LBL-17304 .

N

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

el VED

Materials & Molecular — ...zwe
* Research Division APR 17 1984
LIBRARY AND
DCCUMENTS SECTION
ELECTRONIC DEGREES OF FREEDOM IN
CLASSICAL MECHANICS
D.P. Ali /”,//’_—w
(Ph.D. Thesis) | TWO_WEEK LOAN CQPY
. »,This is a Library Circulating Copy
October 1983 . which may be borrowed for two weeks.
For a personal retention copy call
Tech. Info. Division, Ext. 6782.
\ .
K,
= ~
™
(\
L
~
W
O
-

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 9(’



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the

University of California.

.



LBL-17304

ELECTRONIC DEGREES OF FREEDOM IN
CLASSICAL MECHANICS

Domenic Paul Ali
(Ph.D. Thesis)

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

October 1983

This work was supported by the National Science Foundation under Grant
CHE-79-20181 and by the Director, Office of Energy Research, Office
of Basic Energy Sciences, Chemical Sciences Division of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.



ELECTRONIC DEGREES OF FREEDOM
IN

CLASSICAL MECHANICS

Domenic Paul Ali

ABSTRACT

Electronic degrees of freedom are generally considered purely a
quantum mechanical phenomenon not treatable within the framework of
classical mechanics. In this dissertation, we show the above statement
not to be true. In the first part of the dissertation, a classical analog
for electronic degrees of freedom developed by Miller [JCP ZE: 2272(1980) ]
is shown to correctly describe Stiikelberg oscillations and electronic-
vibrational and rotational resonance phenomenon, strictly quantum mechanical
processes, within a classical Hamiltonian framework. In the second part
of the disgertation, a semiclassical model for electronic transitions
developed by Miller and George [JCP 56, 5637(1972)] is coupled with both
a Langevin model and a Generalized Langevin model and shown to correctly
describe electronic dynamics in iodine recombination in a solvent. The

results obtained are in good agreement with experiment.
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You enumerate Its laws and in my thirst for knowledge I
admit that they are true. You take apart its mechanism
and my hope increases. At the final stage you teach me
that this wondrous and multi-colored universe can be
reduced to the atom and that the atom itself can be
reduced to the electron. All this is good and I wait
for you to continue. But you tell me of an invisible
planetary system in which electrons gravitate around a
nucleus. You explain this world to me with an image,

I realize then that you have been reduced to poetry: I

shall never know. Have I the time to become indignant?

Albert Camus

iii



Introduction

Twenty-five years ago, Ford and Wheeler showed that elastic
atom-atom scattering could be described semiclassically. Since
then, a whole field has developed to describe the collisions of
atoms and molecules using classical and semiclassical mechanics.
During the first twenty years, all effort went into describing
heavy particle motion, i.e., translations, rotations and vibrationms,
with these techniques and discovering their limitations with respect
to quantum mechanics. It was believed during this period that
electron motion could never be described classically, and, so
electronic states could never be described classically, i.e.,
electronic transitions. Some attempts were made to surmount this
problem in the early '70's (such as the Tully—Preston18 surface
hopping model), but the models presented were not completely
satisfactory. Today, I believe the situation to be different, It
is not only possible to describe electronic transitions classically,

but one can describe purely quantum mechanical resonance phenomenon

using only classical Hamiltonian mechanics. The first part of this

. . . . , 21-25
thesis explores this question with a model developed by Miller.

The second part of the thesis moves away from the gas phase
into solution chemistry and shows that one can successfully combine
a Langevin model, a purely classical model, with the Miller-George
theory of electronic transitions, a semiclassical model, to describe

the dynamics of a recombination reaction involving ten electronic

surfaces. I hope to convince the reader that electronic transitions



can be described within a classical framework and, particularly in
the recombination process, give results that are theoretically

unobtainable by any other fashion.
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PART A:

ELECTRONIC TRANSITIONS IN REACTIONS OCCURING IN THE GAS PHASE



.I. The Ehrenfest Model.

Gas phase collision theory has seen a great surge of interest in
the application of classical and semiclassical mechanics to molecular
reactions in the last twenty-five years. These methods have been
applied to a wide variety of problems involving translational, rotation-
al, and vibrational degrees of freedom with much success. Excellent

. . , 1,2 . 3,4 . ,
reviews of semiclassical and classical techniques as applied to
molecular collisions are now available.

As collisions on one Born-Oppenheimer surface using non-quantum
techniques are becoming better understood (i.e., collisions involving
only heavy particle degrees of freedom), attention has been turning
to non-adiabatic collisions. These types of reactions are observed
in a great number of fundamental molecular processes - such as
electronic energy transfer, charge transfer, quenching of electronic
excitation and chemical reactions. In the spirit of non-quantum
approaches to molecular collisions, semiclassical theories have been
developed which treat the electronic degrees of freedom quantum
mechanically and the heavy particle degrees of freedom classically.

. 20 . .
The many variants of the Landau-Zener model are in this general

. 17

category, such as the Miller-George theory and the Tully-Preston

, 18 . 19
surface hopping model. It has been pointed out, however, that
such models may miss important dynamical features since part of the
system is being treated classically and part quantum mechanically.
This problem is particularly pronounced in electronic-vibrational
and electronic-rotational resonance energy transfer. The obvious

solution to this is to treat the whole problem on the same dynamical

footing. Since treating the system quantum mechanically is



computationally unfeasible for many-body problems, we are left
with a complete classical description of the collision system as the
only alternative.

Several attempts of this type have been recently tried.21_30
In the opinion of this author, Meyer and Miller's Ehrenfest model25
has shown the most promise. We will therefore concentrate on the
Ehrenfest model in the hope of determining what the limitations of
this model are and how well the results from this model compare with
quantum mechanical calculations.

We begin by considering a collision system having F electronic

states, for which the quantum mechanical Hamiltonian operator is

F
2
p
T 2 e Viger () <k'| (1
Kk!

where X denotes the coordinates of all the heavy particle degrees
of freedom and P their conjugate momenta. ka'(f) are the diabatic
matrix elements of the interaction potential. To solve this problem
classically, we must find a classical analog for HQ’ specifically
we must find a classical analog for the potenﬁial matrix Y(§>'

In the Ehrenfest model, we begin by looking at the expectation

value of the potential function

Ve (®) = o) [V [v(o)> (2)

where |Y(t)> is the electronic wavefunction of our system. If we

expand the wavefunction into the electronic basis set |k>,



ly(e)> = Z ¢, (8) [
k

then we have

, |
Ve () = D C(e) € () Vi G
kk'

with ka,(x) being the same matrix elements defined in Eq.

satisfy the usual first-order time dependent equation -

C (8) = -1 D~ V.G C (o),
k'

If we now define ne& real variables ooy Gy such that

-iq, (¢)

Ck(t) = ,/nk(t) e

and substitute this into Eq. (4), we obtain

i(q -q v)
_ k Ik
Ve (6o 9) = Z VI © Vi () .

kk'

Thus our classical analog to the quantum Hamiltonian of Egq.

p2

Ho,G6Re @) = 5 + Ve (%0,9)

P ™

(3)

(4)
(1). . (v)

(5)

(6)
(1) is

For example, with two electronic states and the fact that n, +

n, = 1 (conservation of probability), our classical analog reduces to

1
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P
Hop (opsmsa) = g+ 0V G0 4 (1om) Vg ()

+ 2 vn(l-n) V01(§) cosq (7)

118 _
where we have assumed that VOl(x) is real. If we momentarily ignore

the last term in Eq. (7), we see that the potential the system feels

is an average of the diabatic curves weighted by the probability of
being on elec;ronic surface |0> or |l>. This is the initial common
sense guess we miéht make if trying to construct this model ad hoc.

The last term in Eq. (7) takes into account the coupling VOl(f)'

Note that if the coupling VOl(E) were zero, then HCL would be g-
independent and therefore n becomes a conserved quantity. We therefore
see that our classical model s;tisfies all the qualitative require-
ments we expect of it.

This model is intimately connected with Ehrenfest theorem3

which states that

L o> = Lempr = - @] By
R I N CES R T = ITSE (8)

It is easily shown25 that Eq. (7) and Eq. (8) are equivalent if we
determine H(t) from H(f(t)) in Eq. (8). The classical analog model
is therefore similar to the semiclassical models32 where a classical
trajectory is chosen, §(t), and then the evolution of the electronic

state |P(t)>, is determined by solving Eq. (5) with the predetermined



heavy particle trajectory. The Ehrenfest model allows the trajectory
to be determined from the evolution of the electronic state. One
would therefore imagine.that this model should give a more accurate
representation of the dynamics than those models where we pre-determine
x(t). Since this model is basically a semiclassical approach to
electronic transitions we expect that it should have all the advantages
and disadvantages inherent in the semiclassical approach.

It is important to note that the Ehrenfest model does not try to
follow the trajectory of the electrons, something which classical
mechanics clearlybcannot do. Rather, it follows the motion of the

pattern of electron motion, a motion much slower than electron motion

and therefore amiable to treatment with classical mechanics. This
point should be kept in mind for otherwise the reader may form the
incorrect opinion that classical mechanics correctly describes electron
motion.
L , , 23
Two additional analog models, the spin matrix method (SMM) and
. . 24 .

the classical pseudopotential (CPP) have been developed by Miller,
et al. In the SMM, the potential matrix H is expanded in a spin basis
Set"§x’-§y’ §z and the spin matrices are equated with the classical
components of the spin vector. In the CPP model a complete Hamiltonian
for the collision system is constructed, nuclei plus electrons. The
electronic degrees of freedom that do not change during the collision
are then averaged over and the remaining electronic degrees of freedom
are equated to the electronic potential functions. All three methods
give the same classical Hamiltonian for two electronic surfaces but

differ for three or more, I have chosen the Ehrenfest model over the

others for two reasons. First, only the Ehrenfest model allows us to



make & connection with the quantum equations of motion for the

evolution of C(t), Eq. (5). While this is not absolutely necessary,

it is aesthetically pleasing to be able to do so. Second, and more
important, a unitary transformation of H quantum mechanically corresponds
to a canonical transformation of the (m,q) variables cléssically.

The Ehrenfest model is the only oné of the three which exhibits this
property of basis set independence. I therefore feel that the Ehrenfest
model is thé'more appropria;e one of the three to use in actual calcula-

tions. This will be borne out in our FH2 calculations below.
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IT. Stlickelberg Oscillation Model Problem.

We begin our investigation of the Ehrenfest model with an
application to a collinear collision between two structureless
particles with two electronic surfaces. Such a system will give
rise to Stﬁckelbergoscillations34 in the S-matrix elements. As
mehtioned above, the motivation for devising the Ehrenfest model
was to treat all the degrees of freedom on the same dynamical
footing and eorrectly model the energy exchange between these modes.
In such a system as we have chosen, the predominant dynamical motion
is a translational-electronic resonance energy exchange. Such a
system will therefore prove useful in answering the question of
whether it is possible to describe quantum resonance effects with
purely classical mechanics, To enhance the Stukelberg oscillations,
we have chosen near-degenerate electronic curves without any
additional heavy particle degrees of freedom. We choose as our model

the following:

A = 1.0eV
_ - XTr -
Voo(r) = Ae A 83.9 eV
Vll(r) = A(l-—%) e Xty p k = 1.0 eV
d(r—ro)2/202

VOl(r) = Y e Y = 0.2 eV

o= 0.4 (9)
and T chosen at the crossing point of VOo and Vll' VOl was localized

as a Gaussian to assure the presence of Stlickelberg oscillations,
Figure 1 shows the potential curves for the case of a=2. The larger
a is, the more degenerate the curves are in the coupling region,

The quantum mechanical Hamiltonian for the system is



BH = = = [ + (10)
2u dr2 0 1 v v

The quantum calculations are carried out using a standard couple channel
-matrix code obtained from NRCC.35 We refer the reader to this
reference for further details if interested.

The tlassical Hamiltonian for the system is

2
H(p,r,n,q) = 2=+ V, (r,n,q) (11)

2u
where VCL(r,n,q) for the two state case is as given in Eq. (7). We
carry out the standard quasiclassical procedure37 to determine the

S-matrix elements for the Hamiltonian. Briefly, we choose initial

conditions
P = —~/21 E
tr
r = large
n = 0
q = 21§

where § is a random number between O and 1, These conditions put the

particles on the V.. curve out inasymptopia approaching each other

00
" with total energy Etr' We let the system propagate by way of

Hamilton's equations of motion

© - _%H )
P or aq
. dH . oH
r=.___ q:.——

11
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until the particles once again are in the asymptotic region. We

then '"box" the final n values as

1 1 I
- < —

2 < n. = 3 no tramsition

1 3 I

= < =

2 < nf S 3 transition

The final transition probability for a given energy is then given by

2T
P (E) = = dq h(n.(E,q) - )
2«1 2T £ 2
0

where h(x) is the heavyside step function. The above is evaluated
using the Monte Carlo technique.39 It was found that SO‘trajectories
were sufficient to stabilize the results to within 10%. Microscbpic
reversibility (starting wifh initial value of n=1 and reversing the

boxing procedure) was found accurate to within statistical error,

Results
Figures 2-4 present the results for three different values of
a (three different degrees of degeneracy). Figure 2, the most
degenerate case, shows excellent agreement between the quasi-classical
and quantum results. As the curves become less degenerate, we see
that in Figures 3 and 4 the classical calculations reproduce the
oscillations with less accuracy. We see that the quasiclassical
results average out the quantum oscillations for these latter cases.
We can understand this behavior if we take a closer look at the
assumptions of the classical model. As we said earlier, the classical

analog model is the usual semiclassical model in which we take the
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heavy particle trajectory ﬁo be that determined by the Ehrenfest Theorem
and is therefore subject to the general restrictions which apply to
semiclassical models. Deios, Thorson, and Knudson33 have found that,
among éther restrictions, the semiclassical model for electronic
transitions requires that the potential surface difference AV be small
compared to the total energy of collision so that the trajectories on
different surfaces don'"t differ drastically. The extreme case is that
of two degeneiate potential curves where the trajectorieé are identical.
In such a case, the semiclassical model obtains the correct result.

As o becomes smaller, the curves become less and less degenerate and
our frequency oscillations in Figure 2 is a Stukelberg oscillation

which the classical model correctly predicts., We can therefore say

that the classical analog correctly determines quantum interference
effects if the potential curves do not differ greatly. 1In situations
where the potential curves do differ substantially, the classical
model only determines the average behavior of the S-matrix elements.
This model is therefore still very useful for these situations

since in general, we always average over some degrees of freedom, such
as rotations or vibrations, which average out the quantum interference
effects. For example, the model can probably be successfully applied
in determining the probability of charge transfer in molecules where
there is usually a large difference between electronic surfaces if

the vibrational and rotational degrees of.freedom are averaged over,
On the other hand, the model would not be appropriate in determining
the probability of charge transfer between atoms where there are no

internal degrees of freedom to average over.
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III. Collinear Br* + Hz;

We continue our investigation of the Ehrenfest model with an
. , 40-43 . . .
application to the well-known electronic-~vibrational energy
transfer reaction
® 2
Br (P

) + Hy(v=0) - Br(%p.,.) + H, (v=1)

1/2 3/2

. . 40 , , . .
This reaction is thought to be - a . mechanism which efficiently
quenches spin-orbit excited Br because the vibrational quantum of
. -1 . .

H2 approximately matches the 3685 cm excitation energy of Br.
This fact is borne out by the quantum mechanical results for the

. . . . | 46 .
collinear version of this reaction by Lee, et al. This reaction

. *
is of interest to us for two main reasons. First, the Br quenching
involves a resonant energy transfer between electronic and vibrational
coordinates. This example will thus allow us to see how the
Ehrenfest model does when we include internal degrees of freedom.
Second, the coupling between the two electronic states is exponential
compared to our first example where it was Gaussian. While in the
first case it would have been possible to use a Landau-Zener model
to determine the transition probability, this second case spreads the
coupling region over a broader region making the transition 'more
quantum mechanical'. It is clearly important to see how our classical
model does in such a case,
. 40

We will compare our results to those of Lee et al. amd thus

follow their formulation of the problem. We treat the Hz—Br system

collinearly with H2 as a simple harmonic oscillator with no rotations



allowed. We treat the potential interaction in two parts., The first
part is a non-diagonal spin-orbit interaction matrix while the second

is an exponential diagonal matrix representing the electronic inter-

action (Secrest—Johnson45 type)
1, V2
Voo Vo1 3% 3\ —-% r -0y b O
= e - (12)
V2 2
VlO Vkl 3 A 3 0 Al

In this representation, transitions between the two states are due
solely to the spin-orbit interaction. Here V is the vibrational
coordinate, R is the translational coordinate, and A is the spin-

orbit splitting. A ., A p, and A are parameters chosen to resemble

0 1’
the Br—Hz-system. The values for these constants are reported
elsewhere.46

While this form of V is correct, one notes that in the asymptotic
region (R>®), we still have fiﬁite off-diagonal elements, so that we
will still have transitions in the asymptotic region for this choice
of adiabatic states. This situation is easily alleviated by

performing a unitary transform on ¥V such that we diagonalize the

spin-orbit interaction. This is easily done and we find

; 1
\Y v 0 0 - (R-=1 - p) A A
00 01 - +e 2 0 00 01 (13)

Vio 11 0 1 Ao A1

with

15
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_ 2 1
Ao T 3R T3 A
2 1
Al T 3A T T4
V2
Agp T Ay T 7 (Amag)

'
With this set of diabatic states, we see that V is diagonal as
- !
R+, We now replace the interaction matrix, V , with our classical

model for electronic degrees of freedom, Eq. (7)

1
"Q(R—? r - QO)

]
VCL(R,r,n,q) = g [n A, + (1-n) AOO] + nA +

11
2/n(l-n) cosgq Ay (14)

with n,q being the actibn—angle variables representing the electronic

states described previously. Letting R>», we find
1
VCL(R*w,r,n,q) = nA

which is independent of q so that n is a conserved quantity in the
asymptotic region. (This was our motivation for the unitary transfor-
mation). Since n=0,1 represents the ground and excited spin-orbit
state respectively, we see that asymptotically we remain in a given
spin orbit state.

Given this functional form for the interaction matrix, we can

easily write down the Hamiltonian
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2
P

1 .
K(P,R,V,qun,Q) = 'ﬁ + (V+§')(.L) + VéL(R,r,n,Q) (15)

where P is the translation momentum, w is the H2 frequency, and v

is the action variable for the oscillator. To complete this

description, we must refine the vibrational coordinate r in terms

of the action angle variable V,q,- This is easily done and known

to be47

with r., the equilibrium position of the wvibrator and m the reduced

0
mass of the oscillator. The values used for ro, m and U are given
4
elsewhere.
With the Hamiltonian defined, we need only implement Hamilton's
equations of motion and define the initial conditions, Beginning
with H, in its ground vibrational state and Br in its spin orbit

2

excited state we have

tr
R = large
v=20
0<gc<om
q, = 4
n=1
q =&

where Etr is the translational energy and £ is a random number between

0 and 2w as usual,
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To extract the final qﬁantum probabilities from the classical
trajectories, we will use two different methods. The first is
the histogram method37 described in the first example where we box
the final values of v and n as shown in Figure 5. Another procedure

48,49 in which one determines

used less frequently is the moment method
the first and higher moment of <AV> and <AN> as well as the correla-
tion moments <AV AN> using quantum probabilities. One can then invert
these equations to solve for the probabilities in terms of the

moments. To determine the quantum transitions, we then calculate

these moments classically via a Monte Carlo procedure.3
2m 27
a ,.,B o 8
> = _ -
<ANT AV qu f qu (nf ni) (Vf-vi) (16)
0 0 '

In determining the equations for the moments, one must determine how
many vibrational states one wishes to inclﬁde since including
different numbers of vibrational states will give different results.
It would seem that the states to be included should be those which

are classically populated and indeed this was found to give the best
agreement with the quantum mechanical results. With the given initial
- conditions, it was found that v = 0,1,2 were populatgd along with
n=0,1. Including these six states in the inversion formula, we find

for example that the resonant probability is

<An Av (Av-2))

lav]
Il

n=0

v=1,
«v=0,n

2w 2m
f dq f c:lqV (nf—ni) (vf—vi) (vf-~vi-—2) 17
0 0



with similar equations for the other transition probabilities.

Results

So as to compare to the results of Lee, Eﬁnéi;’44 we did
calculations with v=1, n=0 as the initial state. Figures 6 and 7
are plots of the resonant quenching probability as a function of
the artificially varied spin-orbit splitting using both the moment
method and thé histogram method. Exact resonance occurs at A = 0.02
a.u. We see that the histogram method gives qualitatively correct
results with the resonance peak produced in the proper place. The
moment method on the other hand gives excellent quantitative agree-
ment with the quantum results to within 57.

The remaining plots have been done with V=0 and n=1 for the
initial conditions since this is the physically interesting direction,
the quenching of Br*. Figures 8 and 9 include both the resonant and
non-resonant quehching probability for two additional energies using
the moment method. While we do not have quantum results to compare
to here, we note that the resonant probability has a single peak which
becomes sharper with lower translational energy and that the non-
resonant probability is large when the energy miss match between the
vibrational energy spacing and the spin-orbit splitting is large (for
small A) dropping to zero at resonance, These are the results one
would expect and in lieu of the agreement for Figures 6 and 7 with

the quantum results, we have an equal amount of confidence in these

plots as well,

19



The most interesting of these graphs is Figures 9 which is in

the thermal energy region at v 0.6 kcal/mole. We see here that the

resonant peak is very sharp, so sharp that if one looks at the physical

value of A = 0.0167 a.u., we see that the resonant effect is
negligible. Thus from the collinear results, one would conclude that
the resonant effect is only predominant at energies higher than
thermal. Figure 10 is a conventional plot of probability vs. energy
for the physiéal value of A, Here we see that the resonant curve
peaks peaks at 0.04 a.u., well above thermal energies, while the non-
resonant curve is basically zero (except for some numerical
fluctuations). We will have more to say about this in the nekt

section.

20
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IV. Classical Analog Model for F , Br + H_, in 3D.

In the examples studied so far, the Ehrenfest model has proven
to Ee of sufficient‘accuracy to merit an application to a three-
dimensional system. We will therefore apply our model to electronic
quenching of F* and Br” by H2. The quenching of Br* will thus be
extended to include H2 rotation, and orbital and total angular
momentum. Before looking at the full BrH2 system, it will prove
useful to examine the rotational-electronic resonance reaction

F*(%p

) + H, > F(.2P3/2) + H T

1/2 2 2

This reaction is one of the few which has been simple enough to

20-52 so that

determine the three-dimensional quantum cross section
we may compare our results to, More importantly is that this reaction
has also been studied classically by Meyer and Miller23 using the
SMM discussed above. As we said earlier, the three different analog
models, the CPP, the SMM, and the Ehrenfest model do not give the
same form for the classical potential for more than two electronic
states. Since the FH2 system involves three electronic states, we
should therefore be able to determine which of the two models, SMM or
the Ehrenfest, is the more correct to use, We will then examine the
BrH2 system and compare our three-dimension results to the collinear
results above.

To begin our derivation of the FH2 Hamiltonian, we take as our
starting point the classical Hamiltonian derived by Meyer and Miller

for the SMM model.23

21
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_ 2 2
= + 5+ B N+ Bj + VCL(R’Y’m'L’qu) (18)

where the first two terms are the translational kinetic energy, the
third and forth terms are the rotational and spin-orbit energy,
respectively, and the last term is the SMM classical function for
the electronic matrix. The electronic matrix V is the Lester-

- 50 . . . . .
Rebentrost surfaces rotated from their original cartesian basis

set to a polar basis set23 (2=1, mi=—l,0,l)

H =y -A
7
v = -4 H -iqg (19)
= 5 vz 2z W £
-A = f H

It is this matrix which is modeled by the SMM classical fuwction. It
should be pointed out that the above Hamiltonian is assuming a rigid
rotator for HZ' The reader is referred to the Meyer-Miller paper for
further det:ails.23 In deriving Eq. (18), the electronic matrix was
put into the Il,mL> basis set because this appeared to be the most
logical choice., On the other hand, the spin orbit interaction term
is in the lj,mj> basis. While there is nothing that strictly forbids
us doing this for a classical Hamiltonian, it would be preferred that
these two terms have the same basis set for reasons soon to be seen.

There are several ways to do this, but we have chosen the

following: make a unitary transformation of V from |2,mL> to the



Ij,mj> basis. Rewrite the spin-orbit term back into matrix notation.
The advantage of doing this is that we may now add these two matrices

and obtain the complete electronic-spin orbit matrix. We then model

this full matrix with the Ehrenfest model.

To do this, we first note that we can no longer work with the
3 x 3 matrix of Eq. (19), but must expand it to a 6 x 6 to include
both projections of electron spin for the F atom. We must do this
for otherwise we would have an incomplete basis set for a unitary

transformation to the Ij,mj> basis. Our V matrix is therefore

= i
H — H -A 0 0 0
vz Y2
i i
- =H H - =H 0 0 0
/2 vz 2z /2 vz
- A 1 -
H H 0 0 0
v = 2 %y ,
< = i
0 0 0 H /7 Hyz A
0 0 0 -2y H N
/f ve 22 /o Yz
0 0 0 i\ = H
vz
(20)
with the order of the basis set being Img,mj> = |—1,—l/2>, IO,—l/2>,

|1,-1/2>, |-1,1/2>, |0,1/2>, |1,1/2>. The 3 x 3 blocks in this
matrix are Eq. (19). We now perform a unitary transformation to the

coupled representation

m_ m_>

j, m, >
LS Js My

e ¢
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where U in the usual transformation matrix derived from the Clebsch-

=

53 .
Gorden coefficients. Our new matrix is

(21)

t
nc
u <3
2

where HeQ is in the Ij,mj> basis. The results of this algebra are
presented in Appendix A. We next write the spin-orbit term in

its matrix rebresentation. In the j,mj> basis, the matrix is

diagonal with the elements

HSO

jmj’j'mj = B J(J+l) ijv Gm 1 (22)

.,
J 3
where B is the spin-orbit constant.

We finally add the electronic and spin-orbit matrices to get the

: . . . 3 T
composite electronic-spin orbit Hamiltonian H

~

T SO el

2 m
1]
730 o]
+
i et

T
One then need only apply Eq. (6) to our matrix H

=

T

[i3Ree

(B,q,R,Y) = (nl+n4)H + (n2+n3)§

~

-1
+ (n5+n6)§ + (nl+n2+n3+n4)3B

2 I
+ 2 Vc; A [/nln6 cosq, ~ Yngn, cos(qs—qa)]

1 T
+ ZVK; A [;/nln3 cosq3 - n2n4 COS(QQ‘QZ)]

+ 2 H [»/nzn5 cos(qs—qz) - Vn6n3 COS(Q6—Q3)]



+ V2 Hyz [Vn6n2 cos(q6—q2) - Yngn, cos(qs—q3)]

+ 2 V%THyz [Vnznl cosq, - Vn4n3 cos(q4—q3)]

+ 2 %%—Hyz [Vnén4 cos(q6—q4) - Vnsnl cosqs)]

(23)

where (n,q) are the action-angle variables representing the six
quantum states. All other variables are defined in Appendix A. Due
to conservation of probability, we can always eliminate one of the
n's in favor of the other five so that HT is only a function of five
pairs of action-angle variables. It is HT, for example, that gets
diagonalized to find the electronic surfaces for FH2 with the spin-
orbit term included. It is because the reaction is occuring on these
surfaces, rather than just the electronic ones that we believe it is
better to treat the spin-orbit term as part of the matrix to be modeled
classically. We could also have left Hez in its original basis set
and performed the unitary transformation on HSO of course, but since
the asymptotically interesting states are the Ij,mj> one, we have chosen
the latter. The reader is reminded that one of the virtues of the
Ehrenfest model is that different basis sets for the matrix correspond
to different canonical variables so that one obtains the same results
with this Hamiltonian, independent of basis set, This is not true of
the SMM where one must decide the more ''physically meaningful' basis
set to use, This is the major appeal of the Ehrenfest model.

To complete the description of the Hamiltonian, we must still

represent the orbital angular momentum, %, in the centrifugal term

25
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in terms of the other independent angular momentu. This has been

. 21 , . . .
previously done, but we quickly outline the derivation. There are
four angular momenta, J, the total, %, the orbital, N, the rotational

and j the coupled angular momentum., Due to convervation, we know

J=2+3j+N (24)
so that ’
22 = 72 4 52 4 N2 + 25N = 2745 - 23N (25)

by a few simple algebraic manipulations, we can get this in the form
2 2,2 2 2
= sS04 ] - + 24 -
2 (J7HN7) + (G 232) + ZJX(NX JX) ZJy(Ny Jy)
- 2J°N (26)

As usual, we can express J vector in its action angle variables (J,qJ),

47
(m_,q_ )
J mJ
Jz N mJ
J = V.J'z—m2 sing
y J m
J
JX = VJZ—m§ cosq_ (27)

with similar expressions for N. The point of this exercise is that
we cannot do the same for j since it is no longer represented as an

. . - T .
action-angle pair, but as part of the H matrix. We must therefore



write the matrix expressions for j and its components and then
apply the Ehrenfest model to these as well. For example, in the

Ij,mj> basis

R
3,=3 (28)

is the matrix representation for jz. Applying the Ehrenfest model

to this we get
i = [2 - (a,+n0) -2(nyn,) - 3n,) (29)
z 2 2 75 376 4 .

where we have eliminated n, in favor of the other wvariables in
conservation. This expression gives the average, |jz>, given the
distribution among the electronic states, Similar expressions for
, . L2 : .
the other components along with j,j~ are presented in Appendix B.
. 2
Together with Eq. (29), we now have an expression for £ in terms

of the independent variables of our total Hamiltonian. For the sake

of completeness, it is presented here.

H(R,P,N,R,B,g,Y) =

2 f 2

P4~ T
+ + BrotN f H (Q,S,R,Y) (30)

2u 2uR2
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T |
with £ given by (A.8) in Appendix B and H™ given by Eq. (23).
Given Eq. (30), we carried out our calculations within the
framework of the standard quasiclassical trajectory model, The

Langer modification38 was made to all action variables
1 1
J+J + = N-»N+5 n>an+ (31)

The cross section for (jl,Nl

My ,mj and averaged over my ,mj and is given by
2 2 1 1

)~ (jZ’NZ) transition was summed over

TT —
o, . = —— E (2J+1) P, . 4 (J)
INo€ Ny g2 3Ny 3 My
35

where (h = 1)

K. = V24 E,
N 31N
and Ej N is the translational energy with respect to the |le1> state.
71
We have calculated P, . in three ways. The first is the
3NN

standard histogram procedure similar to that used for the collinear

BrH2 computation where we have boxed our final results as in Figure

11. The second method is that of skewed histogram23 method used by
Meyer and Miller in which we skew the boxes so that they lie in the
direction of the resonance line also shown in Figure 11. It was found
that this skewing gave more reasonable results for the resonant and

-

nonresonant channels. The third method used to determine P, .
IoNps31N
was the moment method in which we include j = 1/2,3/2 and up to

N=0,2,4 (recall that H2 is homonuclear and only the even rotational
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states are populated). All integrals involved were evaluated by the

usual Monte Carlo method.37’39

Engesults

We will be predominantly interested in the (1/2,0) - (3/2,2) resonant
transition which has an energy defect of 6.2 meV. As found by Meyer and
Miller the skewed histogram procedure gave larger resonant cross sections
and sections and smaller non-resonant cross sections [(1/2,0) - (3/2,0)]
than the histogram proceedure. The moment method gave similar results
to the skewed histogram proceedure for the resonant cross section, but
gave non-resonant cross sections comparable to the resonant cross sections.
Lester and Rebentrost52 determine the non-resonant cross section to be
an order of magnitude smaller than the resonant. This is in contrast to
the collinear H2Br_calculation where we found the moment method to give
the best results.

As with the SMM calculations, microscopic reversibility for the

resonant cross section is poorly obeyed. We thus follow Meyer and Miller

and define an average cross section

where o is the cross section calculated from the intial state (1/2,0)
and G the cross section calculated from the intial state (3/2,2) and then
corrected for the degeneracy effect. In lieu of the above discussion, we

have only presented & for the skewed histogram proceedure in figure 12.
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We see that while the SMM results give the correct order of magnitude,

they do not reproduce the resonant peak at 20 meV. The Ehrenfest results,
on the other hand, predict a resonance peak at 40 meV. The opacity function,
plotted in figure 13, for ET = 60 meV shows that while both the SMM and
Ehrenfest results are too small compared to the quantum, the Ehrenfest
calculation predicts a rescnance peak, whereas, the SMM calculation shows

no resonance structure in P(b). Figures 12 and 13 allow us to conclude,
therefore, the Ehrenfest model can correctly predict the resonance structure
in both the cross section and opacity function thbugh it does under-
estimate them by a factor of two. We also see that it is essential

to have the Hamiltonian basis-set consistent to reproduce the resonant

energy exchange.

BrH

Our second three-dimensional reacﬁion is the electronic-
vibrationgl resonance of spin orbit excited Bromine with H2 in its
ground vibrational state. The spin orbit splitting in Bromine is
3685 cm_l and sois more closely akin to the vibrational level space
of H, which is 4161 cmal, almost an order of magnitude greater

2

than the FH2 defect. We would therefore expect this resonance

-to occur, if at all, at higher energies than that of FH2 and

expect it to be much broader.



Our main concern here is generating potential surfaces which are
more reliable than the model ones used for the collinear case. We
have chosen to use the DIM approach for its simplicity and ease. We
have followed a procedure completely analogous to that of Tully'354’55
used to generate the FH2 surface where we have simply replaced the FH

1,3

z and Hl’3 states by those of Brll, The I curves were obtained from

Porter and Raft56 while the HIJB curves were calculated via a SCF
calculation.57 Even though SCF is not of great accuracy, we feel that
for our purposes it will suffice. We found the transition state for
this surface to lie 24.9 kcal/mole above the Br + i, channel which
compares relatively well with the experimentally measured value of -
19.7.58 Since the resonance energy exchange will take place completely
;n the entrance channel, the saddle point discrepancy is not a serious
problem.

In solving the DIM matrix, we must diagonalize a 24 x 24 matrix
(which blocks out into smaller parts) to obtain the adiabatic curves.
Unfortunately, we cannot use these curves in our classical Hamiltonian
as written since we are assuming diabatic states which contain the
coupling within the potential matrix, The adiabatic representation
contains the coupling within the kinetic energy terms, i.e., it is
no longer diagonal. While we could do the calculation this way, we
would need to calculate the kinetic energy coupling terms along with
the adiabatic surfaces along with writing a different program than
that used for FHZ. There is an approximate though much easier way
arcund this. We can perform a partial diagonalization of the DIM

matrix to diagonalize out the spin, but leave the spacial components

of the basis set unaltered. This leaves us with an approximate

31
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diabatic matrix in the cartesian basis set., Since this was the original
basis set we used for the FH2 calculation, we can simply replace the
potential functions. The derivatives for these potentials needed for
Hamilton's equations are determined by finite differences. We now use
the Hamiltonian of Eq. (23) with one final modification. This is an
electronic-vibrational energy transfer, so we can no longer treat H,

as a rigid rotor. We must add a kinetic energy term for the H2
vibration and the diabatic states will also depend on r, the H2

inter-nuclear distance, Brot is no longer constant but

1

rot 20 r2

where U is the reduced mass of HZ' With these additions, our Hamiltonian

now becomes

JC(P’Rap;raQ’:N)E’S’Y) =

2 22 2 N2 T
2 . + 2 4 + H'(n,q,R,1,Y)
2m 2 2 2 ALt S
2u R 2u r

We now follow the standard quasiclassical trajectory model as we did

with FH2 except that we are interested in the vibrational transition

instead of the rotational, The procedure and equations are the same
as FH2 so they will not be repeated.

BrH2 Results

Before going on to discuss the results, there are some practical

points of the calculation that need mention. The BrH2 calculations



33

take an exceeding long time to carry out for several reasons. First,
since H2 is vibrating, the integration steps in our integrator must

be made very small so as to be comparable with the H2 vibrational
period. Second, unlike FHZ’ we no longer have analytic expressions
for the potential surfaces. We must diagonalize a 2 by 2 and partial
diagonalize a 4 by 4 each time we take a step with our integrator.
Third, we must aetermine the three gradients of the potential surfaces
by finite differences. The combination of these lead to very long

CPU times, especially for the low translational energies so that we
are severely limited to the number of cross sections we can evaluate.
Because of this, we have not done a geometrical average to correct for
the microscopic irreversibility as we did for FHZ' Rather, we have
calculated the cross sections using the skewed histogram procedure
alone since this method of extracting the final quantum numbers gave
the best results in the FH, case. Judging from FHZ’ we can say that

2

the Ber results as calculated will probably be qualitatively similar
to what we would have calculated if we had done a geometric average

of the cross sections. Figure 14 has a plot of the cross sections

for the resonant (v=0, j=1/2 - v=1, j=3/2) and nonresonant (v=0, j=1/2
+ v=0, j=3/2) channels as a function of translational energy. We have
chosen the ground rotational and vibrational state of H2 and the spin-~
orbit excited state of Br as the initial state. We did not thermally
average over the initial rotational state since it was found that
different initial rotational states gave the same cross sections within
statistical error. From Figure 14, we see that the resonant cross

section has an upward trend toward smaller translational energies.

It does not appear that this cross section has a single peak as did
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the‘FH2 case. One can not be too definitive about this since the
uncertainties are so large. Unfortunately, we could not run more

than 1000 trajectories to reduce the uncertainties since the CPU time
needed would have been unreasonable. The non-resonant cross section
is seen to be much smaller than the resonant cross section as we‘would
have expected.

While we have no direct experimental evidence to compare to, we
note that Leomne 55_21;59 have recently determined the rate constant
for resonant energy transfer for this reaction and found the thermally
averaged cross section at room temperature to be 0,3 Z . Figure 14
qualitatively agrees with these experimental results and does show
the resonant cross section to be an order of magnitude greater than
the non-resonant, Due to numerical difficulties, we cannot say
anything more quantitative than this.

Comparing our results to the H2Br collinear calculation discussed
above, we see they are vastly different. The collinear results show
a definite resonance at Q.O4 hartrees while the three-~dimensional
calculations show the cross section exponentially decreasing as
a function of energy. bThis discrepancy implies that the
probability that comes from impact parameters other than b=0 play
a substantial role in determining the cross section for this

system. As always, one must view collinear calculations with great

suspicion when comparing to experimental situations.
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V. Ehrenfest Model Conclusions

We have shown that it is possible to model electronic states,
a purely quantum mechanical phenomenon, with classical mechanics
and obtain results which are in good agreement with quantum mechanical
calculations. In particular we have shown that the Ehrenfest model
can correctly describe the major energy transfer reactions;
electronic-vibrational, electronic-rotational, and electronic-
translational. Of the two models, the SMM and the Ehrenfest model,
the latter has been shown to give better agreement with quantum
mechanics for three or more states,

In conclusion, the Ehrenfest model has been shown to give
semi~accurate results if the electronic states do not differ much

and the general semiclassical conditions are observed.
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Appendix

A. We start with Eq. (20)

— ‘ -
H 71? H, -A
v= —'5% Hyz sz '5? Hyz
-4 715 Ho, it
H 7’22 H, -A
- —)717 HyZ HZZ 712_- HyZ
- 715 Ho, H
ij.l)

We must now perform a unitary transformation from the uncoupled to

coupled representation
i > = > ' .
3 mj EImL,mS (A.2)

2
The transformation matrix is the usual Clebsh-Gorden coefficients 3

and is easily calculated as

(A.3)




with g = V1/3 and a = V1/2.

We find Hel = UVU+ to be

i B -A 0 -nt A"t
~yz ~ ~yz ~
) -H H 0 -A H e,
~yz  ~ ~ 2 yz
"\ 0 H -H - X8 -m
~ iyz 2 yz
He2= — H
O —é }}yz H -~ z -é
gl oy e 0
yz 2 yz ~ ~
A7 715 B, -H gt 0 gL
~ y ~y2z ~
where
H ==H +%8 gt =Lty
- 3 zz ~yz 6 yz
-1 2 -1 2
H T3 H+ 3 sz é - %3
i /T
~yz V3 Hyz g T3 (H—sz)
i
s =08

We need only add the spin orbit interaction matrix (Eq. 22)
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to He2 to obtain HT. Substitution of HT into Eq. (6) gives us the

SO

Slw

Ehrenfest model expression of HT, Eq.

(23).

38

(A.5)

B. To determine our expressions for j and its projections, we begin

with the matrix form of these operators

o

N

15

15

15

W

(A.6)
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We then use the Ehrenfest expression for the matrices and find the

functional forms to be

jx = /3 [»’nln2 cosq, + »/n3n4 cos(q4—q3)] + 2¢nln3 cos(q3—q2) +
/n5n6 cos(q6q5)
jy = - [/3(¢n1n2 sinq2 + ¢n3n4 sin(q4—q3) + 2¢n2n3‘sin(q3-q2) +

/nsn6 sin(q6—q5)
io=5 /IS + (ngng) (/3-/T5)

(15 - (n5+n6)12) (A.7)

[}
]
£

Using these expressions and Eq. (26) and Eq. (29), we find our

. 2 . :
expression for &, the orbital angular momentum to be

2 _ 2,..2 .2 .2 2 2 2 2
L5 = (J°HN) + (3 —2jz) + 2jx (/N -mg €osq_ vJ m )

2 2 .
+ ij (/N_—mN 51nqu)

- Z(meN + /Uz—mjz /Nz—mN2 cosqu) (A.8)

c. Following Tully's procedure54 for the construction of the DIM
matrix, we have a 6 x 6 block matrix out of the full 24 x 24 matrix

which is relevant to the three lowest adiabatic states
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11 12 13 "14

Hyy Hyg Hy,
Hygy Hyy,
DI _
Hug
_ Hss Hse
Hee

L _

which further block diagonalizes to a 2 x 2 and a 4 x 4. The basis

set for this matrix is

> |x;%~—>

1 1
>) lz;'z—:_>a IX;59 92

iy;%,%% Iy;%,?, |2;
where the spacial part of the basis set is in the cartesian
representation while the spin part represents the total coupled

spin of all the atoms and its projection. The two by two block

is composed of only the x-spatial component so that in diagonalizing
it, we end up with two adiabatic surfaces of solely x character.

The lower of these two surfaces corresponds to Hxx of Eq. (19).

The 4 x 4 block has both y and z spacial components so that if
we diagonalize this block we will mix the y and z components. Wé
would like to keep the spacial components unmixed so that we will
have a cartesian diabatic basis set, but one wd@ld.like.tO'diggonalize
out the spin component. An approximate way to do this would be to

diagonalize the 4 x 4 block as follows
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¢ -s Hy; Hyp By Hyy ¢ 5
S C H22 H23 H24 -S C
/ 1 e " * Cl S/
£ == Hy3 Hyy €3
/ / u S’ C/
. = =1 L 7% I I

By 0 A
‘ 0 Héz Hé3 Hé4 c,= cosY ¢ = cosb
= H§3 0 s,= siny s = sinf
0 HAA
L —

where we have diagonalized the yy block and the zz block. Ideally,

we would like the yz blocks to also be diagonal after the unitary
transformation. Though this is not rigorously true, we have found

that the yz block were approximately diagonal. Taking the smaller

of the diagonal elements from each block we have a 2 x 2 diabatic
matrix in the yz basis set. We have found that for a H2 -Br distance
greater than 1.5 Z, the partial diagonalization technique yields
potential surfaces that are within a kcal/mole of the full diagonaliza-

o

tion (the usual method). For HzBr distances less than 1.5 A the
discrepancy increases to 4 kcal/mole. This is well into the saddle
point region though and our trajectories dé not sample this region
at all; all resonant energy exchange takes place in the entrance

channel. We therefore feel that this partial diagonalization is

an adequate approximation.



PART B:

ELECTRONIC TRANSITIONS IN REACTIONS OCCURING IN LIQUIDS
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VI. TIodine Recombination: Introduction.

In the first part of this thesis, we showed that is was possible
to describe electronic transitions in gas phase collisions using only
classical mechanics. We next turn our attention to the description
of the electronic dynamics of reacticns occuring in liquids, Unlike
the gas phase, we cannot follow all the relevant heavy particle

23

degrees of freedom exactly (there being of the order of 1077) so

that we must do a statistical approach to this part of the problem.

For example, the method we have chosen to follow is a Langevin approach

where we follow the exact dynamics of the reacting atoms and treat the
solvent atoms as a heat bath. The reacting atoms are allowed to
exchange energy with the bath thru a systematic and random force,

This g;eatly simplifies the number of heavy particle degrees of

freedom which we must follow.

Since the inclusion of electronic degrees of freedom for reactions

occuring in liquids is still in its infancy, it is best to focus on
the simplest possible reaction where electronic states are known to
play a significant role in the dynamics. Iodine recombination in
liquids is such a reaction. Since the first experimental results on
. . . 60 . ,
this system were obtained in 1961 by Noyes, and extensive interest
has developed in the study of this as well as other recombination
reactions., Iodine recombination has been studied in a variety of
solvents and there have also been a number of experimental
. 68-70 . .
and theoretical studies of the process in the gas phase. Of

61-65,73 which

particular importance are the picosecond experiments
allow one to study the short time scale inherent in this reaction.

Since recombination is perhaps the simplest ''chemical reaction"
P P

43

61-65,73 66-68
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that one can study in liquids, it has attracted considerable theoretical

attention. Studies have included molecular dynamics simulat:i.ons6l.'-63

and stochastic t:rajectory,64—65 or Langevin approaches. While
molecular dynamics is relatively common nowadays, the computational 3
effort involved is considerable in following the specific dynamics of
each individual particle in the system. The Langevin approach is
much easier to employ and can describe longer time behavior, but it
incorporates‘many more approximations whose validity is difficult to
ascertain. There are thus many fundamental theoretical questions
about the dynamics of recombination in liquids that merit further
investigation.
The present work follows closely the Langevin stochastic

trajectory model of Hynes, Kapral, and Torrie,64 where the focus is

' ... 66 . s . .
on secondary recombination of the iodine atoms; i,e., one considers

the iodine atoms that, after photo-excitation of 12, have separated
to a distance of Vv 4-6 ;, from which they either recombine (on a
time scale of v 10-30 picoseconds) or dissociaté permanehtly.
(Primary recombination of the atoms immediately after the excitation
takes place within a picosecond and is typically obscured by the
exciting laser pulse.) In their Langevin simulation Hymes, et al.,
considered motion of iodine atoms only on the ground electronic

potential curve of I although they noted that the other electronic -

2’
states which dissociate to ground state iondine atoms should also be
taken into account. Figure 15 shows the ten diatomic potential curves
g . 2 o 67
of 12 that arise from two P3/2 iodine atoms, and one sees that

. .

at v 4-6 A they are all within kT of each other, suggesting that

electronic transition between them should be facile in this region.
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Previous work dealing with the question of electromic transitions
in iodine recombination includes that of Bunker,68 who discussed it
only on statistical grounds, and that of Martire and Gilbert,75 who
used a Folker-Planck equation thch included rate constants for
transitions between the various electronic states of IZ' In their
actual calculations Martire and Gilbert assumed only one electronically
excited state, and the rate of transitions between it and the ground
state was varied in order to obtain agreement with experiment. While
this was a good start of dealing with the effects of electronic
transitions, one would like to have a less phenomenological approach
that is also tractible enough to allow practical calculations.

We have decided to follow the Langevin stochastic trajectory
approach of Hynes, et al., but generalize it to incorporate the
effects of electronic transitions between the various potential curves
(i.e., electronic states) of I,- Specifically, we ptilize the Tully;
Preston surface-hopping model78 to allow for localized "hops" from
one potential curve to another, with the electronic transition
probability determined by the generalized Stuckelberg model of Miller
and George. Since the surface-hopping model is formulated in a

" from the current electronic

probabilistic framework--i.e., a "hop
state is made or not by comparing the electronic transition probability

to a random number--it is relatively easy to include it in the stochastic

trajectory simulation.
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VII. The Surface Hopping Langevin Trajectory Model.

We begin by discussing the Langevin mode183 and some basic
aspects pertinent to iodine recombination. As mentioned above,
the Langevin model only follows the dynamics of the primary atoms
(i.e., iodine atom) in detail and treats the solvent atoms as a

"bath'". The equation of motion for each iodine atom is
m, [dv, (£)/de] = -E, v (£) + F.(t) + R, (t) (1i=1,2) (32)

Here m, is the iodine atomic mass, Ei = - Yi V(r) is the iodine
potential interaction, Ei the frictional constant, gi(t) the
gaussian-distributed random force, and Yi(t) the iodine atom velocity
for atom i. The frictional term slows the iodine atoms down while
they move through solvent wﬁile the random force represents the
mementum tuansfer to and from the solvent. Rigorously, the pértition—
ing of the solvent-solute interaction into systematic and random
components is only a conceptual aid. This is seen by the fact that

éi and gi(t) are related by the second fluctuation-dissipation

theorem8l
2 £,(0) Gij = <§i(t)-§j(0)>

which insures that the primary atoms remain in thermal equilibrium
with the bath.
Deutch and Oppenheimso have shown that Eq. (32) can be derived

from the full solvent-solute system if the following two assumptions
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are valid: 1) rapid solvent equilibration compared to golute
velocity equilibration, and 2) neglect of intersolute dynamical
correlations. The first condition is met if I2 is immersed in a
light solvent (for example, liquid Ar). The second condition can

be restated as: the off-diagonal elements of g matrix88 are small
compared to the diagonal elements. While this is not rigorously
true, Hynes, ggiéiL,éé have given a reasonable argument for ;he
neglect of éhe off-diagonal elements. Under these restrictions, the
results we obtain below should be only considered qualitatively
correct. We can rearrange Eq. (32) to solve for the relative

velocity and coordinate to obtain
dy .
HGEE) = -€ v(t) + F(t) + R(L) (33)

) _ =L -1
where | is the reduced mass, v =v , - v 1’ g = 5 El =3 52, and

R(t) = % (Rz(t) - Rl(t)). Since § is diagonal in our approximation

1]

and F(t) is only a function of r r, -1, we can follow the

evolution of Eq. (33) independent of the center of mass equatiom.

We take the friction constant to be

with DO following the temperature dependence

Do(T) = D,(300) (r/300)1/2

10—5 cmz/sec. The

as given by Enskog theory.82 We take D0(3OO)
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immediately above two equations and the fluctuation dissipation
theorem completely define Eq. (33) except for the poténtial inter-
action F(t) which we now discuss.

As noted above, the new aspect of the present work is that we
allow the potential function V(r) (i.e., the electronic state) for
two iodine atoms to change during the Langevin trajectory according
to the surface hopping model.78 (Hynes, et al., also include in
V(r) a "caging potential" which includes the average effect of the
solvent on the I-I interaction since its effect is rather small and
since our interest here is in investigating the effect of electronic
transitions between different I-I potential curves, we ignore this
term in the present work). We use the Miller-George semiclassical
theory79 to determine the probability of transition from state
i to j. Briefly, this theory extends the Landau-Zener-Stuckelberg

34,38 . . .
’ for atom—atom collisions to include

electronic transition theory
internal degrees of freedom. Electronic transitions from state

i to j are found to be localized at the times when AVij(t) =
IVi(t)—Vj(t)] passes through a local minimum as a functiom of t; if

t0 is such a time, then the probability of the i>j transition is given
approximately by

/2

P, . = exp[-‘% (AVij/h)(ZAVij/AGij)l ] (34)

je1

where
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Avij = AVij (to)
.- d2

AV, = — AV .(t.)
ij dt2 ij* 0

For the present application the potential curves {Vi(r)} for the
various electronic states (see below for their specific form) are

such that
v, (x) - vj<r)l

is a monotonically decreasing function of r for all i and j; thus

AVij(t) = AVj(r(t)) passes through a local minimum only when r(t)

experiencgs an outer turning point, i.e., when

r(ty) =0 (35a)
and

r(ty) <0 . (35b)

This happens whenever the trajectory experiences a sufficient "kick"
from the random force that the separating I atoms are turned around
-and headed back towards each other. Furthermore, this means that

a local minimum occurs in AVij(t) simultaneously for all possible

. final electronic states j.
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The way the surface-hopping model works, therefore, is that one
begins in electronic state i, say, and thus integrates the stochastic
trajectory, Eq. (33), with V(r) = Vi(r); when r(t) experiences an
outer turning point, i.e., Eq. (35) occurs, one calculates the -
probability (via Eq. (34), and see below) of "hopping" to other
electronic states j, and makes a "hop" by comparing these probabilities
to random numbers; if a hop is made to electronic state j, then one
continues iﬁtegrating the stochastic trajectory with V(r) = Vj(r),
until r(t) experiences another outer turning point, at which point
another '"hop" is allowed, etc. (It should be noted that this model
only allows for electronic transitions which arise from the I-I
relative coordinate motion. Transitions induced by solvent
collisions are not taken into account (except when they cause an
outef turning peint in the I-I motion). While these types of transi-
tions are neglected in this calculation, one would expect such
transitions to be small for acdose shell solvent, such as Ar.)

There is one significant modification we need to make in the
above discussion: the transition probability given by Eq. (34)
applies to an isolated I-I collision and thus satisfies the

relation
P. = P, . . (36) i

The Langevin model, however, describes the I-I system in interaction
with a thermal bath; we thus use Eq. (34) to calculate the probability

of de-~excitation transitions i+*j, and then invoke detailed balance
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to obtain the probabilities of excitation transitions:

~B(V.-V,)
Py = (/e e 7 , (37)

]
where Vi < Vj are the electronic energies at the time of transition,
and gi and gj are the degeneracies of states i and j. Detailed
balance has the effect that after many transitions a Boltzmann
distribution over the states would result if the energies {Vi} were
constant. Also, the 'primitive'" semiclassical transition probabilities
given by Eqs. (34) and (37) are not normalized as they stand, i.e.,
do not satisfy conservation of probability, so they are modified as

follows,

(Pj+i)normalized = Pj+i/ }E:Pk+i ’ (38)
k

in order to do so. One particularly interesting limit of this
model to consider is that in which transitions between electronic
states are much faster than the relative I-I motion, for all values
of r. If this were true, then the electronic states would maintain
themselves in a Boltzmann distribution for all values of r, and the
effective I-I potential V(r) in the Langevin equation, Eq. (33),

would be simply the Boltzmann average of the potential functions

’Vi(r),
V(r) = :E: giVi(r) e / }Z:g. e. . (39)

We have thus carried out the Langevin stochastic trajectory
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calculation using this average I-I potential function in order to

compare it to the resul-s of the surface-hopping model. It is clear

that it is much simpler in practice to use one average potential

function rather than to deal with the dynamics of transitions .
between several different potentials, so it is important to see

how the results of using this thermally averaged potential compare

with those of the more dynamically correct surface-hopping model.

For the potential functions we have been using a standard Morse

potential,
—Za(r—re) -a(r—re)

vVl(r) = Dele -2 e ] . (40)

with
-2
De = 5.7144 x 10 hartrees
o = 0.98819 ao"l | | )
T = 5.03962 a

e 0

for the ground electronic state, and all the others are described

as quadrupole-~quadrupole interactions,
v.(r) = C,/t° (41) ~
i i ’ ' v

i=2,...,10; the constants Ci are given in Table I, along with their
symmetry labels and degeneracies. Since we only need to follow the

o
I-I dynamics for r > 4 A (see next section), this description of the
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excited state potential functions should be a reasonable approximation.

0f the ten states, five are repulsive and five attractive.

Finally, we note one simplifying modification we made in
carrying out the surface hopping calﬁulations. It was assumed
above that AVij(r) = IVi(r)—Vj(r)I is a monotonically decreasing
function of.r for all states i and j, so that Avij(t) has a local
minimum--and thus electronic transitions occur--only at an outer
turning poiﬁt of the r(t) motion. One sees in Figure 15, however,
that this is not true if state i or j is the ground electronic

o °
state and r > 6 A, Thus for r > 6 A there is the possibility of
electronic transitions other than at an outer turning poinﬁ, but we
have ignored them in our calculations. While it would certainly
have been possible to include them in the surface-hopping
description, the results are essentially unchanged by their‘negiect.
This is because electronic transitions are already very facile
forr > 6 Z, generating a Boltzmann-like distribution over the
electronic states (see next section), so that including even more

electronic transitions in this region of r would not change the

situation.
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Results and Discussion.

The stochastic trajectories are begun at I-I internuclear

.
distance r in electronic state i, with the momentum p selected at

0’
random from a Boltzmann distribution. We havevused two different
initial distances rj = 5.5 & and 6.67 Z, to assess this effect on

the results, and in addition to T = 300°K have also carried out the
calculations for T = 500° and 700°. There is only on a small

effect (a fe& %) on the results of choosing different initial
electronic states.

Similar to Hynes et al., we choose inner and outer cut-off points
for the trajectory to determine when the iodine atoms have either
recombined or permanently separated respectively; these values are
4 Z and 12 2, respectively., Recombination is said to have occurred,
therefofe, if r(t) reaches thé value 4 Z and the electfonic state is
the ground state; at this point the iodine atoms are drawn essentially
monotonically inward, and the electronic energy gap to other states
is sufficiently large that no further transitions occur. Trajectories
are followed until r(t) reaches one of these cut-off points, up to a
total time of 150 psec; 99% of the trajectories have reached one of
the cut-offs by this time timit. Specifics of the numerical
integration procedure are discussed by Turq, Lantelme, and Friedman.84

Before discussing the major results,it is useful to note that

within the present model there is a qualitative correspondence between

the collision frequency of 12 in the liquid and the number of outer

turning points that the relative I-I motion experiences (which is
also the number of opportunities the I-I system has to make an

electronic transition). Thus the collision frequency can be estimated
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by85

Z=2, g(r) s
where Zg is the gas phase collision frequency and g(r) the radical
distribution function at contact. Typical values give a collision
frequency that varies from ~ 20 to 30 collisions per picosecond as T
varies from 300°K to 700°K, while the average number of outer classical
turning points in our stochastic trajectory surface-hopping
calculations varies from v 20 to 25 over this temperature range.

Figure 16 shows the principal results of the paper, the
probability P{(t) that the iodine atoms have not recombined by time t.
All three curves ;esult from a Langevin stochastic trajectory calcula-
tion, the one labeled G being the result of Hynes, et al., that used
the ground state I-I potential curve, that labeled T the result of
using the thermally average potential curve, Eq. (39), and that
labeled S the result of allowing V(r) to change to the various
potentials {Vi(r)} according to the semiclassical surface-hopping
model. The first qualitative observation is that both curves T and
S, which include the effects of electronically excited states, give
less recombination, and this is easy to understand: recombination
can only take place on the ground state potential, so any transitions
out of the ground electronic state will lead to less recombination,
i.e., more dissociation.

One sees, however, that the surface-hopping model (cgrye S)
produces a larger correction to the ground state results (curve G)
than does use of the thermally averaged potential (curve T); i.e.,

the surface-hopping model yields even less recombination than does
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the thermally averaged potential. This also has a simple explanation:
at relatively large values of r, where the potential curves are
close together, electronic transitions between the states are facile
and do essentially produce a relative Boltzmann distribution among
the states, but when r decreases the separation of the ground state
potential from the others makes transitions into or out of the
ground electronic state improbable; thus the approximate Boltémann
distribution over electronic states at large r is "frozen in'" as r
decreases, and this means that the surface hopping model produces
less population in the ground electronic state at small r than that
given by assuming a Boltzmann distribution at small r. With less
population in the ground state at small r, the surface hopping
model thus gives less recombination than the thermally averaged
potential model.

To see more clearly that this interpretation is correct, we show
in Figure 17 the average relative population of the different electromic
states that results from the surface-hopping calculation (points
connected by solid line), compared to a Boltzmann distribution
(broken line). Figure 17a is for a region of large r (7-8 ;), and
one sees that here the surface-hopping model does indeed produce an
essentially Boltzmann distribution over the electronic states; for
small r (4-5 ;), however, Figure 17b shows that the surface-hopping
model produées much less population in the ground electronic state
(state #1) than that given by the Boltzmann distribution at small r.
This lack of complete elecﬁronic relaxation during the relative I-I
motion thus appears to be an important feature in the dynamics of

recombination.
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The results shown in Figure 16 are for initial separation ry =
5.5 Z and temperature T = 300°K., Changing either of these does not
change the qualitative natures of these curves nor their positions
relative to each other, so that the above discussion concerning the
effect of electronic transitions is unchanged. The asymptotic
value of P(t), ie.., P(®), the dissociation probability, does of
course depend on T, and T. The temperature dependence of P(®) is
shown in Figﬁre 18, and one sees that it is qualitatively the same
for the three different cases.

The dependence of P(») on r, is quite sensitive: increasing
T, from 5.5 Z to 6.67 Z increases P(W)>by about a factor of 2. This
is understandable--i.e., starting the trajectories at larger r leads
to larger dissociation probability--but it suggests that if the over-
all model is to be self~contained, one needs to extend it so that the
appropriate initial value of r is determined by the dynamics itself
and is not an ad hoc parameter. This limitation is resolved in the
next section where we use a generalized Langevin equation to determine
the heavy-article motion.

Finally, although comparison of the results of these model
calculations with experimental recombination rates is clearly tenuous,
it is nevertheless interesting. Hynes, et al., estimate a rate
constant of Vv 4 x 1013 cm3/mole—sec from their calculations using
only the ground state I-I potential curve,74’86 compared to the
experimental value of v 1-2 x lO13 cm3/moie—sec of Troe and co-workers.
Hynes, et al., attribute this diffefence to curve-=crossing effects

in the I2 electronic levels. If we crudely relate the rate to the

time it takes P(t) to fall tc half its asymptotic value, then Figure
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2 indicates that the rate given by our surface-hopping model

(curve S) would be Vv 4-5 times slower than that of Hynes, et al.
(curve.G) and thus roughly the same rate as the experimental value.
This is interesting and encouraging, but one should of course not
make too much of the actual numerical values.

While there are undoubtedly many limitations of the present
model for describing recombination dynamics in liquids, we believe
it is realistic enough that the qualitative results of our calcula-
tions are meaningful. The most significant of these are that
‘electronically inelastic transitions substantially reduce the rate
(and final probability) of recombination and that the character of
the électronic dynamics changes during the recombination process.
Thus at large r electronic transitions are strong and produce a
Boltzmann-like distribution over the various electronic states, but
as r decreases electronic relaxation ceases to be complete, There
is thus an interesting interplay between the electronically inelastic
dynamics and the relative motion of the iodine atoms in interaction

with the solvent.



VIII.The Generalized Langevin Model,

We saw in the last section that while the surface hopping
Langevin model gave reasonable results, we needed to make several
ad hoc assumptions such as the initial I, relative coordinate and
a thermalized velocity distribution. This situation does not
correspond to the initial experimental conditions.

Experimentally,6l—63 I2 is excited to the B(3ﬂo+u) and 1 U(lﬂ)

- + o
state from the ground state X(lZg) with a laser tuned to 5300 A (see
figure 19). The relative oscillator strength for these two transi-
tions is 5.18:1.00.89 The molecules populating the B state undergo

collisional predissociation to the 1U state with a rate constant

161

-]

of K £ 0.1 psec The iodine atoms then separate 5-10 A where

they collide with the solvent cage.90 .It is this cage effect
(known as the Frank-RabinowitchAcage phenomenongo) which prevents

the 12 molecule from completely predissociating as in the gas phase.
In the previous section, we began our trajectories with the assumption
that the above events, comprising the first few picoseconds, had

occurred. A serious limitation to the Langevin equation is that

it does not model the Frank-Rabinowitch cage phenomenon, and therefore

cannot describe this initial phase of the recombination.

In addition ﬁo the inability to describe the cage effect, the
Langevin model does not adequately take into account the solvent
in which the recombination occurs (except in the very crude manner
of a diffusion coefficient). Iodine recombination has been studied

61-65,73 most recently by van den Bergh.lol

in a variety of solvents,
The variation in the recombination rates observed in these studies

cannot be explained by a difference in the diffusion coefficient

59
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alone. This clearly shows that the recombination process is
substantially influenced by more than just the bulk properties of
the solvent. |

A final limitation of the Langevin model as we use it is its
independent treatment of each iodine atom as discussed in the last
section. At large separation this approximation is adequate, but
clearly fails when the iodine atoms are close, such as the initial
phase of the recombination process.

The limitations of the Langevin model are overcome by the
Molecular Timescale Generalized Léngevin Equation (hereafter called

91-100

MIGLE) approach developed by Adelman, et al. The MIGLE approach

starts with the formally exact Generalized Langevin equationl 2 and

develops a hierarchy of dynamical equations whi;h are mathematically
equivalent to a set of coupled harmonic oscillators. These
equations have been shown to properly reproduce the cage effect in
liquid598 and vibrational relaxation of a molecule in a liquid,

The parameters used in the MTGLE model depend on molecular solvent
propertiesg7’98 in addition to bulk properties of the liquid, and
properly take into account the non-independence of the solute atoms,
While this approach has limitations, to be discussed below, it
properly describes the effects which are of relevance to the initial
moments of the recombination process. We next proceed to give a

brief overview of the MTIGLE approach.



MIGLE: A Brief Overview.

Adelman has written a series of papersgo'-loo in addition to two

107,108

reviews of the MTIGLE approach to liquids. I wish only to

very briefly outline the aspects of the theory which are of relevance

to this dissertation. The interested reader is referred to the
above two reviews which are well written. We begin with the Langevin

equation of the last section:

mr(t) = F(t) - § r(t) + R(t) (33)
where r = onl£1) are the coordinates of the two iodine atoms, §

the diagonal friction matrix, R(t) and F(t) the random and inter-
atomic force, respectively. Equation (33) is a more specific form
of the Generalized Langevin Equationlo

t

mr(t) = F(t) -f B(t-E)r(E)dE
0

+ R(t) (42)

where

[oe]

§_=/ é(t)dt

0

The integral in equation (42) depends on the past history of the
trajectory and is called the memory kernel.lo7 Equation (42) can
be shbwn80 to be equal to the full many-body Hamiltonian for the

complete solvent-solute system and is, therefore, exact. While
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equation (42) looks simple, it is deceptive. To determine B(t)
requires the full solution of the many-body problem and is, thus,

no simpler to solve. If we approximate

B(t-&) v C §(t-¢§)
then we obtain equation (33). Note é(t) is not diagonal due to the
correlation of the motion of the two iodine atoms.

Adelman has shown107 equation (42) can be written as a hierarchy

of equations

mE(t) = £(6) - wor r(e) +wl. £ ()

mE. (t) = - @ - r (t) +w -r(t) +w r,(t)-
1 —el-—l =c1 -c2-—2
2 2 2
mE,(t) = - L, r,(e) + gcz- r () + ‘é’c3' r,3(e)
: c
. - _ o2, 2. _ ezl
me () = - Q- (o) + (gcp -0 / B,(c=8)-r (&) dE
0
+£p+l(vt) (43)

Equation (43) needs several comments. Note first the integral term
in equation (42) has been expanded into a hierarchy of frequency
terms.(zl, 52, ceey En) are fictitious coordinates which act like

coupled harmonic oscillators. Adelman has shown these coordinates
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correspond to solvent shell structure around the solute for the case

of a harmonic solvent. The frequencies (ge , ... ) are the

0
Einstein frequencies of vibration of the different shells while
2 2 2

(o » 9. » & >
1 ~%2 TC3

e
e

... ) are the coupling parameters between adjacent

2
shells. 1In particular, w is the Einstein frequency for the solute

atoms in the first shell, Shile gil describes the coupling of first
shell to the solute, i.e., energy transfer rate between the solvent
and solute. Finally, Qﬁ is the adiabatic frequency with which the
pth shell would vibrate while ép(t) describes the frictional coupling
of the last shell to the remaining heat bath.

While formally equation (43) is no easier to solve than equation

(42) since we must still evaluate ép(t), we can approximate ép(t)

by
B,(c) = & 8()

The advantage of equation (43) with the above approximation over
equation (33) is the MIGLE equations include the shell structure of
the solvent. One can include as many shells as necessary and only
have the last shell in contact with a heat reservoir (thru the
terms ép and R(t)). Adelman has shown the frequencies geo, wo o,

0, as well as ép can be calculated from molecular dynamics

97,98
calculation of the solvent.

An additional modification need be made to equation (43), First
note the parameters in equation (43) are not dependent on solute
configuration. 1Indeed, all the matrices in equation (43) are scalars
for a single solute atom. For more than one solute atom, the

matrices in equation (43) are non-diagonal and solute configuration-
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dependent. TFor I all the matrices become R~dependent (I-I

2
coordinate). While there is no exact way to determine the R~
dependence of QZO(R), gil(R), etc., Adelman has shown that one

can obtain a good approximation to these quantities with the use of

. 104,105
linear response theory.

The MIGLE formalism has been tested on several simple systemsgz’94
where analytic results have been available, In all these cases,

MIGLE has done well tﬁough these have only been one atom solute
systems. For two atom solute systems comparison to analytic results

is not possible, however, the frequencies determined as a function

b

9 . . .
of R for several solvents show proper qualitative behavior.

Adelman has also applied the MIGLE model to 12 recombination in

99,100

CCL, as a solvent. While the treatment of the electronic

4

surfaces in that study is very crude, many important features, such
as the cage effect and vibrational relaxation of 12, agree qualitatively
with the results obtained in experiment61 and often theoretical
treatment.106 |

in summary, we hope to have shown the reader how the MIGLE model
differs from the Langevin model and that it does overcome the short-
comings of the Langevin model discussed in the beginning of this
section, While it is clear that, computationally, equation (43)
is much more difficult to implement than equation (33) (not to
mention the additional work needed to evaluate the frequency parameters
for each solvent), it should be equally clear that equation (43)

contains many crucial dynamical effects which are absent in equation

(33).



Electronic Surfaces and Electronic Transitions,

We next describe the electronic surfaces used and the model
we used for the electronic transitions. In the previous section,
-]
we said recombination occured when the I-I separation < 4 A,
Because of this condition, we were able to model the electronic
surfaces using only quadrupole-quadrupole interaction, While we
may still use the same potential functions for large r, we must also
o]
characterize these surfaces for small r (i.e., r Vv 2-3 A),
In addition to the previous 10 electronic surfaces, we must
also include the B state in our present calculation, We also have
; 3 3 .
two of previous ten states, A( ﬂlu) and A'( ﬂzu), are substantially
. -1 65,109
bound, i.e., well depth > 1000 cm =, (Several workers have
studied 12 recombination by exciting 12 to the A state instead of
the B state). The radiative lifetime of A and A' state to the ground
: . , 110
state is 250 us and 6.3 ms, respectively. We therefore expect,
that on a picosecond timescale, some 12 molecules recombine on the
A and A' states only to radiatively decay to the ground state much

later. This is, in fact, what has been observed for I2 recombination

in solid matrices by Flynn.llo We thus have a total of four bound

65

states, X, A', A, and B states. All these states are well~characterized

and have been fitted to Morse potentials. The paramters are given

in Table II. The 1 U (lﬂ) state has been determined by Tellinghuisen114

‘to be of the form

V(r) = C:/r9

with
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Cc = 7.339'104 a.u.

. 3 3.- 3 3.+ 3
The additional 6 states, HO‘u’ z (O+)’ A3u’ Zu(O—)’ H2g’
3

ng are all repulsive,77 and have not been determined for small r.
The only available information for these states is the estimated
vertical energy determined by Mulliken.77 We therefore arbitrarily
fit these curves to the functional form:

V(r) = ¢/t (44)

determining C such that we reproduce the vertical energy. These
parameters are listed in Table III. Though our characterization of
these states for small r is quite arbitrary, they will not effect our
results, as will be seen below.

Having characterized all the states for small r, we now join

them to the quadrupole-quadrupole term to form the complete potential

functions
r<X : V(r) = V<(r)
m
XQ—r r—va
X, £ 12X, V‘(,r) = [Xq_xm]V<(r) + [XQ_Xm] Vor)
r > XQ ¢ V(r) = VQ(r)

where
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[~

o

V<(r) is either the Morse curve for the bound state or the G/r9 curve
for the repulsive states. This form of the potential guarantees us
that for large r, we have the correct quadrupole-quadrupole inter-
action while for small r we have the proper bound and repulsive
curves, Note V(r) is defined such that it is continuous,

Figure 19 shows all the curves discussed. Figure 20 shows the
curves for r > 4 Z. Note the difference between this figure and

figure 15, the potential curves used in the previous section. 1In

figure 20, we seeée two Van der Waals  type wells for the 3“0"u and

3

-]
i states. These two states do have Van der Waals- between 4-5 A

1g _

as discussed by Mulliken,77 though our wells are merely an artifact
of the potential form we have used. Figure 20 also shows many curve
crossings, While the location of the curve crossings are clearly
incorrect, the qualitative aspect of many crossings is probably
correct in this region. What is important, from our point of view,
is the curves pass very close to each other, as will be seen below.
We, therefore, feel figure 20 represents the potential surfaces
qualitatively accurately for the purposes at hand.

We now turn to the electronic transitions. As in the previous
section, we allow electronic transitions according to the Miller-
George theory, equation (34), Since our potential functions take on

a more complicated form than previously, the minimum of AV(t) no

longer occurs solely at outer turning points. We, therefore, monitor
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all the surfaces during the trajectories and allow transitions to
occur whenever a minimum is detected in AV(t). Whenever this
involves only one other surface, we may use the calculated probability
of equation (34) without any need for renormalization. In situations
where two potential curves actually cross, the Miller-George theory
predicts a transition probability of unity. While non-adiabatic
coupling due to collisions probably prevents an actual crossing of
curves, we would still expect the probability of tramsition to

be large due to AV << 1 concurrent with a large coupling. We will,
therefore, follow the Miller-George theory and allow a definite
transition at these crossing points, Since there are only 6 crossing
points due to the additional structure between 4 Z and 5 Z and many
other tramsitions occur due to minima in AV(t), these transitions
actually make up a small percentage of the total allowed.

The last electronic transition we need discuss is the B - 1U
transition involved in the collisional predissociation. Unlike the
above situation the crossing of the 1U (and the other repulsive
states) and B state are the only possible transitions out of the B
state so we must be careful. Studies by Tellinghuisen,lls Chutjian,l
and Lehmann, g£_§l4;17 have shown in the gas-phase the only symmetry-
allowed transition from the B state is to the 1U and A states of which
only the B = 1U transition has a relatively short lifetime of Vv 1
"Usec, Unfortunately, since we are in the liquid phase, collisions
not only break the symmetry restrictions allowing transitions to any
of the electronic states near the B state, but also increase the
predissociation rate constant to Vv 0.1 psec’l.61 Since it is

important we reproduce the predissociation rate correctly, we
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treat this transition phenomenologically--we allow for a fixed
probability of transition to the 1lU state only from the B state at
the crossing point such that the proper rate constant is produced.
This is basically equivalent to the method used by Adelman102 for

the predissociation step. While we could allow for some of the
trajectories to dissociate to the other repulsive curves, this was
deemed unnecessary since all the curves mix among each other at

r > 4 Z and-would make little difference to the subsequent dynamics.
This phenomenological approach to the predissociation transition does

not effect our main question which is what effect electronic

transitions occurring at large r have on the recombination process.

We have chosen to look at I2 recombination in CC24. This
solvent choice was motivated by several reasons. First, Adelman
has already calculated the relevant frequencies for this system
aﬁd calculated the I2 recombination with a crude electronic transi-
tion model. In the model used by Adelman, electronic transition
from the B to 1lU state is similar to ours, but for the 1lU -+ X state,
he uses a procedure similar to the predissociation transition.
(He does not consider any other states). We on the other hand, have
transitions among 10 electronic states in the region of r > 4 Z,
and, so, can compare oure results to his to assess the effect of
these transitions. Secondly, data for I2 recombination in CCSZ,4 is
‘available so we may make some comparison to experiment.

Following Adelman,102 we consider recombination to occur if 12
is on the ground state and its vibrational quantum number is less

-]
than 94. We start the trajectories at r = 2,717 A, the inner turning

point of the B state. We started 837 of the trajectories on the B
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state, 17% on the 1lU state to simulate the 5,18:1.00 oscillator
strength. Velocities for the iodine atoms where selected from

a thermalized distribution subject to the constraint that the
relative velocity was zero. The initial conditions for the MIGLE

. , L 101

model were chosen according to Adelman's prescription. Due to
the complex nature of equation (43), we were only able to rum 60
trajectories for 20 psec of real time due to CPU limitations.

Results and Discussion

Figure 21 presents a bar graph of the I~I separation for
trajectories that have already predissociated for one, two, and
three picoseconds. We see in each of these graphs, the internuclear
distance quickly becomes spread over a region of " 4 Z. This
supports our earlier suspicion that the initial value of r chosen
for the Langevin model in the last section should be selected from
a range of values instead of just one.

We have also found after 20 psec, approximately 12% of the
trajectories are bound in the A and.A' states, This result is in
agreement with recent studies done by Beekér, EE.EE;}IO who found
the A and A' states were populated in rare gas matrices. They
suggest we should see a similar effect for large solvent molecules,
as we do., Because trajectories:are.allowed to the A‘and A' states,
"less trajectories become available for recombination and reduce the
rgcombination rate on a picosecond timescale. (These 12 molecules

-will eventually radiate down to the ground state as discussed
above.)

The main result of this calculation is figure 22, the

recombination rate as a function of time. We see that by 20 psec,



~ 207 of the I, atoms have recombined. This is to be compared to the

2

results obtained by Adelman also presented in figure 22. The
difference in our results is similar to the difference we observed
in the previous section between our results and those of Hynes,

et al. The additional electronic surfaces "soften'" the attractive
ground state potential. In addition, we also have the recombination
rate slowed down an additional 107 by the trajectories that become
bound on the A and A' state and are no longer available to make
transitions to the ground state.

It is interesting to note Eisenthal, gE_glL6l measured a rate
of ~ 20% recombination in the first 20 psec. While this is in
excellent comparison with our results, such close agreement is
probably fortuitous though clearly this isboth encouraging and

pleasing.
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IX. Iodine Recombination: Conclusion.

We have shown by using a semiclassical theory of electronic
transition coupled with the Langevin model, we could correctly
describe the influence of electronic surfaces on secondary
recombination aynamics. We have also shown by coupling this
same semiclassical theory with a Generalized Langevin model, we
could describé the full iodine recombination process. In both
cases the electronic surfaces were shown to slow down the
recombination rate, These results show not only is it possible
to describe electronic degrees of freedom within a classical
framework, but one obtains meaningful results which are in

qualitative agreement with experiment,
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Table I. Potential Parametersa

Electronic State

85ee Eq. ( 41 ),

.___..i___

0.00

-28.99

-16.58

- 8.35

- 8.35

4,17

12.41

12,41

24,82

33.16

bUnits are hartree'bohrs.

Degeneracy



Table II. Morse Parameters for Bound Statesa

C
AP A' » pd
-3 -2 )
D, 8.116-10 1.095-10 2.00047-10
8 1.125 0.9498 0.9699
T 5.593 5.55 5.7284

All values in atomic units.

See reference 111,

See reference 112.

See reference 113.
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Table III. Potential Parametersa

State EVE® cC
3 2.4 6.1-10"
0™u
3 - 5
3.9 1.8
Zg(o*’) 10
3A 4.7 2.4-10°
3u
3+ 5
4. 2.4°10
Zu(O') >
3 3.2 1.3-10°
2g
3 3.4 1.4+10°
1g

8See equation (44).
bEstimated vertical energy in eV's.

c . .
In atomic units.
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‘Same as Figure 2 with «
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" Figure Captions

Diabatic curves of equation (9) for a = 2.0. Energy is plotted
in atomic units (a. U.) and distance is plotted in angstroms.
Insert shows plot of diabatic coupiing element.

ISlZ(E)|2 vs. energy (eV) plot for o = 2.0. Solid line is the
coupled-channel quantum results, circles are the classical

analoé model results. Error bars are * 10%.

1.0.

I

Same as Figure 2 with a = 0.4,

Histogram boxing for electronic-vibrational energy transfer
for collinear HzBr.

Transition probability as a function of spin-orbit splitting
A for initial translational.energy Eh = 0.01 a.u. and V=1,
n=0. Solid curve is exact quantum results (reference 44),
dashed curve the result given by the classical model with the
histogram approximation, and the dotted curve the results of
the classical model with the moment method.

Same as figure 6 with E = 0.035 a.u.

Transition probability as a function of spin-orbit splitting
A(a. U.) for initial translational energy Eh = 0.01 a,y. and
v=0, n=1, as calculated by the moment method, Solid line is
non-resonant probability (v=0,n=1+v=0,n=0), dotted line is
resonant probability (v=0,n=1->v=1,n=0).

Same as figure 8 with E, = 0.001 a.u. (thermal energy range).
Transition probability vs. energy (a.u.) for physical value

of A as calculated by the moment method, Solid line is the
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12.

13.

14.

15.

16.

17.
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non-resonant probability, dotted line is the resonant probability.

Conventional histogram boxes and skewed histogram boxes for

FH2 calculations. See text for further details,

-]
Geometrical averaged cross-section (Az) vs. energy (meV) plot
for FH2 resonant reaction channel (j = %3 N=0 > j = %3 N=2).

Solid curve is quantum results (reference 52), circles are SMM

results (reference 24), crosses are the Ehrenfest model results.

Plot of opacity function vs. impact parameter b{(a.u.) for Etot
60 meV for FH2 reaction. Solid curve: quantum results, dashed

curve: Ehrenfest results, dotted curve: SMM results.

Q
Cross section (A2) vs. energy (eV) for BrH. reaction calculated

2
using the Ehrenfest model. Crosses are the resonant channel
results, circles are the non-resonant channel results.
Potential curves for the ten electronic states arising from two

ground state (2P ) iodine atoms,

3/2
Probability that at time t the two iodine atoms have not
recombined; T = SOOOk, r, = 5.5 2. All results are from the
stochastic trajectory model; curve G (the results of reference
74) utilizes the ground state 12 potential curve for V(r) in
Eq. (33), curve T utilizes the thermally averaged potential

of Eq. (39) for V(r), and curve S uses the semiclassical
surface-hopping model to allow V(r) to change as the electronic
state of the system changes.

Average relative population of the 10 electronic states (state
1 is the ground %tate) as obtained in the étochastic surface~

hopping trajectory calculation (points connected by solid

lines) and as given by a Boltzmann distribution (broken curve).
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. -]
(A) is for a region of large r (7«8 A), and (B) for a region of

smaller r (4-5 A).

P(t»o), with P(t) as shown in

Dissociation probability, P_
Figure 16 for 300°K. The labels G, T, and S have the same
meaning as in Figure 16.

I2 potential curves as determined by equations in the text.

V(R) is in eV, R is in angstroms.
o

I potehtials curves for r > 4 A and energy scale enlarged.

2
V(R) is in eV, R is in angstroms,

Bar graph of I-I internuclear separation of molecules which have
already predissociated: a) after one picdsecond, b) after two
picosecond, c¢) after three picoseccend.

Probability of recombination for first twenty picoseconds;

solid line, our results; dashed line, results from reference

102,
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