.PI/Q.DOO)PRAD=—PRQD
IF(IE.EQ.1)D URITF(Z:?Ol) PHI»THETA»BFNM

701 FORMAT(3F10.3)

. . 8
100 RETURN ( g (

ENTRY PARMO

*##*##**X*#***************%***********XKX****##********************&
INITIALIZE CO-ORDINATES
*********X#********X*X**#*************#*3**************X*X**********

Y(1)=RRXST ¢

Y (2)=RR¥CT

Y (3)=BFHM

Y(4)=—DSGRT&EﬁU*RHO-BPH*BPﬁ) {
************#*********?**********************X***X******#*#*******#*
INITIALIZE MOMENTA ‘
.********#************X****X*************X**X****X*******#*****#*X**

Y (S5)=-PEQXCT+PRADXST

Y (&)=PEQXST+PRADXCT

Y(7)=0.000

Y(S)=XH*S(4:1)*(1.DOO—S(4;1))*UREL

IF(IABS(IE) .EQ.1) URITE(?;éOO)RHDrRRvNU1NJyPHIrTHETArBPH

***X******************X************************X********************
WRITE INITIAL VALUES OF COORDINATES AND MOMENTA
***X************************X********************X******************
WRITE(6,602) TrY
GO TO 100
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501 FORMAT(3F10.6)

400 FORMAT(? R(A-BCY="+D15.6+’ R(B-C)=‘»D15.487¢" (CM) “y/ 210Xy
1/NU="»159" NJ=’»I5y’ PHI=’rFlO.Ey/’IOX!'THETA='!F10o2v' BR="»
2015.8?

501 FORMAT(/»20Xy’ INITIAL FARAMETERS s o ¢ PHIyTHETAsBRPM ‘/20X3F12.8)
502 FORMAT(///»20Xy REACTION TIHE:G;FIO.Zr/rEOXr’CDORDINQTES:’14F12.6r
1/920Xy MOMENTA: " » 34X, 4F12.6) '
END
SURROUTINE OLFT

(

p
#********************K**********************************************

ON-LINE FLOTTING ROUTINE FOR TIME VS. DISTANCE DIAGRAMS 7
**#***********#***********X**************X*******************X*****&

IMPLICIT REAL¥8 (A-H»0-2)
INTEGERX2 SRyIF(126)NX
COMHUN/PLT/XrYerﬁyBrNPrNSyNT
DIMENSION XS(30)!YS<30);ZS(30);ALP(SO)!BET(30)rNX(S)rNQ(7)
DATA SByNXsNA/’ '!0!172!3r4r5r6!7,0r30r60!907120r150!180/
no 10 J=1,126
10 IF(J)=5B

WRITE(&:5S00) NXsNA
WRITE(5,501) )
IF(NP.ER.O)Y NP=1
NN=S0/NP :
WRITE(6:504) yX(l)
Do 1 I=1»NFP ! .
IX=XS(I3+1.5000 ¢
IY=YS(¢(I)+1.5D00
17=ZS¢(1)+1.5L00
IA=ALP(I)/3.+66
IB=BET(I)/3.+66
IC=258-IA-1IF
IP(IX)I=NX(2)
IPCIY)I=NX(3)
IF(IZ)=NX{4)
IF¢IA)=NX(3)
IP(IBY=NX(&)
IP¢(ICY=NX(7)
WRITE(&6,S03) .IP
IP(IX)=SB
IP(IY)=SB "
IP(IZ)=5B
IF(IA3=SB
IP({IB)=SB .
IP(IC)Y=SB . ;
NC=(I-1)XNT/NP ’ i
WRITE(6,504) NC
p0 1 J=1sNN

1 WRITE(6,502)
WRITE(64S01)
WRITE(&6r505) NXsNA

S00 FORMATC(1H1540Xy ‘R ( AU )7 360Xy “ANGLE (DNEGREE)“»/23X»
18(1116X)71X!4(8X!I?):3(7X713)’/)

501 FORMAT(S5X»7( +—-—=—"~ ')9’+’114X!6(’+—-——+——-—')r'+’)

P
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S02 FORMAT(SX» ‘L #43Xy"0L") (
S03 FORMAT(1H+»4Xs126A1) ' ‘ '
504 FORMAT(1H+,I3,62X»I3)

505 FDRﬁAT(SXrS(IlréX)rlX;4(8Xy12)v3(7XrIS)r//v15Xr’TIHE i Vs

o000 non

L,O0000n

OO0 0

1 DISTANCE »30X» * TIME vs MOLECULAR ANGLE ")
900 RETURN

ENTRY PLOT .

XS (NP $EXX7. _ N

YS(NPI=YX7.

ZS (NFY=ZX7.

ALF (NP =4
RET(NP)=R

60TC 900

END

SUBROUTINE ANGLIN

***************X************X***************************************;
ROUTINE  CALCULATES SCATTERING ANGLE AND FINAL RELATIUEﬁUELUCITY...uo
THREE ENTRY FOINTSe o0 ANGLIN INITIALIZES CONSTANTS. . s « ANGLST STOREgY
INITIAL RELATIVE VELGOCITY VECTOR ...+ -ANGLE PERFORMS CALCULATION S
***X**********************************************X*******X********** -

IMPLICIT REALXS (A-H:0-2) (

CGﬁHON/CUNST/RAD;HBQR!PI . \

COMMON XH!S(4!3)rCyﬁvﬂﬂrRLUyRHIrY(S)’R(s)rFF(S)rDD(3J, yUREL »
1RHG!HO!QUU:ANG!QHINTrﬁNTUTrXTERvENFIN?ENTOT!T!HvEUIB! ROTsTAD>DIST
erU!NJrIREQCT!KDG!IDEX!IE .

DIMENSION yo(2)sV(2)

Rﬁ1=XH*5(411)*(1oDOO-S(4!1))

Rﬁ2=XH*S(4,3)*(1.DOO-S(4:3))

Rﬁ3=Xﬁ*(1.DOO-S(4y3))*(1.D00—S(4r1))

RM4=XH*S(492)*(1.DOO—S(472))

AMS2XM¥(1.D00-5(472))%(1.000-S¢451))

100 RETURN (

ENTRY ANGLST 3

*#*X***********K**X******#*********************#*******************{
STORE RELATIVE YELOCITY VECTOR IN VO(3) AND ITS MAGNITUBE IN AVVD
***************X******#***X****X**********X**X****X*****************

" pg 110 I=1,2 - o«
U0(1y=Y (I1+6) /RHM1

110 CONTINUE ,
AUVO=VREL : .
GO TC 100

ENTRY ANGLE , R
***********X*****X*************X************X****************#******
CALCULATE§ FINAL RELATIVE VELOCITY AND SCATTERING ANGLE USING INITIAL
AND FINAL RELATIVE VELOCITY VECTORS
'#*********************X***************X***************X*************

DOTFR=0.000 _
AVU=0.100
po 600 I=1-2

{ S

Y
"
t
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NN=IREACT+1
GO TO(200,300y400,200) »NN

200 CONTINUE
VCId=Y(I+6) /RML
GO TO 500

300 CONTINUE
VCI)=Y(I+&) /RM3-Y(I+4)/RM2 . ,
GO TO 500 ‘

400 CONTINUE
WCIY=Y(I+4) /RMA+Y (I+6)/RMS

500 CONTINUE
DOTPR=DOTPR+V(II*VO(I) f
AVV=AVUVEV (T XV(I)

600 CONTINUE o )
AVVU=DSART (AVY)
IF (DABS(DOTFR).LE.1.0-20) GOTO 700
D=AVVOXAVU/DOTPR
N=DSQRT(DX0-1.000)
ANG=DATAN (DD
GO TO 100

“00 ANG=FI/2.000
Go TO 100 (
END '
SUEBROUTINE MASTER (NFRINT) '

*******************X***********#********************************K***£
ROUTINE CONTROLS CALCULATION OF TRAJECTORY .+« + + TWO ENTRY FPOINTS+ose
MASTER CALCULATES STHNDARD TRAJECTORY ...+ REMAST CONTROLS EBACK-
INTEGRATION OF EACH TRAJECTORY IF IE=1 OR 2,.-..IF IE=1 MASTER
CREATES FUNCHED OUTFUT FILE CONSISTING OF THE CARTESIAN COORDINATES
OF EACH ATOM AT EACH FIFTEENTH FOINT IN THE INTEGRATION.....ONE CARD
IN INTEGER FORMAT AT EACH POINT FUNCHED
*************#****#**************#**********************************X

(

\

foOo0OoO0Ono0

IMPLICIT REALX8 (A-H»0-2)

COMMON/FACT/F (4)

COMMON XH:S(4r3)yCyBrROrRLOrRHI;Y(S)rR(3):FF(S);DD(B);TERH;UREL; ,
1RHD’HO,AUU;ANGyQMINT,AMTDT:XTER;ENFIN;ENTOT:TyHyEUIB:EROT,TQD;DIST
5y NUyNJy IREACT 7 KIIQy IDEXs IE -

COMMON/PLT/XSsYSsZSsALPHAy BETAs NPy NSy NT

COMMON/CONST/RADyHBARSFI

DIMENSION NCD{(6) _

H=HOX1.8562336886940-02 b |

KOR=1

NP=0

IDEX=0

{

CALCULATE QUANTITIES USELD IN END TEST OF TRAJECTORY

RTEST=RHO+.SDOOXRHI
NHAX=(RHI-RLO)/UREL/H
IF(IABS(IE)-1) 100,905,140

90 CONTINUE
TF1=S(471)/5(3r1)
TF2=-5(3,3)

P
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TF3=-5(4r1) ' }/
TF4=5(3,2) . : ! (
GOTO 140 '

100 CONTINUE

CHECK FOR ENR OF TRAJECTORY ONLY AFTER TAKING NMAX STEFS

IF(KDQR.LT.NMAX) GO TO 120

CHECK FOR END OF TRAJECTORY.....IS ONE INTERNUCLEAR DISTANCE GREATER
THAN RTEST :

IF(R(1).GT.RTEST) GO 70 200 (

IF(R(2).GT.RTEST) GO T8 300

IF(KDQR.5T.1000) GOTO 500
120 CONTINUE

. {QTEGRATE EQUATIONS OF MOTION ONE STEF

caLL DEASH ‘ -
T=T+HO
KDR=KDQR+1
& - ‘
TEST TC SEE IF COORDINATES SHOULD RE PUNCHED OUT - -
IF(MOD(KDQRsNPRINT).NE.1) GOTO 100 \\\\
140 CONTINUE '
NP=NF+1 .
NT=T+0.5000 _
IF(IABS(IE)-1) 110,130,130
110 CALL FENGY
WRITE(Sr50) TsRyENFIN,XTERsENTOT
GOTO 100 ' .
130 CONTINUE : (
0o 160 J=1-2 '
NCD(J)=TF1XY(J+2)%1.D14
NCD(J+2)=(TF2*Y(J)+TF3$Y(J+2))*1.ﬁ14 (
NCD(J+4)=(TF4*Y(J)+TF3#Y(J+2))*1.D14
160 CONTINUE - .
WRITE(7+40) NCRsNT»NP (
GOTO 100 -
150 CONTINUE
XS=R(1)
YS=R(2)
. ZS5=R(3) )
™~ D=2.D0XR(2)*R(3)/(R(2)*R(2)+R(3)*R(3)7R(1)*R(1))
DA=DABS (D%D—-1.000) :
DA=DSART (DAD
 ALFHA=DATAN (DAY XRAD -
D=2.DOO*R(1)*R(3)/(R(1)*R(1)+R(3)*R(3)—R(2)*R62))
[1A=DABS (I1x[-1.,100) ‘
DA=DSART (DAD ‘ -
RETA=DATAN(DA)¥RAD
caLL FLOT
G0 TO 100

-~

-~ L]
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00 CONTINUE t

TEST EOR A SECOND INTERNUCLEAR DISTANCE GREATER THAN RTEST.+++ +ASSIGN
CHANNEL NUMBER (IREACT) . B

« : !

IF(R(2).GT.RTEST)Y GO TO 310
IFCR¢3).GT.RTEST) GO TO 320 (
GQ TO. 120 .
00 CONTINUE ’
IF(R{3).GT.RTESTY GO TO 330 .
. 60 TO 120 ) (
10 CONTINUE _
IREACT=2 ' (
G0 TO S00 -
CONTINUE , , o
IREACT=0 (
GO TO S00 -
CONTINUE .
IREACT=1 ‘ ¢
00 CONTINUE
KNG=KDQ-1
CALL SECONDECFTIME) (
CPTIME=CPTIME~TAD

rJ
O

Ol
o

WRITE NUMBER OF INTEGRATION STEFS TAKEN AND REAL ELAPSED TIME FOR TH%
COMFUTATION OF TRAJECTORY R

WRITE(&-10) KNGsCFTIME

WRITE SIMULATED TIME FOR COQLISIDN FROCESS AND FINAL VALUES 0F THE
COORDINATES AND MOMENTA - . . (

WRITE(6s20) TrY
00 RETURN =
ENTRY REMAST

BEGIN BACK-INTEGRATION ) ‘ (

H=—H 7 .

IDEX=0 ¢
DO 600 KDG=1sKNG ST T
CALL DBASH

T=T-HO

00 CONTINUE

WRITE FINAL SIMULATED TIME ANI COORDINATES AND MOMENTA FROM BACK-
INTEGRATION.....THESE SHOULD EBE IDENTICAL TC THE INIEIAL VALUES

—

WRITE(6,20) T»Y - : ' o
.60 TO 700 - .

10 FORMAT(//»20Xs  NUMBER OF STEFS =+ ,1by5Xs/CPU TIME =’»F10.3)

50 FORMAT(///320Xy’REACTION TIME:‘sF10.22/ 720Xy 'CODRDINATES: " s 4F 12069
1/7,20Xy “MOMENTAD s 4X24F12.6)

RMAT(1H »20Xs4D15.6)
40 FORMAT(10IS)
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50 FORMAT(20X,F10.2
1F15.5)
END
SURBROUTINE FSTART

3F15.6!5X!'TU='rFlSoé?SXr'U(H2)='!F15.675X7;H="(

b

(

KK KOK KK KKK KKK KRR K KRR KKK K ******************************************
ROUTINE FOR HAMILTON’S EQUATIONS OF MOTION. TWO ENTRY FOINTS.ess
FSTART INITIALIZES C S.v...F CALCULATES TIME DERIVATIVES OF
COCRDINATES AND MOMENTA

***X******************************* ®KKKXK KREKE KKK KKKKRERKKKKKKK KK KK

IMPLICIT REALXS (A-H+0-2)

COMMON/FACT/FC(4)

COMMON XH!S(4!3)rCrByRDrRLUrRHI:Y(S)rR(3)rFF(S)rnﬂ(3)rTERﬁrUREL!
lRHDyHUrQUU;QNG;QHINTvﬁﬁTUT!XTER!ENFIN!ENTOT!T!HrEUIBrERUTrTQDrDIST
QrNUrNJ!IREQCTyKBQgIDEX!IE : ‘ (

U=1.D00/S(3:2)/S(473)/XN

Z=1.DOO/S(471)/(1.DOO-S(4;1))/XH

W1=S(3s2) C
W2=S8(3,3)
100 RETURN .
ENTRY F (
—

*#**##****X*******X***********#*************************************
TIME DERIVATIVES OF COORDINATES AND MOMENTA ARE CALCULATED AT FOINT
SPECIFIED BY Y(12) AND ARE STOREDR IN FF(12)

************#*X*********K********X**********#***********X***#*******

(
Bg 200 J=1,2 )
FECJY=WXY (J+4) ‘

FF(J+2)=ZXY(J+8) (

200 CONTINUE -

CaLL RVECT

CALL DERIVE(2) : i
po 300 I=1s3

DO 400 I=1,2 ¢

PARL= (W2XY (1) +Y(1+2))*¥0B(1)

FAR2=(W1XKY(I)-Y(I+2))*DD(3)

FF(I+4)=—W2¥PARL-DD(2)XY(I)-W1XPAR2 (

. FF(I+6)=PAR2-PAR1 o | e

400 CONTINUE .

GO TO 100 )

END

SUBROUTINE RVECT

i It
xxx*x**xx***xx**x*x****#x*xx**x**xx*****xxx*x*****x*xxxx***xx***x*xx*

INTERNUCLEAR DISTANCES ARE. CALCULATED FROM GENERALIZED COORDINATES
(FIRST SIX ELEMENTS IN Y(12)) ANI ARE STORED IN R(3)

*********X********************************X*******#***********X**X***

IMPLICIT REAL¥8 (A-H»0-2) . :
COHﬁDNXﬁ78(4y3)rCrBrRDyRLO;RHI:Y(S)yR(3>rFF(B);DD(3)rfERﬁ,URELr
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.1RHO:HDrQUUvANGyAHINTrAHTUTrXTERrENFINrENTOTyTrHrEUIBrEROTsTADrDISR
2,NVsNJsy IREACT yKDGy IDEXs IE

W1=8(3,3)

W2=5(3+2)

W3=W1XY (1) +Y(3) ) /\ (
WASWIXY (2)+Y (4) /
R1=DSQRT (W3XW3+WaXW42) (

R2=DSGRT(Y(1)*Y(1)+Y(2)*Y(2))
W3=W2XY (1))=Y (3)

WaA=W2XKY (2)=-Y(3)

R3I=DSERT (W3kW3+WaXWS)

R(1)=R1

R(2)=R2 ¢
R(3)=R3 . -
RETURN

END _ : (

SUBROUTINE FMOMIN

xxx**x*x**x**x********x*******x***x**x**x*******x**x*xx*x***x*x*****a
ROUTINE FOR CALCULATING TOTAL AND INTERNAL ANGULAR MOHENTA.....TWO

R TRY POINTS.....FMOMIN INITIALIZES CONSTANTS.....FHON PERFORMS
CALCULATION (
******x****xx************x**xx*xx*x***x**x*****x***x***x*x**xx*x*xxx*

IMPLICIT REAL¥8 (A-Hs0-2)

COMMON XﬁyS(4r3);CyBrRO,RLDyRHIyY(S)yR(3)yFF(S)yDD(3)yTERH;UREL,
1RHD:HD;AUUyANGrAHINTyAﬁTOTyXTERrENFINrENTOT,T,HrEUIByEROT’TAD;DIST
>, NVyNJr IREACT»KDQy INEX, IE T : ¢

C1=6¢(1,2)/(1.000-S(4s1))

cz=s<1,2>*sc3,3>/<1.noo—s<4,1>) .

C3=5(1,1)%S(3+3) ¢

C4=5(1r1)
CS=G(2¢3)/(1.000-5(4s1))
ca=—s<2,2)*5<3,3)/(1.noo-s<4,1f)

C7=S(271)*S(372)
C8=-S(2,1)

10 RETURN . {
ENTRY FMOM '

*#**********#**************X***X***X**X*****************************
TOTAL ANGULAR MOMENTUM (AMTOT) AND INTERNAL ANGULAR MOMENTUNM (AMINT?
IN CHANNEL DESIGNATED BY IREACT ARE CALCULATED
****X***********X***#**************************X*********X*******X*ﬁ‘

NN=IREACT+1 |
G0 TD(200!30073001200)!NN ¢
200 CONTINUE S :
AX=Y (XY (6 =Y ()XY (3) . ;
AXT=AXFY(ZIXKY (B8)=Y (XY (7) : o
AMINT=DABS (AX)
AMTOT=DABS (AXT)
IF(IREACT.EQ.3) GO TO 500
GO TO 100
300 CONTINUE ,
AX1=Y (3IKY(B)-Y(AIXY(7)

el
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AX2=Y (1)XY(8)-Y(2)XY(7)
AX3=Y (1IKY(S)-Y(2) XY (S)
AX3=Y (3)KY (&)=Y (4 XY (S)
IF(IREACT.EQ.2) 6O TO 400
AX=C1XAX1+C2XAX2+CIKAXIHCAXAXA
350 CONTINUE
AMINT=DARS (AX)
AXT=AX3+AX1
AHTOT=DABS (AXT)
GO TO 100
400 CONTINUE , _ : o
AX=CS¥AX1+COXAX2+C7XAXIHCBXAXA
GO TO 350
500 CONTINUE
AMINT=0.000
100 RETURN

END \
SURRQUTINE FENGIN \\“‘

****************************************************X***************{
ROUTINE FOR CALCULATING TOTAL AND INTERNAL ENERGIES:++»+TWO ENTRY
FOINTS. s+ FENGIN INITIALIZES CONSTANTS. ..+ .FENGY FERFORMS ¢
CALCULATION i - -
*X******************************************************X***X********
IMPLICIT REALXS (a-H,0-2) - ¢
COMMON Xﬁ!S(4r3)sC!BrRU!RLU!RHI!Y(S)rR(3)1FF(8)rDD(3)JTERH7UREL!
lRHD:HU:ﬁUUrQNGrﬁﬁINTrﬁﬁTUTrXTER,ENFIN!ENTDT!T!H?EUIB!ERUT:TAD!DISI
2!NU7NJ71REQCT!KUG7IDEX!IE
RED1=1.DOO/(Z.DOO*XH*S(3!2)*S(493))
RED2=SCIrl)/(E.DOOXXH*S(4’2)) : '
RED3=S(1sQ)/(Q.UOO*XH*S(4:1)*(1.D00*S(411))**2)
RED4=1.D00/(X“*(1.300-5(473))*(1.DOO"S(4!1)))
RED5=S(2:1)/(2.UOO*XH*S(4!3))
RED6=S(2!3)/(2.DOO*XH*S(4r1)*(1.D00-S(471))**2)
RED7=—1.D00/(XH*(1.D00-S(4!2))*(I.DOO—S(411)))

REDB=RED1 : ¢
RED9=1.D00/(2.DOOXXMXS(4,1)%(1.D00-S(451)3)

10 RETURN ,
ENTRY FENGY L

********************X*****************X**X****************#*********
CALCULATE TOTAL ENERGY (ENTOT) AND INTERNAL ENERGY (ENFIN) IN (
CHANNEL DESIGNATED BY IREACT
**X*****X*****X**********X*******x*************#***********X*******X
(
CALL RVECT Co o
CALL FPOTN
CALL DERIVE(1)
PP1=Y(5)*Y(5)+Y(6)*Y(6)
PP2=Y(7)*Y(7)+Y(8)*Y(8)
PP3=Y(S)*Y(7)+Y(6)*Y(8)
ENKT=RED8%PP1+REDF*PP2
NN=IREACT+1 b4
GO TO(30:40,50>30)sNN
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CONTINUE

TINTF=RED1XFF1

ENFIN=TINTF+TERM

IF (ENFIN.GE.C) GO TO 60
ENTOT=ENKT+XTER

GO TO 10 RN
CONTINUE'
TINTF=RED2XFP1+REQN3XPF2+RERAXFF3
ENF IN=TINTF+TERM

IF(ENFIN,GE.C) GD TO &0
ENTOT=ENKT+XTER

GO TO 10

CONTINUE :
TINTF=REDSXPF1+REDGXFF2+RED7XFF3

ENFIN=TINTF+TERM
IFCENFIN.GE.C) GO TO &0
ENTOT=ENKTHXTER

GO TO 10

CONTINUE

IREACT=3
ENFIN=0.D00
ENTOT=ENKT4+XTER
Go TO 10
END
SUBROUTINE SECOND(SEC)
INFLICIT REAL%8 (A-H,0-2)
CALL TIMERCINT?
SEC=INTX26,0146600-06
RETURN

END
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SAMPLE QIUND D+r2, NJ:'-V="-pﬂi:gg.THETA=o.a=1,5 AU .
INPUT DATA....l . )
NT2T = 5  MA = 2.014 ECJ= 04205 2k = T
: = n o« o o= - P 050'3'3
f;ngNT: 10-3 -:‘té = ‘i?\gﬁ r:v = 0 SLe = 1.307a
= = ~ = PaloN J = o) - = .80
0T = 2.00 HI 1.6039 -
N
N\
YATES-LESTET SUSFACE PARSAMETERS:
DE = 4.72723 KAF=S4& = 3-12796
RE = 1,40631 LAMSDOA = J2.C0131
BETA = 1.073%5 DZLTA = 55.25283
(MORISE CON3TANTS) ERSILUN = -73.13550
INITTAL DARAMETES S, 00wt OHI s THET A +3PM
SCeJ2CCCT Ge?= 1.500°C0
TEAJECTORY NOT. 1 TT = C .29 BtV
ZEACTION TIME:D 2.0
CnIJIDTIATIS!: Je.C 1.2727433 1.=0C022 —7.6L0%0%0
MTUENT AL 2.0 fL.C J.7C 2,7C67TS3
Fe)
e
G S Y EMNERGIZO s e v o~ ANGULAR MOMENTA . e 0w -
ToTAL (H) = T.5141%2 ToTAL wilL+J) = 2. 1064630 01
INTERNAL (=) = D.267539 INTEINAL w(J)= Ce0 :
prTENTIAL (V] = c.264.22
NUMZED? CF STEPS = 4575 CoU TIME = €.277
REACTION TIME: sgn.ce
CRCRLDINATES? —1.065523 1.115221 7551140 -5.158216
MOMENTAL Ye 307703 -0 257335 C.635345 -Q0.2%533%
i
FINAL CCNDITIONS..-.:
CILLISICIN TIuz: 330.C2
TATAL ENERGY ° Nesla2C1
TCTAL ANG « MOMENTUM L n,1064030 21
INT  ANG » MV IMENTUMS 0.2578540-01
FEaCTION CHANNZL: o]
SCATTESING ANGLES 65.21
pPeTENMTIAL EMZRGYS C.C83127
INTESNAL TNERGY: 2 .203137
VipRATIONAL ENSRSY c.2523311 NV= c
SSTATIONAL ENERGY: C.C07325 NJ= o



-t

TRAJELCTIRY NZ. 2 TT = 3.50C cv
.
REACTION TIMZ: C.0 o~
02 Z0INATES: A - < O vy
gjmgwéa?l—b 3t A Jegevesds l.5C0CC ~7.4056%96
. - c.7 1.003743
INITIAL ENERSIES.s eaw: ANGULAR MOCMENTA .
TOTAL (H) = S aTH41S2 ATA : ! L L .
INTESNAL (2) =  9.267513% EQ;EENKEL:fj;; 3'5503610 o1
POTENTIAL (V) =  0.204132 ‘ .
NUM3ER QF STEPS = 3321 coyu TIME = 4,013 — -
REACTION TIME] E62.C0 o —m —ee
COORDINATES:  -T7.57€a18 3.7081192 5.033746 $
. > 0 o 3 -1.657445
MOMENTAZ -0.568C654 0.24133% 0.451428 0.CCS708
FINAL CONDITIONS.sa.:
COLLISICN TIME: ©62+60
TCTAL SNERGY : 0764147 ——
TOTAL ANG MOMENTUM: n.15C5610 @
L C 1
INT ¢ ANG « MOMENTUM: 0.2327350 QC
REACTICN CHANNEL: 1
SCATTEIING ANGLE: 5. 34
PCTENTIAL ENERGY: 0.145325
INTESNAL ENEXGY: f.154631
VISRATICNAL ENERGY: C.16a316 NV = c
ROTATICNAL ENERGY: 0.023115 NJ= 1 - -
TRAJECTO=Y NC. 2 TT = Ce75 EV
REACTITN TIME:! 0.C _ _
CCORDINATES: 0.2 1.2457433 1.5200CC2 ~7.4605656
MOMENTAZ 0.2 o.C 6.0 1.225326
INITIAL ENERGIESsaes: ANGULAD MIMENTAeaeel
TOTAL (H) = 1.014132 TATAL w{L+J) = 2.18a32¢0 91 o
INTERMAL (£} = C.2676839 INTEINAL: w(J)= N.7 .‘
POTENTIAL (V) = 0.266192
NUMBER 7oF STEPS = 27¢C Cou TIME = 2.53% T
REACTICN TIME: 540.C0 T TS
COARDINATES: —6.755765 5,025632 4.6585644 -1.727421
MCOMENTAS -0,528316 C.1524890 0. 124659 -0,373a532
FINAL CONDITICNS.es et .
CALLISTION TIME: 540400
TOTAL ENERGY @ 1.214133
TOTAL ANG,MCMENTUMZ c.18439sD €1
INT « ANGeMCMENTUMS . 0.26€533D CO
REACTICN CHANNEL: 1
SCATTERING ANGLE: 65405
PATENTIAL ENERGY: 0.04a5555
INTERNAL FENERGY: 0.27C924%
VIBRATICNAL ENERGY: 0.248635 NV= 0
BOTATIONAL ENERGY! 0.026283 NJ= 2



TRAJECTIRY NT. 4 TT = 1.00 EV
SEACTION TIWME:D .~ C.C - .
CATRDINATES: o 1.207433 1.50C000C :
. el A - » o .~ - -7.‘AQCEQb
MIMENTAZ Q.0 T.C 0.C 1.416507
INITIAL ENETSIESeeaat AMOSULAR MOMENTA 4
ToTAL (m) = 1.264192 TRTAL wlLed) = g.21232
INTERNAL (E) = 0.26733% INTESNAL w(J)= “.5123_60 ct
SOTENTTIAL (V) = 0.2641S2 )
NUMBEP OJF STEPS = 265 COU TIME = 3.358C
EEACTIJN TIME: 530.00
OORDINATES: —B8.205843 1.511856 S.322507 0.57055
— A - LA . L] Pt -—id e 3
MOMENTA: -0, SRTCET ~2.023935 0.30%470 0.022C48
FINAL CONDITIONSeeews?
COLLISICN TIME: 53C N0
TCTAL ENEXRGY = . 1.2641%4
TOTAL ANG.MCMENTUM: 0.2125250 C1
INT.A.‘\'G-MOMENTUM: 0.72429700—01
REACTION CHANNEL: 1
SCATTEZING ANGLE: .37 .
POTENTTIAL ENERGY: D.225000
INTESMAL ENERGY: 0.3567¢2
VIBRATISNAL ENSRGY: ~.3543E5 NV= o
ROTATIINAL ENERGY: r.CC1527 NJ= ¢
TRAJLCTOSY NG. 5 TT = 1.25 EV
REACTIAM TIME: c.C .
COORDTNATES .0 1.2C7433 1.50¢cCc0¢ ~7.4CSESE
MOMENTA 8.0 0.C CaC 1.5E7CS3T
INITIAL ENERGIESess.: ANGULAR MCMENTA. ese:
TOTAL (H) = 1.814102 TOTAL wi(L+d) = 0.2333590 01 .
INTERNAL (E) = 0.26753% INTEINAL w(J)= 0.0
FOTENTIAL (V) = C 264152
NUMBER OF STEPS = 247 CPU TIME = 3.C47 T
REACTION TIME: 464 .0C o T
COCRDINATES: ~8, 636657 4.279173 3.20S751 ~1.640115
MOMENTAS ~0.7b1246 -0.140422 0.639455 =0.677555
FINAL ccmozTIch..;.:
COLLISION TIME: 454400
TOTAL E=NERGY 3 - 1.514197
TOTAL ANGeMCMENTUM f.2380530 01
INT e ANG«MIMENTUM? 1.83671C30 CO
REACTICN CHANNEL: 1
SCATTERING ANGLE: 72.13
PCTENTIAL ENERGY! 0.24215%
INTERINAL ENERGY: ¥0.€61575
VIBPATICONAL ENERGY: A 0.3645481 NVE= 0
ROTATIONAL ENERGY: 0.267436 NJ=S 7
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APPENDIX III: Glossary

\\A. Abbreviations:
N

e

1-D One dimensional {collinear).

2-D Two dimensional (coplanar).

5—0 Three dimensional (spatial).

C lassical. |

EQ Exact quantum.

FC Fong and DiestlerSl

KPS karplus, Porter and Sharma65

LEP London-Eyring-Polanyi Surfacez7

LEPS London-Eyring-Polanyi-Sato surface64

MERP Minimum energy reaction path.

PK Porter-Xarplus surface59

Qc Quasi classical '
QM Quantum mechanical.

SL Saxon and Lightlos.

SSMK Shavitt, Stevens, Minn and Karplus surface38
VA yibrational adiabaticity.

VARP yibrationally averaged reaction path.

WP Wall-Porter surface63

YL Yates-Lester 5urface58.

IPE Zero-point energy.
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8. Subscripts:

a A+BC configuration.

b A--

-B--

.C (1-D), or AC+B {Z-D)_configuration.

o AS+C configuration.

d A+B+C configuration (2-0).

1 Vibrational compression phase. -
r vibrational extension phase.

r rotational mode.

t translational ‘mode.

v vibrational mode.

int internal mode (vibration + rotation).

orb orbital mode.

A Asymmetric stretching mode.
S Symmetric stretching mode.
7 Total.

=

€. Superscripts:

Initial values.

Final values. op

Time derivatives.

* yalues at the exit location {Chapter 5).




D. Symbols: :

A Amplitudes of vibration (Al‘Ar) or force constants (AS,AA).

b Impact parameter;,bmax = maximum impact parameter.

C velocity of light.

De Dissociation energy.

Ei fnergy of mode 1; Ea = barrier heiaght; EC = calculated
minimum potential-energy'for Hy

F(i) Probability distributipa\fugction.'

fvib Fraction of total energy hﬁich is product vibrational
energy- :5

H yamiltonian, or total energy, h = planck's constant/2m:

J Rotational quantum number.‘

k Force constant; k = rate constant.

M Total mass of the ABC system.

M ¥ass of the ith atom.

n Product.vibrational box.

Psn Reaction probabilitys pR = gutcome of trajegkoryi

Pi Momenta Eonjugate to the relative coardinates Q_.l or Ri'

P Momenta conjugate to the }nterna1 coocrdinates g; OF ris
or momenta corresponding to mode 1.

Ri Relative coordinates corresponding to configuration 1.

rs Internal coordinates corresponding to configuration 1.

Qi Re]a}ive coordinates used 1in computation, i = 1-4.

q; Internal coordinates used it:EEBputation. i'=1,2.

sR  Reaction cross section. -
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Ti Kinetic energy of mode i.
t Time.

R . .
t Reaction time,

At Time spent in the exit region.
At¢ Shift in the time axis corresponding to a shift
V. Potential energy of mode 1.

Vref Minimum of vibrational potential at the reaction shell.

x,y,Zz Cartesian Coordinates. >

-

. 76
B r_ S ic constant
Be’ v’De’Dv’ o pectroscopic constants

AB Center-of-mass of the ABC system.

g, AC, BC Center-of-mass of the AB, AC, BC entities.

A
A,BC-Pertaining to motion of A relative to BC.

.
P
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E. GFeek symbols:

B Morse constant (exponential factorj.
¥ Scattering angle (Pt,Pé).

r Bending angle (180°- ABC).

z 3-D orientation'ang1e (z,rBC).
n 2-D configuration angle (ﬁi,ri) '
8 2-0 and 3-D orientation angle or rotational phase (y,rge)-

u ‘Reduced mass, €.9- Wp gc” mA(mB+mC)/M; Hag~ mAmB/(mA+ mB).

gre

Skew angle of the rpe and rge coordinate axes.

o RA,BC’ e.qg. po = reaction shell radius;
s = translational coordinate (Chapter 5}
Py T 1imit of flat part of surface (Chapter 5):
p* = exit 19cation.
T Classical ﬁeriod of vibration.
$ Vibrational jhaég an1e.
X Reaction channéﬁ?x = 0, unreactive,'pfoduct A+§C;
. y =-1, reactive , product AB+C;
. y = 2, reactive product AC+B; _
-4 ¥ = 3, dissociation, product A+B+C.
w 'Angu1ar.moﬁentum, e.9. wrs Wint® Yorb’

a,» BgsWg Spectroscopic E:onstants76

\
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