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Summary

The research accomp lished during th is  research proj ect is summarized .
A s t a t i s t i c a l - d ynamica l method for treat ing the energy d is t r ibut ion of
products of unimo l ecular decomposition s was devised . Molecula r beam
reactions proceeding via long-lived comp l exes were treated. A numerica l
quantum mechanica l descr i ption of simple molecule s (three degrees of free-
dom) decompos i ng to products was developed . A pract ical sem iclass i cal
method for treat i ng bound state problem s and calculating their elgenva l ues
was fornij lated . In this way (and for the first time ) it became possible to
treat semic lassica ll y dynamicall y nonsepa rable systems with smoothl y vary-
ing potentials . The method i nvolves using classica l trajector i es to obtain
topolog ica l l y independent phase integ rals. Imposition of the Born—
Somerfe ld quant izat ion rules for t hese nonseparable systems y ields the
ei genvalues . Severa l invest i gat ions were undertaken on quantum mechanica l
treatment of decompos i ng smal l  molecules (compound state resonances), on
use of reduced—size basis sets for treat i ng numericall y the quantum mech—
anics of bimolecular collisions , and on collision a l vibrationa l excitation.
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Research Accomplish ed

I. On the Theory of Energy Distributions of Product s of Molecular
Beam Reactions Involving Transient Complexes

A theory for this purpose was deve l oped under the present contract
and published in J. Chem. Phys.  62 , 1 372 (1975), by R. A. Marcu s under

• the above title . In this paper theoret i ca l energy distributions of
reaction products in molecular beam systems were described for reactions
proceeding via transient comp lexes . Loose and tight transit ion states
were considered for the exit channel . For a l oose transition state and
the case of -~~ ~~~~~ 

j, the result was the same as of Safron et al . [Chem.
• Phys. Lett . 12 , 564 (1972)]. Here , ~ denotes the orbital angular mo-

• mentum of the products and j denotes their rotationa l angular momentum.
For the case of a ti ght transition state exit channe l efforts were in-
cluded analogous to steric effects for the reverse react i on. It was

• shown how, via one mechanism , bending vibrationa l energy of that transi-
tion state can contribution to the translati ona l energy of the reaction
products. Expressions were derived for the energy distributions of the
products when .s, 

~~~~~ 
j and j 

~
>-

~~

• This research was cont i nued , after the present contract exp ired ,
• and was then supported by the Nationa l Science Foundati on. A forth—

coming publication by G. Wor ry an d R. A . Marcus [J. Chem. Phys . 67
(1 977), August 15 , 1977] is entitled “On the Theory of Translationa l
Energy Distributions of Product Molecules of Molecular Beam React ions
Involving Transient Complexes. II.” The work contained in th~~ report

• represents an app lication of the 1975 paper . The resu lts are described
as follows.

A statistical l y-adiabatic model for chemica l reactions involving a
ti ght or l oose transiti on state in the exit channe l was used in Part I
to obtain an integral equation for the individual reaction probab ilit-
ies , i .e., for the magni tude of the S matr ix  e l e ments . In this new
paper (Part II) this integral equation was exp lici t l y solved for the
general case of product orb it al (

~
) and rotationa l (j) angular momenta

constrained onl y by energy and angular momentum conservation . The reac-
tion probabilities were shown to be related to a contou r integral of a
product of canonica l partition funct i ons. The theory inc l udes an ef—

• fect of the evolution of the bend i ng vibrations of the transition state
into free rotatiors of the product molecules. The distribution of fina l
translati onal energy for the general (.-f~,j) case was then obtained by
averaging the reaction probabilities over various quantum states of the

• product molecu l es. The resu l ts were compared w it h the spec i al cases i n
the literature for which (i) the transition state in the exit channel
is l oose (“phase space theor y”), ( i i )  this case but with 1. ->-

~ 
j, and F

j  -~ 
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(iii ) ti ght transition state theory with .f. -s--> ~ (Part I). The results
were also compared with experimental data obtained from the molecular
beam react ion F + ( C H 3 ) 2 C = CH 2 -. F(CH 3)2 CCH2* -. CH~~+ FCH 3 C = CH2. The
data and the theoretical results are now in better agreement.

In the t reatment described in Parts I and II a l oose transition
state in the entrance channe l was assumed. Expr essio ns for the energy
distribution were also g iven for the case when the entrance channe l

• transition state was tight. Finall y, a statisticall y—adiabat ic 5—
matrix , wh ich was usefu l for react i ons proceed i ng through l ong-lived
collision complexes having tight transition states was described , and
its possible app lication to angular di stributions and angular momentum
polarizat i on experiments were discussed .

S 

2. Semiclassical Calculation of Bound States of a Mult idimen s i ona l
System

A paper On this top ic and supported by the present contract was
published by W. Eastes and R. A. Marcus in J. Chem. Phys. 61 , 4301
(1 974). In t his paper t he sem ic lassic a l quantum conditions for bound
states were studied for a nonseparable system of two coupled oscilla-
tors wh i ch possesses a co l l e c t ion of qu asi periodic trajectories. The
sem ic lass i cal energy lev els were found to be in excelle nt agreement
with the exact quantum levels. This treatment differed from previou s
work in that periodic trajectories were not needed and in that the
potential surface was smooth and nonsepa rable in all reg ions.

This work was the starting po i nt for a substantial body of subse-
qu ent research on sem i classi cal e i genval ues of nonseparable prob l ems,
by the writer and coworkers , and W. H. Miller and coworkers in this
country , and by I. Perc iva l et al . and N. C. Handy et al . in G reat
B r i ta i n. Among our own subsequent work there was the followin g work
“Sem classica l Cal culation of Bound States in a Multidimens i ona l System.
Use of Poi ncar~ ’s Surface of Sect ion” by 0. W. Noi d and R. A. Marcus ,
J. Chem. Phys. 62, 2129 (1975), and supported by the present contract .

¶ In this work a method ut iliz i ng integration along invariant curves on
Po i ncar~ ’s su rfaces of section was described for semiclassical calcula-

.4 tion of ei genvalues. The systems treated were dynamicall y nonseparable
(as in the Eastes—Marcu s paper) and were quasi peri odic . Use was also
made of procedures developed in that previou s paper . The calculated
ei genvalu es for an anharmon i call y cou p led pai r of oscilla tors agreed
we ll wi th  the exact quantum values . They also agreed w i th  the previou s
sem ic lass ica l  calculat ions in this laboratory , wh ich instead used in—
teg rations along the caustics. This second paper increased the number
of systems capab le of being treated . Us ing numerica l counter examp les
for nondegenerate systems , it was also shown that an alternat i ve view

2
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in the literature , which assumes that periodic trajectories alone suf-
fice , leads to wrong result s for the individual ei ge nva lues .

A second fol l ow—up publication was “Semicl assica l Calculat i on of
Bound States in a Multidimensional System for Nearl y 1 :1 Degenerate
Sys tems” by D. W. Noi d and R. A . Marcus , supported by the Nationa l

• Science Foundation , to be published in J. Chem. Phys. 67 (1977) [Ju l y
15 , 1977]. In this work the method was devised to calculate ei gen-
val ues sem i cl assica ll y for an anharmonic system whose two unperturbed
modes are 1: 1 degenerate , by i ntr oduci ng a curvil in ear Poin care surface
of sect i on. The results were in reasonable ag reement with the quantum
ones. The classica l trajectories also frequent l y showed a large energy
exchange among the two unperturbed normal modes. Imp lications for
Slater ’s theory of unimolecular reactions , which neg l ects this effect ,
and for “quantum ergodicity ” were described .

A third follow—up publication with NSF support was an entirel y
new semiclassica l method for obtaining the properties of isolated
molecules , “A Spectral Ana l ys i s Method of Obtai ni ng Molecu lar Spectra
from Classical Trajectories” by D. W. Noid , M. L. Koszykowski and R. A.
Marcus , J. Chem. Phys. 67 (1977) [Jul y 15 , 1 977]. Several other re-
lated papers are in prepa ration , including some on the app lication to
actual molecules to calculate their vibrational spectra and compare with
experiment.

Thus , in summa ry, the ori g ina l support of this research by Pic at in ny
Arsenal provided the basis for the many subsequent developments in this
fi eld .

3. Dynamical Effects in Chemical React i ons

A paper on this top ic , supported under the present contract was
published by R. A. Marcus in “Proceedings of the Conference on Mechan-
i sms of Explos i on and Blas t Waves” Nava l Weapons Station , Yorktown,
Va., November 13—15 , 1973 (N. Slagg , Picatinny Arsena l , editor ). In
this work it was noted that experimental and theoret i ca l stud i es in the

• past have focused on rate constants for react ions and on their activa—
• tion energ ies , that in hi gh l y nonequil i br i um situa ti ons more detaile d

dynamical data such as reaction cross sections are utilized instead ,
and that a large body of new i nformat ion is now becom ing avail abl e on
these and allied dynamical top ics . Some recent and earlier results
were discuss ed for b imol ecu lar and uni molecular react ions.
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4. Compound State Re~onances in the Col linear Collision of an Atom
with a Diatomic Oscillator

In th is work , supported by the present contract , a pape r by W .
Eastes and R. A. Marcus was published in J. Che m. Phys. 59, 4757 (1973)
under the above title . In that paper compound state resonance effects
were reported in exact , numerica l ca l culat i ons of the collinear colli-
sion of a particle was a harmonic oscillator with a Morse interaction
potential . They were shown to be due to the formation of a long-lived

• comp lex or quasibound state and were rmich more narrow than resonances
reported prev i ousl y for this type of system. The stable ei genvalues
resulting from a variationa l ca l culation with a bound state basis set
were found to be in excellent agreement with the resona nce energ ies ,
and such a variat i ona l calculat i on was found to be a good way of l ocat-
ing these resonances.

5. S Matrix Elements for Excited Rotational State Transitions

Thi~ study was undertaken by W. Eastes as a preliminary step to—
- ward treating more comp licated collisions by testing numerica l proce-

dures. The results were published under the above title in J. Chem.
Phys. 59, 3534 (1973) . The main prob l em in numerica l quantum mechani-
cal t reatments of collisions is associated with the large number of
rotational—orbital—vibrationa l states to be considered , requiring very
large quantum mechanica l basis sets for the wave function . In this
paper it was found how to reduce the size of the basis set by neg lect
of low l y ing states : Exact S-matrix elements were presented for atom—
rig id rotor scattering for transitions between the j = 6, 8, and 10
rotationa l states. Enough channels were included in the close coup ling

• scheme to ensure convergence. It was found that one may neg lect the
l ower l y ing rotationa l states if one is interested onl y in S—mat rix
elements for transitions between excited states.

6. Sem ic lass ica l  Calculat ion of the Harmonic Osc i l l a to r  Transitio n
Probabil ity for a Co llinea r Hard Sphere Colli si on

Another collision prob l em treated in the colli siona l part of the
present study was that in an article under the above title , by W.
Eastes and J. 0. Dol l of this laboratory . The work was published in
J. Chem. Phys. 60, 297 (1974). In this study close d form expressio ns
were obtained for the vibrationa l transition probabilities in a semi-
classical formulation for the inela stic hard sphere collision of an
atom with a harmonic oscillator . The u niform semiclassical expression
was found to be in excellent agreement with the numer icall y computed
quantum mechanical transiti on probabi lftie s. Expressio ns were also

4
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obtained for the average energy trans fer in this c olli sion and for the
scattering of atoms from a hard cube model surface .
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proceeding via long-l ived comp l exes were t reated. ,4 numerical quantum

• mechanical c~ scri pti on of simp le mol ecules (three degrees of freedom) decom-
pos i ng to products was developed . A practical semiclass ical method for

• treating bound state problems and calculating th eir ei genvalues was formu—
lated . In this way (and for the first time ) it became possibl e to trea t
sem icl ass ica ll y dynamically nonseparable systems with smoothly vary ing poten—

• tials. The method i nvol ves us i ng classical traject ories to obtain topol og—
icall y independent phase integrals. Imposition of the Born-Sommerfeld quan—
tization rules for these nonseparable systems y ields the ei genva l ues. Several
investigations were undertaken on quantum mechanical t reatment of decomposing
small molecules (compound state resonances), on use of reduced—size bas is sets
for treating numerically the quantum mechanics of bimol ecular coll isions , and
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