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Molecular Dynamics Simulations of Simple 

Liquid Phase Chemical Reactions 

By 

J. Keenan Brown 

Abstract 

To aide in the understanding of simple liquid phase chemical 

reactions, molecular dynamics simulations of the iodine 

photodissociationjrecombination process in liquid xenon at several 

densities were performed. From these studies, it was found that 

geminate recombination occurs primarily within a few picoseconds at 

all densities considered, in agreement with previous molecular 

dynamics simulations and the current interpretation of experimental 

results. Iodine ground state vibrational relaxation times range from 

about one nanosecond at the lowest density to about 250 ps at the 

highest density. In addition, the functional form of the decay of the 

average iodine vibrational energy was observed to be nearly 

independent of density. This result is discussed in terms of simple 

gas phase Isolated Binary Collision models. Attempts to correlate 

iodine vibrational relaxation times with bulk solvent macroscopic 

properties were also made, and although the results are encouraging, 

they are inconclusive at this point. Various force correlation 

functions projected on to the iodine vibrational coordinate were also 

calculated, and indicate that the iodine molecule significantly 

perturbs the local solvent environment. These force correlation 

functions may also be helpful when assessing the usefulness of liquid 
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phase dynamical theories, such as those based on Generalized Langevin 

Equations. Finally, the simulation results on iodine vibrational 

relaxation are compared with the available experimental data. These 

comparisons indicate that the simulations overestimate the rate of 

vibrational relaxation over the lower third of the iodine ground state 

potential surface, and that the efficiency of V-T transfer, relative 

to V-R and V-V energy transfer, may have been underestimated in 

previous simulations. The sensitivity of these results to several 

system parameters are analyzed. 
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Chapter 1: INTRODUCTION 

One of the goals of physical chemistry is to understand the many steps 

required for the initiation and completion of chemical reactions in 

solids, liquids, and gases. These steps include, but are not limited 

to, the preparation of reactants in energetic states and geometric 

configurations amenable to reaction, atomic rearrangement, and the 

dissipation of excess energy produced by the reaction to yield stable 

products. Great strides have been made over the past decades in 

understanding these steps in gases and ordered solids, where detailed 

spectroscopic information is available. In the gas phase, this is due 

to the relatively low concentration of reactants. At such low 

concentrations, molecules are typically isolated; when intermolecular 

interactions occur, they are usually binary in nature·. This 

environment is relatively simple, and direct and indirect high 

resolution probes of the dynamics of these systems are possible. 

Ordered solids, on the other hand, are inherently dense, and therefore 

local interactions are more complex. However, the long range symmetry 

of these systems tremendously simplifies the environment, and high 

resolution spectroscopy is again possible. 

The case for liquids is quite different. Liquids are comparable in 

density to solids, and therefore many body interactions are 

predominant. In addition, liquids have no long range order. This 

leads to many possible reaction environments, as well as changes in 

the local environment of a reaction center on a fast (picosecond) time 

scale. The range of configurations and their dynamic nature leads to 
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spectral broadening, and the subsequent reduction in information from 

probes of the dynamics. 

Despite the complex nature of chemical reactions in liquids, much 

progress has been made in the understanding of these systems over the 

past fifteen ·years. This progress has closely followed the 

development of picosecond, and more recently femtosecond, laser 

technology, and its application to the study of simple liquid phase 

chemical reactions. One of the common systems studied is the 

photodissociation/recombination process of iodine in simple, weakly 

. . 1 1 
~nteract~ng so vents. (NB, references appear at the end of each 

chapter) This is due to the abundance of gas phase spectroscopic data 

available for iodine, its profusion of experimentally accessible 

electronic states in the visible and near UV spectral range, 2 and its 

relative simplicity from a theoretical point of view. This reaction 

also represents one of the simplest possible model reactions. That 

is, the reactants are formed from the desired diatomic iodine molecule 

product by photodissociation with a visible photon. The iodine atoms 

separate on an excited electronic state surface, and some fraction of 

these atoms then geminately recombine (recombine with their 

dissociation partner) to eventually yield an equilibrium ground state 

iodine molecule. 

Recent experiments performed in this laboratory, as well as several 

others, on the iodine photodissociationjrecombination process in 

alkanes, chloromethanes, and liquid xenon have clarified several of 

the steps involved in this simple chemical 
. 3-15 

react~on. In 

2 
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particular, predissociation of the B-state of iodine appears to occur 

within a few picoseconds, as does geminate recombination. Vibrational 

relaxation of the iodine molecule in its ground electronic state 

varies from around 60 ps in alkanes to several nanoseconds in low 

density liquid xenon. Trapping of iodine in electronic states 

correlating with two 2P
312 

iodine atoms has also been observed. The 

lifetime of the iodine in these excited states varies depending on the 

solvent, and ranges from a few hundred picoseconds to many 

nanoseconds. The results from this laboratory have been published in 

detail in several articles referenced above, as well as the theses of 

. 16 17 Mark Berg and Alex Harrls. ' Descriptions of this work and the 

accompanying development of tunable infrared nanosecond and picosecond 

1 '11 b d 1' t d l'n thl's thesl·s. 18 - 20 
aser sources Wl not e up lea e 

Despite this apparent wealth of qualitative knowledge of the iodine 

photodissociation/recombination process in liquids, little is known 

about the microscopic details of the reactant-solvent interactions. 

This is closely tied to the lack of high resolution spectroscopic 

information for reaction processes in the liquid phase. One technique 

for supplementing the experimental data is to study simple model 

reactions on a computer using the techniques of molecular dynamics. 

Although these types of calculations are computer intensive, the 

recent availability of computer time on supercomputers such as the 

Gray, and the ease of development of molecular dynamics code has made 

these types of calculations popular. This thesis reports the 

development of such a computer program and its use to study the iodine 

. . ' 21-23 
photodissociationjrecombination process in llquld xenon. 
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Molecular dynamics simulations are performed by choosing a set of 

atoms, generally less than a few thousand, and defining interaction 

potentials between each of these atoms. Newton's equations of motion 

for this system are then integrated. For the present case, typically 

257 atoms were· used 255 xenon atoms and 2 iodine atoms. The 

interaction potentials used are approximations to surfaces determined 

from gas phase spectroscopic measurements. The information included 

in these simulations in not complet~, however qualitative behavior 

observed in the simulations is expected to be pertinent. The appeal 

of this type of computer simulation is that complete knowledge of the 

state of the system is known at all times, and this information can in 

principle be related to the description of reactant/solvent couplings. 

For example, long range order in liquids does not exist, although 

short range order is present. This short range order is . seen in 

preferences for the packing of the xenon atoms about the iodine 

molecule before and after dissociation in these simulations. This 

type of data can be applied to understanding what types of local 

solvent structures are favorable for geminate recombination, or 

assessing the validity of describing iodine vibrational relaxation in 

terms of the binary interaction of an iodine molecule with one xenon 

atom at any point in time. This type of information is important in 

the development and testing of quantitative theories of iodine 

recombination and vibrational relaxation, and it is absent from the 

current experimental data. 
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The molecular dynamics simulations of the iodine 

photodissociation;recombination process in liquids discussed in this 

. 24-30 
thesis are not the first such calculat~ons, however they are the 

first simulations aimed at understanding the density dependence of 

ground state iodine vibrational relaxation, and they were performed on 

... 
the largest model iodine system thus far reported in the literature. 

Previous simulations have been primarily concerned with the 

understanding of the short time process of geminate recombination with 

respect to the so called "cage effect". The probability of geminate 

recombination in the gas phase is near zero. However, in dense 

liquids, geminate recombination accounts for most of the recombination 

events due to the presence of the solvent and its formation of a 

"cage" about the iodine atoms. The one reported molecular dynamics 

simulation of iodine vibrational relaxation in liquids . is that of 

Wilson, et. 1 
28-30 

a . ' and it predicts a red-shift of the ground 

electronic state absorption spectrum with increasing iodine 

vibrational quantum number. This effect has since been experimentally 

verified, and has led to the calculation of approximate iodine 

vibrational distributions as a function of time in the ground 

electronic state following geminate recombination based on 

experimental data. Wilson, et. al., have also simulated the 

vibrational relaxation of iodine for a few different solvents, but the 

analysis of these results is difficult due to the variation of many 

parameters when changing solvents, including the interaction 

potentials, the solvent geometry, and the solvent bulk and number 

densities. The approach taken for the simulations described in this 

thesis represent a more systematic and independent variation of the 
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above parameters, and a study of their relationship to the vibrational 

relaxation of iodine in liquids. 

The primary focus of the present simulations is understanding the 

density dependence of ground electronic state iodine vibrational 

relaxation in liquid xenon, and its relationship to current theories 

of this process. Trajectories were calculated at four densities 

3 3 
ranging. from 1. 8 g/cm to 3. 0 g/cm . The functional form of the 

vibrational decays is observed to be nearly identical at these 

densities, while the time scale for the relaxation process varies by a 

factor of four. The invariance of the vibrational decay is discussed 

in terms of isolated binary collision models, while the time scale of 

vibrational relaxation is correlated with the isothermal 

compressibility of bulk xenon. In addition, the vibrational energy 

dependence of several iodine/xenon force autocorrelation functions are 

observed, and some attempt is made to assess the sensitivity of the 

vibrational decays to variations in interaction potentials, 

temperature, and mass density at constant number density. 

The current computer studies of the iodine 

photodissociation/recombination process are discussed in the remainder 

of this thesis. In Chapter 2, the development of the Fortran code run 

on the AT&T Bell Laboratories Cray X-MP/48 and the San Diego 

Supercomputer Center (SDSC) Cray' X-MP/48 is discussed. The detail in 

Chapter 2 should be sufficient to allow a person with a working 

knowledge of Fortran to read and modify the molecular dynamics program 

"I2XENON". Chapter 2 is self contained, and may be skipped by those 



·-

persons not interested in the details of the techniques of. molecular 

dynamics. Chapter 3 presents the iodine/xenon model system, and the 

results obtained from the simulations. These results are compared to 

experiment when possible. Finally, Appendices A and B contain the 

program listings for "I2XENON" and "RKRSURF", respectively. "RKRSURF" 

is the program· used to generate the gas phase iodine RKR potential 

surface table for use in the molecular dynamics simulation. 
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Chapter 2: THE DEVELOPMENT OF VECTORIZABLE MOLECULAR 

DYNAMICS CODE FOR THE STUDY OF RELAXATION 

PHENOMENA IN LIQUIDS 

I. INTRODUCTION 

Molecular dynamics simulations are rapidly becoming a common tool for 

the study of chemical processes by experimentalists and theorists. 

Although these types of simulations are typically computer intensive, 

the availability of computer time on supercomputers such as the Gray 

and the development of high speed dedicated vector and parallel 

processing systems, have made the calculation of trajectories for 

model systems up to several thousand degrees of freedom plausible. 

These simulations allow detailed studies of the fundamental steps 

characteristic of various chemical processes in solids, liquids and 

gases, as well as interfaces between these phases of matter, by 

explicitly calculating the change in each degree of freedom of the 

model system as a function of time. From this information, geometric 

and energetic changes in the system (i.e., properties associated with 

the progress of a chemical reaction) can be monitored and correlated 

with local and bulk properties of the· environment. This level of 

detail is rarely available from experimental data from real chemical 

·systems, and is frequently very beneficial in developing the insight 

necessary to understand incomplete experimental data. 

reasons, model simulations of the 

For these 

iodine 

photodissociation/recombination process in liquid xenon being studied 

in this laboratory were undertaken. 
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The remainder of this chapter is a description of the code developed 

to perform the simulations of the iodine reaction in liquid xenon. In 

particular, the model system is presented, along with a discussion of 

the technique employed for the time integration and a general overview 

of each subroutine in the program. The program listing appears in 

Appendix A. 

II. MODEL SYSTEM 

Even though the photodissociation and geminate recombination of 

diatomic iodine in the monatomic solvent xenon is a relatively simple 

physical system, many simplifying assumptions must be built into the 

simulation model. Some of these assumptions are based on ignorance, 

for example the exact form of the various interaction potentials are 

not known, while others are employed to reduce the cost of calculating 

the traj ectorie$ without significantly modifying the physics of the 

process. However, these latter judgments cannot be made reasonably 

until the aspects of interest of the model reaction are defined. In 

this case, the focus of these simulations is the vibrational 

relaxation of I
2 

on its ground state electronic potential surface as a 

function of density near room temperature. Under these conditions, 

the following assumptions are explicitly made: 

1) All potentials are pairwise additive. 

2) All motion on a given set of potentials is classical, 
although two iodine-iodine potentials are used -- a 
ground state surface and a purely repulsive surface 
used while simulating the I

2 
photodissociation process. 

All other iodine surfaces are ignored. 
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3) Following photodissociation on the iodine repulsive 
surface, crossing back to the ground state surface 
occurs with unit probability at the point when both 
surfaces are within 1 kBT (kB is Boltzmann's constant 
and T is temperature). Energy is cons.erved in the 
process. 

4) There is one xenon-xenon and one iodine-xenon potential 
surface. They are assumed to be independent of the 
state of the iodine molecule. 

5) The system of atoms is integrated in a three dimensional cube 
with periodic boundary conditions. 

6) The iodine-xenon and xenon-xenon potentials are truncated 
such that they have a range no greater than one half the 
length of one. edge of the integration cube or 2.5a, 
whichever is smallest (a is defined under assumption 7). 

7) The potentials used are defined below. The values of the 
parameters are given in Table 1. 

a) xenon-xenon and iodine-xenon 

V(r) _ 4· [ [;r [;r J + c. 

- 0, 

b) iodine ground state surface 

RKR surface of LeRoy 

c) iodine excited state surface 

V(r) -a r- 9 · 5 

r s 2. Sa (1) 

r > 2.5a 

(2) 

In addition to the above assumptions, another constraint placed on the 

system is the number of atoms in the system. For the majority of the 

simulations reported in this thesis, there are 257 atoms in the system 

2 iodine atoms and 255 xenon atoms. Each of the above assumptions 

is discussed below, along with the size constraint. 
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Table 1. 

Potential 

Xe-Xe 

Xe-I 

I-I 
(ground) 

I-I 
(excited) 

Summary of potentials. 

Form 

a 
Lennard-Jone~ 1 

t: "" 154 em 
a= 4.1 A _1 
c = . 73 em 

a 
Lennard-Jone~ 1 

t: 225 em 
a 3.94 A_ 1 
c - .84 em 

RKR 

R-9.5 
c 7 1 

c - 4xl0 em-

(a) Modified according to Eqn 1. 
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Assumption 1 is based on two considerations. First, the potentials 

employed are approximations to the real potentials. The real 

potent~als are expected to exhibit some third and higher order 

character, although since the solvent is relatively inert, this 

contribution· is expected to be small. This is demonstrated by the 

fact that a Lennard-Janes model ·of xenon closely reproduces many of 

4 
the bulk equilibrium properties of real xenon, and there is only a 

very small shift in the absorption spectrum of I
2 

in liquid xenon 

5 
compared to that of gas phase I

2
. The second point is that under the 

assumption of pairwise additive forces, the code for the calculation 

of the instantaneous accelerations can be readily vectorized since the 

force between any pair of atoms is independent of all other atoms in 

the system. This represents a major reduction in computation time 

when trajectories are run on machines with vector hardware such as the 

Cray. Vectorization is discussed in Section III of this chapter. 

Assumption 2 is a statement that Newton's equations of motion are used 

to propagate the system forward in time. There are no • explicit 

appeals to quantum mechanics. In actuality, the iodine has quantized 

vibrational levels in its ground state with approximately 200 em -l 

spacing near the bottom of the well. This energy is comparable to kBT 

for the simulations, making this assumption plausible. In addition, 

the xenon solvent is massive and also is expected to behave 

classically. The only quantum mechanical phenomena incorporated in 

these simulations is the inclusion of a second iodine-iodine 

potential, and with it a mechanism for crossing from the excited 

iodine surface to the ground state surface. This is used strictly in 
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the photodissociation process, as stated under asswnption 3, and is 

included to rapidly dissipate energy to the surrounding solvent in a 

somewhat realistic manner while preventing immediate accessibility to 

the ground state surface. Excitation strictly on the ground state 

surface has not been tried in these simulations. The method of curve 

crossing used, · asswnption 3, is arbitrary. Curve crossing occurs 

rapidly on the time scale of vibrational relaxation, and therefore 

should have little effect on this process. If curve crossing were 

important to this study, a more realistic approximation would be 

needed, including the use of the remaining iodine electronic states 

that correlate with two ground state iodine atoms. There are ten 

distinctly different electronic states of 1
2

, with a total of sixteen 

states counting degeneracies, correlating with two iodine 

6 
atoms. 

The first half of Asswnption 4 is reasonable since there are not any 

excited electronic states of xenon accessible in the energy range of 

these simulations, and the iodine-xenon interaction is weak. The 

asswnption that the xenon-xenon and iodine-xenon interactions are 

independent of the state of the iodine is in general not true. 

Changes are expected both due to differing r
2 

electronic states and 

variations in the iodine internuclear separation on a particular 

electronic state . The time spent on the excited iodine surface in 

these simulations is minimal when compared to the time scale of iodine 

ground electronic state vibrational relaxation, therefore neglect of 

changes in the iodine-xenon potential due to the changes in electronic 

state of the r
2 

should be unimportant. However, the iodine-xenon 

15 



potential is a function of the I
2 

internuclear separation in the 

ground state. This is perhaps made clearer by initially considering 

two iodine atoms separated by a large distance, such that the overlap 

of their electonic wavefunctions is negligible. In this case, the · 

force a nearby xenon atom experiences is the simple .sum of two iodine 

atom-xenon atom· internuclear forces. But as the two iodine atoms are 

brought within the proximity of one another, there is an electronic 

reorganization associated with the formation of an iodine molecular 

bond. This alteration of the iodine electronic wavefunction also 

modifies the xenon interaction potential. However, ignorance of the 

true potentials and the simplicity of the pairwise additive assumption 

tend to encourage neglect of this facet. No attempt was made to check 

this latter assumption, but this might be done_by making the Lennard

Janes parameters a function of the I-I atom separation. 

Assumptio~s 5 and 6 are related to the boundary conditions of the 

system, and are chosen to help minimize some of the effects of a very 

restricted system size. Many choices exist for the boundary 

conditions, the more common types include hard walls, hard corrugated 

walls, elastic walls, and the periodic walls chosen for these 

simulations. Each of these boundary conditions can lead to correlated 

motions in the solvent, especially near the boundary itself. This can 

be particularly troublesome in these simulations since the 

photodissociation of I
2 

leads to the formation of a compressional wave 

that propagates outward, and can be reflected back toward the reaction 

center by the boundaries. A similar phenomena is plausible for highly 

vibrationally excited iodine due to its large amplitude motion. This 
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could effect the recombination process, as well as the rate of 

vibrational relaxation in the top of the iodine ground state well. 

The first three types of boundary conditions mentioned above suffer 

from an additional problem there exists a real boundary in the 

simulations. Although the iodine molecule can be started in the 

center of the system, it can diffuse toward the boundaries over the 

course of the simulation. This is readily apparent when it is noted 

that a characteristic linear dimension of the system is on the order 

of 30A, while simulation times range up to one nanosecond with typical 

-5 2 
diffusion constants on the order of 10 ern /sec. 

The above considerations led to the choice of periodic boundary 

conditions for these simulations. The integration volume was chosen 

to be a cube mainly for reasons of simplicity, although a cube also 

helps scatter spherical type waves upon reflection, such as those 

induced by the iodine motion. In this form, periodic boundary 

conditions are particularly easy to visualize and implement. The 

common· picture of periodic boundary conditions is to imagine the 

integration cube centered at cartesian position (0,0,0) with each of 

the atoms inside. Space is then filled by replicating this cube with 

the various faces of the cubes aligned with the faces of adjoining 

cubes. Forces are then evaluated along the shortest line connecting 

any pair of distinctly different atoms (atoms replicated in the 

various cubes are considered equivalent). This is readily implemented 

in the program by saving the cartesian coordinates locating each 

distinctly different atom, and evaluating the force between a pair of 
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atoms along each of the three cartesian coordinates by the following 

procedure: 

(1) for the two particles i and j, and the cartesian 
coordinate~. generate the difference r .. = ~- - ~-· 

~J ~ J 

(2) subtract or add multiples of the length of the edge 
of the integration cube, 1, until the inequality 
-1/2 < r .. s 1/2 is satisfied. Call this new length 

, ~J 
r ij. 

(3) evaluate the force along r' ij' 

For this method to work correctly, the range of the interaction 

potentials cannot exceed 1/2, hence assumption 6. If this were not 

the case, then there would exist a discontinuity in the force a 

particular atom, imagined to be at the center of the integration cube, 

experiences as a second atom passes through a boundary of the cube. 

For example, say a second atom passes through a boundary in an (x,y) 

plane, then the force the first atom feels along the z-axis due to the 

second atom abruptly changes sign upon passage of the second atom 

through the plane. At the very least, this leads to non-conservation 

of energy. 

Assumption 7 is a statement of the potentials used for these 

simulations. These potentials were chosen to match the potentials 

used by other workers on similar systems, and in turn represent 

approximate fits to available experimental spectroscopic and 

thermodynamic data for the various species involved, modified slightly 

to satisfy Assumption 6. The iodine ground state potential is the RKR 

X-state potential of LeRoy, including his extensions to long and short 

iodine-iodine internuclear . 1 
separat~ons. The iodine excited 

electronic state surface is a purely repulsive function suggested by 
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Tellinghuisen as an approximation to the . d' lrr 2 10 1ne state. 
u 

The 

xenon-xenon and xenon-iodine surfaces are modified Lennard-Janes 

potentials, the modification being the addition of a small energy used 

to truncate the potentials by forcing the tail of the potential to 

zero at a finite distance. 3 The various parameters for these surfaces 

appear in Table' 1. 

The final constraint placed on the system that is discussed in this 

section is that of size. Three considerations went into the choice of 

the system size -- economics, bulk heating, and density fluctuations. 

The cost of computing the trajectories is obviously the dominant 

feature, since the latter two points can be made negligible by using a 

sufficiently _large system. For a Cray XMP48, the program in Appendix 

1 re9uires approximately five seconds of computer time to integrate a 

system of 257 atoms for one picosecond of simulation time with a one 

femtosecond time step. Assuming the approximate cost of Cray 

computing time is $500 per CPU hour, it can readily be calculated that 

a single one nanosecond trajectory would cost about $700. For the 

integration technique used, this cost is approximately linear with 

respect to the number of atoms in the system. In addition, the 

results of many trajectories must be averaged to obtain reasonable 

statistics for a given temperature and density. Therefore, minimizing 

the system size is economically beneficial~ However, if the system is 

too small, bulk heating and restrictions on the density fluctuations 

become important. The total energy of the system is increased by 

17000 
-1 em upon iodine photodissociation. This leads to a bulk 

temperature rise of approximately 20K for a 257 atom system once this 
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energy has been partitioned among all of the degrees of freedom. As 

will be discussed in the next chapter, even this modest increase in 

temperature may result in a doubling of the rate of iodine vibrational 

relaxation near room temperature. 
-1 

Also the addition of 17000 ern of 

energy to the iodine molecule greatly perturbs the surrounding solvent 

structure. If· the total volume of the system is small, the local 

solvent cage may not be able to realistically expand, trapping the 

iodine atoms in an unphysically tight environment. Simulation results 

that monitor local density fluctuations indicate that a 257 atom 

system is marginally large enough to support reasonable density 

fluctuations, although a system twice as large would be better. 

Fortunately, these density fluctuations appear to damp rapidly, within 

about ten picoseconds, and should not radically alter the vibrational 

relaxation process. 

III. INTEGRATION TECHNIQUE 

As noted in the previous section, the atoms in these simulations are 

assumed to obey Newton's second law of motion: 

dV d
2

r 
- F- m 

dt
2 

(3) 
dr 

where v is the potential ·function for the system and is a function of 

the position of all N atoms of the system, Fi is the force on atom i, 

and ri is the position of particle i. To propagate the system forward 

in time, Equation 3 must be integrated to generate the new 

instantaneous positions and velocities for all atoms in the system. 

There are a variety of techniques that may be used to integrate 
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Equation 3; the one chosen for these simulations is a second order 

integrator discussed by Beeman. 7 
The choice of this integrator is 

discussed and its derivation outlined below. 

The majority of computational time in a typical molecular dynamics 

simulation is 'spent integrating the equations of motion. This 

includes the evaluation of forces as well as the integration itself. 

Therefore, some care must be used in choosing and implementing an 

integration technique. The three major considerations are the order 

of the integrator, whether or not to use a variable step size 

integrator, and whether or not there is a clear separation of time 

scales of motion for subsets of degrees of freedom of the system. In 

the latter case, it may be reasonable to integrate the subsets with 

two different integrators or choices of time step. This might be a 

reasonable when simulating the vibrational relaxation of nitrogen in 

xenon. Characteristic motion along the nitrogen vibrational 

coordinate is at least an order of magnitude more rapid than other 

motions in the system. Therefore, the nitrogen vibrational coordinate 

could be integrated, for example, five s.mall time steps of .lfs for 

every .Sfs time step for the remainder of the system. This represents 

a tremendous .savings in computational time versus integrating the 

entire system on the .lfs time scale required to correctly calculate 

the nitrogen motion. However for the case of iodine in xenon, no such 

well defined separation of time scales exists, and the latter option 

will not be considered further. 
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The next point considered is whether or not a variable step size 

integrator should be used. This is advantageous when the forces in 

the system vary tremendously. When the forces are strong, a finer 

time step is used to maintain the accuracy of the integration; while 

the forces are weak, the time step is increased. The disadvantage of 

this technique 'is that some method of measuring the local integration 

error must be used. 
th 

For an n order variable step size integrator, 

this is generally done by also integrating the equations of motion 

with an n+l order integrator, and comparing the results. The 

difference is used to choose a new step size. This obviously requires 

extra computation. In the case of these simulations, the only time 

this extra computation may be worth the effort is during the iodine 

photodissociation process and the very early stages of vibrational 

relaxation. However, simulation results with a non-variable step size 

second order integrator proved adequate, and the extra complexity of a 

variable step size integrator was deemed unnecessary. 

The last point considered is that of the order of the integrator. The 

order of an integrator is a measure of the local error of the 

integration caused by making a discrete approximation to the equations 

of motion of the system. Typically the equations of motion are 

expanded in terms of a time step, called h throughout this thesis. 

The highest power of h appearing in this expansion is the order, n, of 

the integrator. The terms of order n+l and higher neglected in the 

expansion may be made negligible by choosing h sufficiently small. 

This implies that the higher the order of the integrator, the larger 

the time step that may be used to integrate a particular system of 



... 

equations within some given error range. But increasing the order of 

the integrator has some potential disadvantages also. Higher order 

integrators typically require either evaluating higher order 

derivatives of the .potential or evaluating the force at intermediate 

points between the starting and ending configuration of one time step. 

Depending on the potentials employed, these extra calculations and 

their storage requirement may minimize the decrease in computational 

time due to the use of a larger time step with the higher order 

integrator. On the other hand, using too low an order integrator can 

result in round-off error due to the finite numerical resolution of 

the computer. 

Ultimately, the choice of an integrator was based on the performance 

of a simple. and easily implemented second order integrator as 
J 

determined by energy conservation measurements. The iodine/xenon 

system was found to conserve energy to better than one part in 106 of 

the average kinetic energy over 20ps time intervals for a lfs time 

step. An estimate of the round-off error for the 64 bit word used on 

the Cray to evaluate. the equations of motion for these systems showed 

that this error was on the order of one part in 1010 . This estimate 

was made based on the following. Thermal velocities are on the order 

of one angstrom per picosecond for iodine and xenon at room 

temperature, and characteristic dimensions of the system are on the 

order of tens of angstroms, therefore five or six significant .figures 

are required to represent the change in position of the atoms with a 

one femtosecond time step for an integrator. The 64 bit floating 
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point representation of the Cray yields about 16 significant figures, 

implying the above round-off estimate above. 

The second order integrator employed for these simulations is one 

discussed by Beeman. It is a slight variation of a simple Taylor 

series integrator that only requires the evaluation of the first 

derivatives of the system potentials -- the forces. The derivation 

below of this integrator is for a single particle in one dimension, 

although the generalization to N atoms in three dimensions is readily 

apparent. Let r(t) be the position of the particle at time t. The 

position at time t+h is given by the Taylor expansion: 

dr 
r(t+h) - r(t) + h + 

dt 

2 1 d r 2 --h 
2 dt2 

3 1 d r 3 +--h 
6 dt3 

+ ... (4) 

The derivatives in Equation 4 are evaluated at time t. Also note the 

first two derivatives in Equation 4 are simply the respective 

velocity, v(t), and acceleration, a(t), of the particle. Replacing 

the third derivative in Equation 4 by its first order Taylor series 

approximation 

d
3

r a(t) - a(t-h) 

dt3 (5) 
h 

and substituting into Equation 4 while keeping only terms to second 

order in h gives: 

r(t+h) - r(t) + v(t) h + ( 4a(t) - a(t-h) ) (6) 
6 
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Equation 6 is used to propagate the position forwaJ;d in time. Note 

that it only requires the current position, velocity, acceleration, 

and the acceleration from the previous time step to propagate the 

system. The acceleration is readily calculated from the first 

derivative of the potential function, V(r), for the particle. The 

derivation of ·the equation for the new velocity follows. Again 

consider a Taylor series expansion, but this time for the velocity of 

the particle: 

1 da 2 
v(t+h) - v(t) + a(t) h + -- h + ... 

2 dt 
(7) 

Now solving Equation 4 for v(t) while keeping terms up to second order 

in h yields: 

v(t) - ~ [ r(t+h) 
1 2 1 da 3 ] 

- r(t) - - a(t) h - - -- h 
2 6 dt 

(8) 

Substituting Equation 8 into Equation 7, and keeping terms up to 

second order in h gives: 

1 [ 1 v(t+h) - - r(t+h) - r(t) + - a(t) 
h 2 

2 lda 3 ] 
h +-- h 

3 dt 
(9) 

Finally making a first order Taylor series approximation for the 

derivative of the· acceleration with respect to time in terms of a(t+h) 

and a(t) in Equation 9 gives the expression used to propagate the 

velocity: 

v(t+h) - : [ r(t+h) - r(t) + :

2

[ 2a(t+h) + a(t) ] ] (10) 
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Equations 6 and 10 comprise the integrator used for these simulations. 

Again note that only . the current particle position, velocity, and 

acceleration as well as the acceleration at the previous particle 

position are required. This implies only one evaluation of the force 

on th~ particle is required per time step once the integrator is 

started. However, to start the integrator requires knowledge of a 

past unknown acceleration. This value may be obtained by assigning 

the particle an initial position and velocity for time t
0

, with the 

previous acceleration approximated by the current acceleration. The 

system is then propagated forward a few time steps, and then back 

integrated by reversing time until the approximated acceleration has 

been calculated. This latter value of the acceleration is a better 

approximation to the true acceleration at time t
0

-h with the given 

initial configuration at time t
0

. This process may be repeated until 

the desired accuracy is obtained. However, for these simulations this 

. procedure was judged unnecessary. The lack of knowledge of the 

previous accelerations for a system with many degrees of freedom leads 

to small fluctuations in the total energy of the system for the first 

few integration time steps. These fluctuations are unimportant since 

the system must be equilibrated prior to the simulated 

photodissociation process, and this equilibration procedure includes 

adjustments to the temperature of the system. 

IV. PROGRAM AND SUBROUTINES 
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In this section, a description of the Fortran program "I2XENON" 

written for the San Diego Supercomputer Center's Gray X-MP 48 to 

calculate the iodine in xenon trajectories is discussed. This 

includes a brief examination of the basics of writing vectorizable 

code, as well as an outline of each subroutine. aimed at describing the 

general function of the subroutines with respect to the overall 

operation of the program. Comments regarding the detailed 

implementation of these procedures are found in the program listing in 

Appendix A. 

A. Vectorization 

This section is a rough outline of the simplest ·ideas of writing 

vectorizable code. It is neither complete· with respect to 

vectorization in general nor in particular for the CFT Fortran 

compiler on the SDSC Gray. It is included to provide insight into the 

way some of the loops were constructed in "I2XENON" to speed the 

execution of the program. In general, the manuals for the specific 

compiler to be used should be consulted before writing vector programs 

since coding is both computer and compiler dependent. 

Vector processors are useful when a group of identical operations on a 

set of independent elements needs to be performed. For example, 

Equations 6 and 10 of the previous section describe how to 

approximately integrate Newton's equations of motion for a single 

degree of freedom. For a system of N atoms in three dimensions, there 

are 3N degrees of freedom and Equations 6 and 10 need to be applied 
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separately to each of these coordinates. The evaluation of the forces 

acting on each degree of freedom is another example of such a 

repetitive operation. In Fortran, these types of calculations are 

usually coded in the form of DO-loops, and have the basic structure: 

do 10 i-1,64 
10 a(i)- b(i) <op> c(i) <op> d(i) <op> ... 

where <op> represents some operator such as addition, subtraction, 

multiplication, division, square root, etc. The CFT compiler on the 

SDSC Gray recognizes such structures, and generates the appropriate 

vector code for the hardware. In general, these DO-loops may contain 

more than one statement, and multiple references may be made to any 

variable appearing solely on the right side of the assignment 

operator. However care must be taken when referencing yariables that 

appear on the left side of the assignment ~perator. If the 
.th 
~ 

element is being assigned to a particular array, the ith element may 

be used in the evaluation of its new value. References to other 

elements of the array typically indicate a vector dependency, as is 

the case in the program segment below: 

do 10 i-2,64 
10 a(i) - a(i+l) * a(i-1) 

In this case, the new values for array a are dependent on results of 

previous iterations of the DO-loop. Changing the statement "do 10 

i-2,64" to "do 10 i-64,2,-1", leads to differing results for the array 

a on a scalar processor. Sometimes this vector dependency is not 

inherent to the equations being evaluated, and may be removed by an 

appropriate restructuring of the procedure. In other cases the vector 
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dependency is not removable, and execution would proceed in the much 

slower scaler mode of the Gray for that section of the program. 

Another consideration when writing vector code for the Gray, is that 

the Gray vectorizes code in sets of 64 elements. A vectorizable DO-

loop of 65 elements is broken into a set of 64 elements and 1 element 

by the CFT compiler. Therefore, the maximum program speed increase is 

attained for loops of 64 iterations. In addition, there is a 

significant amount of time required to initialize the vector hardware. 

This leads to the phenomena that DO-loops with just a few iterations, 

on the order of 5 or 10, actually execute faster in scalar mode on the 

Gray X-MP 48. For these cases, there are compiler directives that 

force the compiler to generate either vector or scalar code. . These 

are particularly useful .when at least one of the bounds for a DO-loop 

is a variable. In this case, the compiler cannot determine the number 

of iterations of the loop before execution, and defaults to vector 

code generation. Vectorization in sets of 64 should also be 

remembered when coding nested DO-loops. Only the inner-most loop can 

be vee torized. Therefore, evaluation in the outer loops should be 

avoided or the loops should be broken into two or more vectorizable 

loops. If the program requires nested DO-loops, care should be 

exercised when ordering the loops. The following two samples of code 

are functionally identical, but one of them executes much faster than 

the other: 

Case 1: 

do 10 i - 1,3 
do 20 j - 1,64 

20 a(i) - a(i) + b(i) * c(j) 
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10 continue 

Case 2: 

do 10 j ,. 1,64 
do 20 i =- 1,3 

20 a(i) - a(i) + b(i) * c(j) 
10 continue 

In both examples, only the inner DO-loop, labeled 20, is vectorizable. 

However, the code in Case 1 executes much faster than the code in Case 

2 due to the 64. iteration vectorizable loop in the former case. 

One final comment regarding writing vectorizable code pertains to the 

use of "IF" statements in Fortran. Generally IF statements should be 

avoided in vector loops since they are often associated with non-

vectorizable code. However for the cases that· are vectorizable, there 

is a call to a vectorized "IF" statement in the CFT compiler. The 

subroutine is named "CVMGT", and has the following syntax: 

a - cvmgt( exprl, expr2, condition) 

This statement assigns to the variable a, the result of evaluating 

exprl if the "condition" is true, otherwise it assigns the value of 

expr2 to a. Below are two functionally identical program segments 

that illustrate the use of this call: 

Case 1: 
do 10 i-1,n 
a(i) - b(i)*c(i) 

10 if (a(i) .1t. 0.) a(i) - 0. 

Case 2: 
do 10 i-1,n 

10 a(i) - b(i)*c(i) 
do 20 i-1,n 

20 a(i)- cvmgt( a(i), 0., a(i) .1t. 0.) 
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Both exprl and expr2 must be legal expressions. This means that CVMGT 

cannot be used, for example, to test for a zero denominator preceding 

division. It also implies that the expressions appearing in the call 

should be rapid to evaluate since both are calculated independent of 

the result of the conditional test. 

As mentioned previously, this section should not be considered an 

exhaustive analysis of vectorization. It includes only the basic 

ideas necessary to read and understand "I2XENON". In particular, 

there are many vector calls and directives for the CFT compiler, while 

the only one explicitly shown in this section and used in "I2XENON" is 

the vector call CVMGT. In addition to documenting all of the various 

calls for the CFT compiler, the CFT manuals contain many detailed 

programming examples, and are highly recommended reading for those 

persons interested in writing efficient vector code for the Gray. 

B. Subroutines 

There are 19 subroutines in the program "I2XENON", and they tend to 

fall into three catagories start-up, integration, and evaluation of 

system properties. Each of the subroutines is briefly outlined 

individually below under its respective category. 

a. start-up 
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There are three start-up subroutines. Their function is to initialize 

important parameters such as potential parameters, atom masses, the 

size of the integration cube, curve crossing points, and time step. 

[a.l] stinfo() 

Most of the parameters associated with a particular trajectory are in 

the program itself, and are established in this subroutine. In 

addition to assigning values to the many input parameters for the 

integrator, unit conversions are performed here. The basic units of 

time, length and mass expected bye the integration routines are 

picoseconds, angstroms, and amu's respectively. This subroutine also 

reads in initial xenon atom positions from a file generated by a bulk 

xenon trajectory, randomly changes one xenon atom into an iodine 

molecule, and assigns velocities to each degree of freedom by a call 

to a Gaussian random number generator. 

[a.2] rkr() 

The one potential not initialized by a call to stinfo() is the iodine

iodine RKR ground state potential. This is handled by the subroutine 

rkr(). This subroutine reads in a 1000 point force table generated 

from the RKR potential, and integrates this force function to reobtain 

the potential function also in the form of a 1000 point table. The 

potential function is only used in the evaluation of the energy of the 

system, and is integrated in this routine, as opposed to also reading 

it in from a file, to avoid round-off errors. Also note that both of 
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these tables are actually 2-point linear interpolation tables in the 

inverse of the square of the iodine molecule bond length. This 

provides a high density of points at short range, where the force 

changes rapidly, and a very low density of points for large bond 

lengths where the· force is small and changing slowly. If r 2 is the 

square of the iodine bond length, than the potential energy at that 

point is given by: 

potential energy- vtab(n) + sqrt(r2)*vtabi(n), 

where, 

n - int( 4750. 1 r
2 

) 

The force is calculated in a similar manner, however the force is a 

vector quantity and .must be projected onto the cartesian coordinate 

system of the integrator. 

[a.3] potswr() 

This subroutine calculates the point where curve crossing will occur 

between the iodine excited state and the ground state surfaces given 

the simulation temperature. It does a simple binary search based on 

the difference in potential energy for these two surfaces, looking for 

the point that they are within lkBT of one another. 

b. integration 

There are several subroutines in this section. They include the 

integrator and the routine for calculating instantaneous forces, as 
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well as several other routines for controlling the initial 

equilibration of the iodine/xenon system and curve crossing. 

[b.l] integ() 

This subroutine· is an implementation of the second order integrator of 

Beeman diseussed at length in Section III. It is completely 

vectorized, and takes two integration time steps for each call to 

integ(). By. taking two time steps per call, it is not necessary to 

return the new value's of the positions, velocities and accelerations 

of the atoms in arrays different than those used on entry. This 

problem can also be avoided by swapping arrays, however this type of 

structure is wasteful of computer time. 

[b.2] accel() 

This subroutine calculates the instantaneous force vector between each 

pair of atoms, projects it onto a set of cartesian coordinates, sums 

the results for each atom, and divides the total force by the 

appropriate atom mass to convert the forces to accelerations. In the 

calculation of the forces, the finite range of .the xenon-xenon and 

iodine-xenon potentials is exploited. This is accomplished through a 

pair of sorting procedures sort() and ssort(). These sorting 

routines generate a table of separations between each individual atom 

with all other atoms in the system under the. constraint that any 

particular pair of atoms appearing in this table is not separated by a 

distance significantly greater than the range of the respective 
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potential. This table is than used by accel() to calculate the 

forces. This structure prevents the explicit calculation of forces 

with zero magnitude between atoms separated by large distances. In 

addition, the time required to compute the forces for the entire 

system is linear with respect to the number of atoms in the system in 

the limit of an infinite number of degrees of freedom. In practice, 

this subroutine exhibits near linear behavior for systems with at 

least 200 atoms. Note that forces are calculated in accel() for atoms 

out to the range of the sort performed by sort(), even though some of 

these -lie outside the range of the potentials. This is performed by 

replacing the value of the true atom separation in the table by a 

distance, within the range of the potentials, where the magnitude of 

the force is zero. This leads to an increase in the degree of 

vectorization in accel() that is appreciable with respect to the extra 

computer time needed to calculate zero forces. 

[b.3] sort() 

This is the first of the pair of sorting routines in "I2XENON". It 

performs a system wide sort of all atom separations, recording only 

those pairs of atoms that are within some maximum given distance. 

This maximum distance is chosen to be greater than the actual range of 

the potentials so that it is not necessary to perform a sort of all 

atoms on each integration time step. In other words, it is very 

improbable that a pair of atoms initially outside the range of the 

sort performed by sort(), come within the range of the potentials 

before another call is made to sort(). In "I2XENON", sort() is called 
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every 20 integration time steps. 

is used by ssort(). 

[b. 4] ssort() 

The table generated by the routine 

This subroutine performs a sort on the subset of atom pairs in the 

table generated by sort(). It returns tables of these atom 

separations at the current point in the integration process. Any pair 

of atoms that. is found to be outside the range of the appropriate 

potential is included· in the tables returned by ssort(), although 

their actual separation is replaced by a value sent in the call to 

this subroutine. This value represents a point on the potential 

surface where the potential energy is zero or the force is zero 

depending on what subroutine called ssort(). This subroutine is 

called by accel() on each integration time step. It is completely 

vectorized, and uses only a small fraction of the computer time for 

each time step, however it is memory intensive -- it requires storage 

of the order N
2

, where N is the number of atoms in the system. For 

systems with up to a few hundred atoms, the memory requirements of 

sort() and ssort() are tolerable, but for larger systems the memory 

requirements lead to unfavorable scheduling priorities on time sharing 

machines, such as the Crays used for these simulations. For large 

systems, the sort routines in "I2XENON" should be replaced with 

subroutines that are perhaps slower to execute, but that have more 

modest memory requirements. 

[ b . 5] tempe() 
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This subroutine is used during the equilibration portion of the 

simulation. It scales all velocities in the system by a factor that 

is near unity. This leads to the removal (addition) of energy from 

(to) the system so that the desired simulation temperature is 

attained. 

[b.6] bondc() 

This routine is also used during equilibration. It symmetrically 

shifts the two iodine atoms such that they are separated by a distance 

equal to their equilibrium bond length, and replaces the iodine 

velocities by values chosen from an appropriate Gaussian distribution. · 

This routine is necessary since it is highly probable that the iodine 

molecule is initially placed in a high potential energy environment.· 

Some of this excess energy appears in the iodine vibrational 

coordinate-- a coordinate inefficiently quenched by tempe(). 

[b. 7] potchk() 

This . subroutine checks the iodine bond length in the excited 

electronic state. If it is equal to or exceeds the distance for curve 

crossing, the iodine molecule is placed back on its ground electronic 

state surface. The excess potential energy from this process is 

placed in the iodine vibrational coordinate parallel to the current 

vibrational motion so that energy is conserved. 
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[b.8] diss() 

This subroutine simulates the photoexcitation of the iodine mole~ule 

by making a vertical transition from the iodine ground electronic 

state to its excited state. Excess energy is placed in the iodine 

vibrational coordinate parallel to the current vibrational. motion. 

The total energy change is passed as a parameter in the call to this 

routine. 

c. system properties 

These subroutines calculate various properties of the system during 

the simulation. These properties include various correlation 

functions, instantaneous collision frequencies, and the kinetic and 

potential energies of the system. The routines represent drastic 

reductions of the simulation data as well as internal checks of the 

integrity of the trajectories. All of this information could be 

saved, in principle, by recording the instantaneous positions and 

velocities of all atoms in the simulation, however this requires the. 

non-volatile storage of a currently impractical quantity of data. 

[ c .1] energy() 

This subroutine calculates the kinetic and potential energies for the 

current configuration of the system. Knowledge of these energies 

serves two purposes. First, the average kinetic energy of the system 

is related to the temperature, and is used during the equilibration 
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stage of the trajectories to determine velocity scaling factors in 

tempe(). Second, the total energy, kinetic plus potential, is a 

conserved quantity since these simulations are for a closed system. 

Therefore, monitoring the total energy gives some measure of the 

accuracy of the integration as well as an internal check for debugging 

purposes. 

[c.2] wrv() 

This subroutine writes the current positions and velocities of the 

iodine atoms to disk. 

[c.3] ck() 

This subroutine counts "coll,isions" between xenon atoms and the iodine 

molecule. For this subroutine, a collision is defined as the passage 

of a xenon atom through an imaginary surface that is a distance, d, 

from one of the iodine atoms. Care is taken not to double count 

crossing events. The parameter d is passed in the call statement. 

[c.4] corev() 

This subroutine calculates the following two correlation functions: 

gl(r) 

g2(r) 

< ev(t) er(t) ev(t+r) er(t+r) >t 

< ev(t) er(t) ev(t) er(t+r) >t 

(10) 

(11) 
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where ev(t) and er(t) are the values of the iodine vibrational and 

rotational energies respectively, and< ... >t represents an ensemble 

average over time. These correlation functions are used to search for 

an indication that the dissipation of the iodine vibrational energy to 

the solvent occurs through solvent induced coupling of the iodine 

vibrational and rotational motions. 

called in equal increments of time. 

Note this subroutine must be 

[c.S] rotev() 

This subroutine calculates the current iodine vibrational and 

rotational energies. 

[c.6] fcorr() 

This subroutine calculates the following four force correlation 

functions: 

g3(r;t) < fi(t) f
1

(t+r) >T (12) 

g4(r;t) < f
5
(t) f

5
(t+r) >T (13) 

gS(r;t) < fi (t) f
5

(t+r) + f
5
(t) f 1 (t+r) >T (14) 

g6(r;t) < N
1

(t) N
1

(t+r) >T (15) 

where f
1 

(t) is the force on the iodine vibrational coordinate due to 

the iodine-iodine potential, f
5
(t) is the force on the iodine 

vibrational coordinate due to the solvent, N
1
(t) is the torque on the 

iodine molecule, and< ... >T represents an ensemble average overt, 

starting at time t, for an interval of time T. These correlation 
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functions are helpful when analyzing the coupling of the iodine 

vibrational motion to the other degrees of freedom of the system. In 

particular, g3 ( r, t) is dependent of the iodine atom motions, while 

g4(r,t) is related to the local solvent motions. The cross 

correlation function, gS(r, t), is then· a measure of the coupling 

between the mo'tions observed in g3 ( r, t) and g4( r, t). The torque 

autocorrelation function can be used to analyze the coupling of the 

iodine rotational motion to the local solvent. This subroutine must 

be called in equal increments of integration time. 

[c. 7] wfcorr() 

This subroutine writes the cumulative results of the calculation of 

Equations 12-15 defined above to disk. The average results of a 

particular correlation function over the interval of time t to t+T are 

obtained by subtracting the cumulative result at time t from the 

cumulative result at time t+T for the appropriate correlation 

function. The results can be normalized correctly since the 

subroutine also writes to disk the cumulative number of call to 

fcorr(). This subroutine is called frequently in "I2XENON", with the 

highest density of calls occurring shortly after recombination of the 

iodine atoms. This is the time that vibrational relaxation is most 

rapid, as is the rate of change of the correlation functions 

calculated in fcorr(). 

[c. 8] cross() 
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This subroutine calculates the cross product of the two vectors passed 

in the call statement. This routine is used when calculating torques 

as well as iodine rotational energies. 
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Chapter 3: MOLECULAR DYNAMICS SIMULATIONS OF THE IODINE 

PHOTODISSOCIATION/RECOMBINATION PROCESS 

IN SIMPLE MONATOMIC LIQUIDS 

I. INTRODUCTION 

The iodine photodissociation/recombination process in liquids has 

served as a model chemical reaction since the work on the cage effect 

by Rabinowitch, Wood and Franck in the 1930's.
1

•
2 

Early experimental 

studies of the iodine reaction examined indirect measures of the 

process h . b" i b b"l" . 3 - 9 
sue as gem1nate recom 1nat on pro a 1 1t1es. These 

recombination probabilities were typically interpreted in terms of 

atomic diffusion models that le4 to predictions of the time scale of 

geminate recombination after assuming initial distributions of the 

iodine radicals following the photodissociation process. In 1974, 

Chuang, Hoffman and Eisenthal published the results of the first 

direct observations of the iodine photodissociation/recombination 

10 
process on a picosecond time scale. The interpretation of these 

picosecond results has been the focus of many subsequent experimental 

and theoretical studies. 

The picosecond experiments of Eisenthal et. al. were transient bleach 

recovery measurements with approximately ten picosecond time 

resolution for the photodissociation of iodine in cc14 and hexadecane. 

Photodissociation was accomplished with an intense laser pulse at 532 

nm, while recombination was monitored at the same wavelength. The 

results showed a rapid initial rise time of about 15 ps, followed by a 
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slower decay over 50-200 ps to some constant offset relative to the 

absorption before photodissociation. The rise time was attributed to 

predissociation of the B-state of r
2

, while the slow decay was 

interpreted as a measurement of the time scale of geminate 

recombination, and the offset as a measure of the non-geminate 

recombination probability. The assignment of the slow decay of the 

transient bleach to a geminate recombination time has been the most 

debated portion of the iodine photodissociation/recombination p~ocess 

to date. 

A time scale of a few to several hundred picoseconds for geminate 

recombination was consistent with predictions of diffusion models in 

use at the time of the Eisenthal 
11 12 

experiments , ' although the 

physical validity for application . of these models to the iodine 

reaction was not established.
13

-
15 

In addition, the predictions were 

based on and sensitive to parameters that were not readily accessible, 

including atomic diffusion coefficients and initial distributions of 

the iodine radicals following dissociation. Molecular dynamics 

results for a small system with 26 atoms were also available at the 

time of the first picosecond experiments, and clearly predicted 

geminate recombination times on the order of a few picoseconds. 
16 

Later Nesbitt and Hynes suggested that geminate recombination was 

rapid, and that the slow decay observed by Eisenthal et. al. was 

actually a measure of vibrational relaxation of iodine in its ground 

electronic 17 
state. This was based on Frank-Condon arguments that 

showed that absorbtion of a 532 nm laser pulse led to transitions 

primarily from the first three vibrational levels of the iodine ground 

45 



electronic state. Nesbitt and Hynes also suggested that transient 

absorption measurements at various wavelengths to the red of 532 nm 

would probe other vibrational levels, and give a more complete picture 

of the recombination process. 

Transient absorption measurements have since been made in a range of 

18-29 
solvents with various combinations of pump and probe wavelengths. 

These results indicate that geminate recombination is rapid and that 

vibrational relaxation is the slow process observed by Chuang, Hoffman 

and Eisenthal. Also, trapping in significantly bound excited 

electronic states that correlate with two ground state iodine atoms 

has been observed, while more recent evidence has been obtained 

indicating that predissociation of the B-state of iodine is rapid and 

h . bi i . hi f . d 29 A t at geml.nate recom nat on occurs Wl.t n a ew pl.cosecon s. 

detailed discussion of many of these results can be found in the 

20 
recent paper by Berg, Harris and Harris. 

The recent picosecond experimental studies have clarified the role and 

time scales of several of the steps involved in the 

photodissociation/recombination reaction of iodine in simple room 

temperature solvents, although a detailed understanding of the 

mechanisms of the various steps is still lacking. Results presented 

in this thesis address this latter point. In particular, molecular 

dynamics simulations of the iodine photodissociationjrecombination 

process in liquid xenon at four solvent densities at 280K have been 

performed. These simulations have been directed at further 

understanding vibrational relaxation of iodine in its ground 

46 
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electronic state, hence many of the early time aspects of the 

dissociation process have been handled in an arbitrary manner or 

completely neglected. Under these assumptions, the molecular dynamics 

trajectory results indicate that vibrational relaxation occurs more 

rapidly as density is increased, and that the functional form of the 

decay is independent of density over the density range of these 

simulations. These results will be discussed in terms of simple 

isolated binary collision models. In addition, a phenomenological 

correlation between the rate of vibrational relaxation and the 

isothermal compressibility is noted. Lastly, a comparison with 

available experimental results indicates that V-T energy transfer may 

have been previously underestimated. 

These results will . be presented in the next four sections of this 

chapter. The organization of this chapter is as follows: Section II 

outlines the calculation of the individual molecular dynamics 

trajectories. Section III describes the results of the early time 

aspects of the trajectories, including photodissociation, curve 

crossing and geminate recombination. Qualitatively there are no new 

results in this section, and it is included mainly for completeness. 

Section IV presents iodine vibrational relaxation results. Finally, 

Section V compares the molecular dynamics results to available 

experimental data. 

II. CALCULATION OF TRAJECTORIES 
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The computer program used to calculate the trajectories presented in 

this chapter is exami~ed in Chapter 2 and is listed in Appendix A of 

this thesis. However, for those readers that chose to skip Chapter 2, 

a few of the details from Chapter 2 are restated in this section. In 

addition, implementation details regarding the initial equilibration 

of the iodine/xenon system, curve crossing, and recombination will be 

addressed in this section. 

The results presented here are based on classical molecular dynamics 

trajectories with 257 atoms -- 2 iodine and 255 xenon atoms -- in a 

cubic box with periodic boundary conditions. This choice for the size 

of the system was based on consideration of inczeasing computational 

cost with system size versus unwanted side effects due to the limited 

system size, including bulk heating and the restriction of density 

fluctuations supported by the system. For simulations with 257 atoms, 

the bulk temperature rise is approximately 20K. The restriction of 

density fluctuations was assessed by monitoring the density of xenon 

atoms is spherical shells about the iodine atoms following 

dissociation. These results are shown in Figures la-c for 109, 257 

and 501 atom systems respectively, for spherical shells of radii 6, 7, 

8, 9, 10 and 11 angstroms. Curve crossing was disabled for these 

initial simulations. Attempts were also made to observe thermal 

reflections from the boundaries, although none were observed within 

the noise of the simulations. A second order integrator described by 

Beeman was used to integrate the equations of motion with a 1 fs time 

30 step. The potentials for these trajectories were assumed to be 
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Figure 1. Number of atom centers in spheres of 6, 7, 8, 9, 10 and 11 

angstroms centered about the iodine center of mass as a function of 

time following photodissociation of the iodine. Photodissociation 

occurs at 2 picoseconds on the time axis, and iodine recombination was 

forbidden. The solid lines represent the equilibrium value for each 

of the shperes. The total number of atoms in each system is: (A) 

109' (B) 257' (C) 501 I 
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pairwise additive, and chosen to match surfaces employed in various 

simulations by other workers. The RKR potential of LeRoy comprised 

the iodine ground electronic state 31 surface, while the purely 

-9 5 1 repulsive r · potential suggested.by Tellinghuisen for the IT state 
u 

32 of iodine was utilized for the excited state surface. The iodine-

xenon and the' xenon-xenon potentials were modified Lennard-Janes 

surfaces: 

r :S 2. Sa 

(1) 
.. 0, r > 2.5a 

The potential parameters used are summarized in Table 1. 33 

To generate initial configurations, trajectories with 256 xenon atoms 

at SOOK and at a given density were integrated starting from an fcc 

configuration that uniformly filled the integration box. After ten 

picoseconds, and every 5 picoseconds thereafter, the positions of all 

of the· xenon atoms were saved. A set of twenty such configurations 

was. used to generate the initial atom positions for all subsequent 

trajectories with iodine in xenon at each particular densit:y. The 

iodine starting positions were selected by replacing a randomly chosen 

xenon atom in . a configuration by two iodine atoms. All atoms were 

then assigned velocities from a Maxwell-Boltzmann distribution 

consistent with the ultimately desired simulation temperature--

generally 280K. The integration proceeded for 4 picoseconds with 

periodic removal of excess energy from the iodine vibrational 

coordinate arising from the possible initial placement of the iodine 
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Table 1. 

Potential 

Xe-Xe 

Xe-I 

I-I 
(ground) 

I-I 
(excited) 

Summary of potentials. 

Form 

a 
Lennard-Jone~ 1 

£ - 154 em 
a- 4.1 A _

1 
c- .73 em 

a 
Lennard-Jone~ 1 

£ 225 em 
a - 3. 94 A _1 
c - . 84 em 

RKR 

R-9.5 
c 7 1 

c - 4xl0 em-

(a) Modified according to Eqn 1. 
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molecule in a high potential energy configuration. Over the next 6 ps 

of simulation time, the system was slowly quenched to bring the 

t~mperature down to the desired value. After an additional 8 ps with 

no external adjustments, the iodine/xenon system was assumed to be 

equilibrated and the photodissociation process begun. 

Photodissociation of the iodine was simulated by a vertical transition 

from the iodine ground electronic state to the iodine repulsive 

excited electronic state; kinetic energy was placed in the iodine 

atoms along the bond axis such that the total energy of the system 

-1 
increased by 17000 em The iodine atoms separated on the repulsive 

surface until the iodine excited and ground state surfaces were within 

1 kBT (kB is Boltzmann's constant, and T is temperature in Kelvin) of 

one another. At thi~ point, the iodine atoms were returned to the 

ground state surface, with excess energy allotted to the r 2 

vibrational coordinate. If curve crossing did not occur within five 

picoseconds, the trajectory was terminated. This premature 

termination occurred in approximately 20% of the highest density 

systems of these simulations while not at all at the lowest density, 

and is probably an indication of a need for a more complete curve 

crossing strategy at high liquid densities. After curve crossing, the 

iodine atoms were given ten picoseconds to recombine, in this case 

defined by the loss of sufficient energy to be at least 5 kBT below 

the iodine molecule dissociation limit. The results are relatively 

insensitive to these arbitrary conditions for determining 

recombination since vibrational relaxation is rapid at the top of the 

ground state well, and only one out of 33 trajectories resulting in 
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recombination at the lowest xenon density required nearly the full ten 

picoseconds to recombine. If the above criterion for recombination 

was not satisfied, the integration was stopped. For trajectories 

resulting in recombination, the integration was continued for 

simulation times up to one nanosecond. 

The initial trajectories for these simulations were run at a starting 

3 
temperature of 280K at four densities -- 1.8, 2.2, 2.6, and 3.0 g/cm . 

These parameters correspond to a pure Lennard-Jones system reduced 

temperature of 1.26, with reduced densities of .57, .70, .82, and .95 

respectively. These points are shown on an approximate single 

component Lennard-Jones phase diagram in Figure 2, and as can be seen, 

. span the density range from a low density liquid at nearly twice the 

critical density, to a high density liquid near the · liquid- solid 

transition region. This density range also spans the region where 

modern perturbation theories of liquids, such as those developed by 

Weeks, Chandler and Andersen show rapid convergence due to the mild 

influence of the attractive portions of the internuclear potentials on 

34 
equilibrium properties of the system. The trajectories were run on 

the San Diego Supercomputer Center Cray X-MP48 and the AT&T Bell 

Laboratories Cray X-MP48. Analysis of the trajectories was performed 

on DEC MicroVax II Workstations. Unless otherwise stated, the results 

presented in this chapter represent averages from a set of 

trajectories at a given initial temperature and density. These sets 

include at least thirty trajectories that resulted in recombination. 
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Figure 2. Location of simulation systems on an approximate Lennard

Janes phase diagram. Density is scaled by a
3

, and the temperature is 

scaled by E. 
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III. Early Time Dynamics 

The essential results of the early time dynamics of the iodine 

photodissociation process at 280K are summarized in Table 2. These 

include average curve crossing times, rcc' average iodine atom 

separations before collisions with the solvent reverse the momentum 

along the iodine vibrational coordinate for trajectories that result 
, 

in recombination versus those that do not, R and R respectively, 
mr mr 

and the corresponding average times till momentum reversal, r and 
mr 

mr 
Also tabulated are average maximum iodine atom separations for r 

trajectories that result in recombination and the average time to 

reach this point, R and r , ground state recombination times, 
max . rmax · 

rrec' and geminate recombination probabilities, ~-

The qualitative trends seen in Table 2 can be understood in terms of 

the free volume of the xenon solvent at the various densities. Xenon 

3 3 
at 1.8 g/cm has a very open liquid structure, while at 3.0 gjcm the 

atoms are tightly packed. Consequently, curve crossing occurs within 

a few tenths of picoseconds for all of the low density trajectories, 

while at the highest density curve crossing times range from a few 

tenths of picoseconds to over five picoseconds. Also, at low 

densities the iodine atoms tend to attain larger separations following 

curve crossing before the momentum is reversed along the iodine 

vibrational coordinate, and require correspondingly longer times to do 

so. This situation makes it more likely that solvent atoms will be 

able to move into configurations that hinder subsequent geminate 
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Table 2. Results For Early Time Dynamics. 

Q • a,b 
uant~ty Density 3 

(g/cm ) 
1.8 2.2 2.6 3.0 

.,. "(ps) .30 (.09) .36 (.17) .54 ( .46) 1.6 (1. 4) cc 

R (A) 6.4 (1. 5) 6.2 (1. 2) 5.7 (1. 0) 4.8 (0.5) mr , 
R (A) 10.4 (3.5) 9.0 (2.9) 7.2 (1. 8) 5.2 (0.9) mr 

.,. (ps) 1.1 (.64) .88 (.56) .66 (.33) .50 (.38) mr 

.,. (ps) 2.0 (1. 2) 1.8 (1.1) 1.1 (0.5) .80 (. 65) mr 

R (A) 7.4 (3.1) 6.6 (1.4)· 6.1 (1.1) 5.7 (0.8) max 

.,.rmax (ps) 1.9 (3.0) 1.3 (1. 2) 1.2 (1. 0) 2.0 (1. 8) 

.,. (ps) 4.1 (3.2) 3.1 (2.1) 2.5 (1. 8) 3.0 (2.1) rec 

~ .28 (.06) .33 (.06) .68 ( .07) .87 (.06) 

(a) See text for description of notation. (b) Values in parentheses represent one standard deviation. 

.. 



recombination. The average separations when momentum reversal occurs 

for trajectories that result in recombination are -6 A at all 

densities, while the average maximum separations observed for the same 

trajectories are only slightly larger. Comparison of this separation 

with the potential parameters in Table 1 leads to. the conclusion that 

the majority of· the observed recombination events occur when the first 

xenon solvation shell is not penetrated by the iodine atoms following 

dissociation. 

These results for the early time dynamics are qualitatively consistent 

with molecular dynamics simulations of iodine in xenon and iodine in 

spherical cc14 performed by other workers on systems with a few to 52 

t 33,35-37 I i l i b. · h a oms. n part cu ar, gem nate recom 1.nat1.on occurs on t e 

order of a few picoseconds, and is apparently unlikely if the first 

solvation shell is penetrated by at least one of the iodine atoms 

following dissociation. The values for the time scale of geminate 

recombination thus far determined from molecular dynamics simulations 

are perhaps lower bounds to results more realistic systems might 

indicate for low density liquids, since in the present simulations as 

well as those of other workers, most of the ten distinctly different 

potential surfaces correlating with two ground state iodine atoms have 

b . d . h 1 1 . f h . . 38 een 1.gnore 1.n t e ca cu at1.on o t e traJectorl.es. The inclusion 

of other potential surfaces would likely result in the transient 

capture of iodine on the various 39 surfaces, as well as the 

experimentally observed trapping of iodine in significantly bound 

26 27 states such as the A and A' -states. ' At high liquid densities, 

our results show a weakness in the method used in these simulations to 
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handle curve crossing, with tight solvent packing holding the iodine 

atoms inside the curve crossing region longer than 5 ps for some 

trajectories. Since curve crossing for these simulations occurs at an 

iodine atom separation of about five angstroms, and seven of the ten 

known different iodine molecule electronic states correlating with two 

ground state iodine atoms cross or are close in energy in the range of 

four to five 
40 

angstroms, it seems reasonable that strong solvent 

interactions with the iodine would induce curve crossing in a more 

physically complete simulation. Therefore, our curve crossing times 

for high liquid densities may be too long, thus affecting 

recombination probabilities and recombination times. In addition, 

this weakness in the employed model of curve crossing illustrates a 

qualitative difference in the iodine motion through the curve crossing 

region at the various liquid stat~ densities, which may be manifest as 

different branching ratios for the iodine population among the bound 

states of the iodine molecule. 

IV. Vibrational Relaxation 

Trajectories that resulted in recombination were integrated to one 

nanosecond at 1.8 
3 

gjcm , and to 500 picoseconds at all other 

densities. These trajectories were used to calculate the time 

dependent average translational, rotational, and vibrational energies. 

The average translational and rotational energies were approximately 

constant with a magnitude slightly higher than kBT for the 

trajectories, except during the first five to ten picoseconds 
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following recombination. The density dependent vibrational decays 

shown in Figure 3 clearly display that the rate of vibrational 

relaxation increases with increasing density and that vibrational 

relaxation is most rapid in the upper half of the iodine ground state 

surface where the vibrational spacing is narrow and the amplitude of 

the motion is 'large. In addition, the vibrational decays at the 

various densities can be made to overlap one another within the noise 

of these simulations by a simple linear scaling of the time axes. The 

time scaling factors normalized 
3 

to the 1. 8 g/ em results range from 

3 
1. 3 at 2. 2 g/cm to 4. 0 at 3. 0 g/cm

3
; since the rate of vibrational 

relaxation increases with density, the time scaling factors increase 

monotonically and are greater than unity. The result of scaling the 

vibrational decays for the two extreme densities .is shown in Figure 4. 

The scaling of the vibrational decays could be interpreted as an 

indication that isolated binary collision models
41 

might be useful in 

understanding vibrational relaxation of iodine in its ground 

electronic state in the liquid phase. In their simplest form, 

Equation 2, these types of models decompose the state-to-state 

relaxation rate, Rij' into two terms a transition probability 

matrix for going from state i to state j of the iodine molecule per 

collision, M .. , and a density dependent collision frequency, v.(p): 
lJ 1 

(2) 

This form of the isolated binary collision model completely neglects 

effects due to the simultaneous collision of two or more solvent atoms 

with the oscillator, as well as correlated solvent collisions. 
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Figure 3. Ground electronic state iodine vibrational decay versus 

time following recombination. 

-1 
well is at 12568cm . 

The bottom of the iodine ground state 
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Figure 4. Demonstration of the time scaling of the iodine vibrational 

decays. The time axis of the 3.0 gjcm3 decay is extended by a factor 

of 4.0. 
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Furthermore, if the collision frequency is independent of the state of 

the iodine and vibrational relaxation is sufficiently slow such that 

the initial distribution of highly vibrationally excited iodine 

molecules on the ground state surface is of no consequence, then the 

transition matrix determines the form of the decay and the collision 

frequency speci'fies the time scale of the relaxation process. This 

implies that the observed normalized time scaling factors should be 

proportional to the identically normalized collision frequencies if 

this simple model is appropriate. 

A collision is difficult to define in condensed phases since the tight 

packing of molecules continuously keeps atoms in.the proximity of one 

another. But for the purposes of this comparison, we will define a 

collision to be the movement of a xenon atom to within some given 

distance of one of the iodine atoms. Physically, the crossing 

distance should be on the repulsive wall of the iodine-xenon 

potential, whence crossing distances ranging from 3.7 to 4.15 

angstroms were considered for this calculation. The crossing events 

were counted as the iodine vibrationally relaxed so that some measure 

of the vibrational energy dependent collision frequency could be made. 

This collision frequency as a function of vibrational energy at 3. 0 

g/cm
3 

is shown in Figure 5 for a variety of crossing distances. The 

collision frequencies are approximately constant with vibrational 

energy, a result still consistent with the simple isolated binary 

collision model discussed above. Table 3 shows the time scaling 

3 
factors normalized to the results at 1.8 g/cm , as well as collision 

frequencies (both normalized and unnormalized) obtained from this 
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Figure 5. Collision frequencies calculated in the simulations for 

several collision radii versus total iodine vibrational energy. The 

collision radii are: (A) 4.1A, (B) 4.0A, (C) 3.9A, (D) 3.8A, (E) 

3.7A. 
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model of a collision. The collision frequencies reported in Table 3 

assume a constant collision frequency as a function of vibrational 

energy at a given density, and a somewhat arbitrary collision radius 

of 3.83 angstroms (the point kBT above the dissociation limit of the 

iodine-xenon Lennard-Jones potential surface). 

The relative collision frequencies obtained are within a factor of two 

of the scaling factors for the range of crossing distances from 3.7 to 

4.0 angstroms, although no distance was found for this model that made 

all of the relative collision frequencies agree with the time scaling 

factors within the uncertainty of the simulation results. Several 

other simpler models of collision frequencies were tried, with similar 

outcomes. In addition, Nesbitt and Hynes have calculated binary 

collision energy transfer rates for one-dimensional collisions of 

xenon with Morse oscillator I
2

, and obtained vibrational decays that 

are complete in approximately one nanosecond -- similar to the present 

results at 1.8 gjcm3 . 17 •42 In doing so they assumed a collision 

frequency of ten per picosecond and a geometric factor of . 5. If, 

instead, it is assumed that the value of the collision frequency 

reported in Table 3 for 1. 8 3 g/cm is appropriate, a physically 

unreasonable value of two for the geometric factor would be required 

to recover the agreement between Nesbitt and Hynes calculations and 
\ 

our simulations. This comparison is somewhat weak since different 

potentials were used for the two calculations, although similar 

results have been obtained in recent binary collision simulations of 

xenon interacting with RKR I
2 

through the repulsive portion of the 

Lennard-Jones potential used in these molecular dynamics 
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Table 3. Time Axis Scaling Data. 

. 3 S a b -1 -1 Density (g/cm ) II (norm) II (ps ) ~eT (atm ) f c c 

1.8 1.0 1.0 1.40 l.OxlO -3 

2.2 1.3 (.15) l. 25 l. 75 6.lxl0 -4 

2.6 3.8 (.5) 2.61 3.65 9.2xl0 -5 

3.0 4.0 (.5) 2.98 4.17 4.4xl0 -5 

(a) 
(b) Values in parentheses are approximate uncerta~nties. 

Normalized to collision frequency at 1.8 gjcm . 



. 1 . 43 
s~mu at~ons. This may be some indication of the relative 

contributions to vibrational energy transfer from binary collisions 

versus higher order collisions and correlated collisions, and 

therefore a breakdown of the simple isolated binary collision 

theories. Additional criticism on the application of isolated binary 

collision models to the understanding of vibrational relaxation for 

large amplitude motions in dense systems is derived from collision 

frequencies calculated for a fictitious "xenon" solvent with a mass 

one half that of xenon, but with identical Lennard-Jones potential 

parameters. Results of the collision frequency calculated for the 

fictitious solvent at 0.9 g/cm
3 

are shown in Figure 6, along with the 

3 
collision frequencies determined at 1.8 g/cm . Figure 6 clearly shows 

that for large iodine vibrational amplitudes, the iodine motion is 

dominant in determining the iodine-xenon collision frequency -- not 

the average solv~nt speed. For lower total vibrational energies, the 

curves in Figure 6 deviate, indicating that for small amplitude 

vibrational motions the average solvent speed is influential in 

collisional processes. This phenomena is more pronounced at higher 

densities. The facts that a collision frequ.ency is an ambiguous 

concept in dense liquids, that a collision frequency is strongly 

correlated with the vibrational motion of large amplitude modes in 

dense systems, and the inability of simple collisional models to 

quantitatively predict the scaling factors observed in the present 

simulations, indicate that Isolated Binary Collision models are 

inappropriate for understanding the present system. These results 

also suggest that correlating the rate of vibrational relaxation with 

better defined physical parameters may be helpful. 

73 



Initial attempts to correlate the rate of vibrational relaxation of 

iodine in liquid xenon to well defined physical parameters, focused on 

thermodynamic properties of the pure solvent. Since iodine has few 

internal modes, it might be anticipated that the dynamics of the 

relaxation process could be closely related to density dependent 

macroscopic properties of the solvent such as the pressure or the 

isothermal compressibility. Results of a phenomenalogical comparison 

to the isothermal compressibility are discussed below. 

The isothermal compressibility is defined in Equation 3: 

~T- -(ljV)(8V/8P)T- (l/p)(8pj8P)T' (3) 

where V is volume, P is pressure, and p is density-. The isothermal 

compressibility is crudely a measure of the volume change necessary to 

produce a significant change in the energy of the system. For these 

simulations, this volume change might be considered to be the 

difference in the total volume swept out by the iodine atoms during 

one vibrational period, and the average volume of the r
2 

over one 

vibrational period; with the isothermal compressibility relating this 

volume change to the strength of the solvent-vibrator interaction. 

This would imply a strong coupling of the r
2 

motion to the solvent 

motion for large amplitude vibrations, and therefore rapid relaxation, 

with much weaker coupling predicted for small vibrational amplitudes. 

This is qualitatively consistent with the results of · these 

simulations. Consideration of the isothermal compressibility is also 

appealing since the binary collision frequency for a low density gas 
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Figure 6. Collision frequencies calculated from simulations for 

several radii at two different mass densities but constant number 

density. The lower curve at low vibrational energy for each radius is 

3 
for xenon at 1.8 g/cm . The upper curve is for "ficticious xenon" at 

3 
0.9 g/cm . The radii are: (A) 4.1A, (B) 4.0A, (C) 3.9A, (D) 3.8A, 

(E) 3.7A. 
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can be explicitly written in terms of ~eT at densities where the 

equation of state of the gas is expressed in the form of the ideal gas 

law. If such an expression is then extended into a density regime 

characteristic of liquids, it might be hoped that ~eT would account for 

some of the higher order collisional effects neglected by expressions 

of the binary collision frequency based on density. The derivation of 

the collision frequency in terms of ~eT can be shown by expressing p in 

terms of ~eT from Equation 4 below: 

1 d 

[ k:T l 1 
(4a) 

p dP 

or 

1 
p (4b) 

The expression for p obtained from Equation 4 is then substituted into 

the well known expression for the collision frequency per atom for a 

44 hard sphere gas to yield: 

v 
c 

(Sa) 

(Sb) 

where v is the collision frequency, and m and d are the respective 
c 

mass and diameter of each hard sphere particle. 

So that a comparison of the isothermal compressibility could be made 

with the results of the trajectories, ~eT was calculated from the 
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radial distribution functions, g(r;p), obtained from 256 atom Lennard-

Jones xenon simulations at several densities. The radial distribution 

functions were used to calculate the pressure of the xenon system as a 

function of density from Equation 6 45 , and then the appropriate 

derivative from equation 3 was evaluated to obtain ~T. 

p 1 
1 -

dV(r) 

dr 

2 
pg(r) 411'r dr (6) 

Figure 7 ·is a log-log plot of scale factors versus ~T. The 

approximate fit depicted by the line in Figure 7 has a slope of about 

-~. The negative value of the slope shows the expected result that 

coupling of the oscillator motion to the solvent is strongest in the 

least compressible (or most dense) system. The magnitude of ~ is not 

understood at this time, although it is interesting to note that the 

standard deviation of the local density fluctuations is proportional 

~ 46 
to ~T . Again though, an understanding of the relationship between 

density fluctuations and vibrational relaxation is lacking. 

It must also be acknowledged that there are several problems with 

relating the rate of vibrational relaxation to the isothermal 

compressibility. First, ~T diverges at the critical point, yet the 

47 48 
rate of vibrational relaxation at the critical point is non-zero. ' 

A non-zero rate is expected since vibrational relaxation is 

predominantly dependent on local interactions with the solvent. 

Therefore the long range density fluctuations, characteristic of the 

divergence of ~T at the critical point, should play a minor role in 

the relaxation process. At the same time, it is interesting to note 
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that the isothermal compressibility does not exhibit a singularity for 

very small systems, such as the ones used for these simulations, since 

the system is not large enough to support large density fluctuations. 

In this case, a calculation of the isothermal compressibility is 

effectively a local quantity, and therefore the correlation with the 

rate of vibrational relaxation is not as suspect. Unfortunately, this 

quantity is no longer representative of the experimental observable, 

except far from the critical point where long range d~nsity 

fluctuations are unimportant. An additional criticism is derived from 

Equation 5, which predicts that the rate of vibrational relaxation is 

-1 
proportional to "T at very low densities. This again indicates that 

the relationship between the rate of vibrational relaxation and the 

isothermal compressibility is more complex than is implied by Figure 

7. A more minor objection with relating the rate of vibrational 

relaxation to the isothermal compressibility is that it does not make 

any prediction of the rate of vibrational relaxation of iodine in 

various solvents. This is demonstrated by comparing the time scale 

of vibrational relaxation of iodine in several solvents to their 

respective values of "T' Experimental results indicate that the 

relaxation rates vary by about a factor of three for several simple 

10 20 
solvents at room temperature, ' yet the values of the isothermal 

compressibilities for these same solvents are . nearly identical and 

uncorrelated with the rate of vibrational relaxation.
49 

This is 

summarized in Table 4. The above considerations indicate that the 

isothermal compressibility is not the macroscopic solvent property 

directly relevant to understanding vibrational relaxation. Even so, 

the correlation exhibited in Figure 5 is suggestive that the 
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Figure 7. Plot of log of the isothermal compressibity calculated for 

pure xenon at the density for each scale factor versus the log of the 

time axis scale factor. 
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Table 4. Comparison of approximate relaxation times for 
iodine in several solvents to the isothermal 
compressibility for the pure solvent. 

Solvent 

·Hexane 

Cycle
Hexane 

Nonane 

Approximate 
Lifetime 

149 ps 

148 

52 

108 

160 

66 

a 
ICT 

(pure solvent) 

10.4xlo-10 2 -1 m -N 

10.0 

9.7 

16.5 

11.3 

12.3 

(a) From CRC Handbook of Chemistry and Physics. 
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development of theories of vibrational . relaxation in te.rms of 

macroscopic solvent parameters may be helpful in understanding the 

qualitative trends observed in these simulations. The analysis of the 

correlation of the bulk solvent pressure to the rate of vibrational 

relaxation yields similar results and conclusions, most likely due tb 

the close relationship between the pressure and the isothermal 

compressibility, however the pressure is well behaved at the critical 

point. 

A more detailed analysis of the dynamics of vibrational relaxation 

includes examining the nature of the forces exerted on the relaxing 

oscillator, with the forces typically being characterized by various 

force correlation functions. However, the various iodine force 

correlation functions are in general dependent on the 12 vibrational 

energy, and therefore calculating the correlation functions is just as 

computer intensive as calculating the vibrational relaxation process 

itself using the techniques of molecular dynamics. Nonetheless, three 

force correlation functions related to the forces exerted on the I 2 

along the vibrational coordinate were calculated from the results of 

ten SOOps trajectories at each of four densities. These correlation 

functions are defined below: 

g
1
(r;t) 

g2(r;t) 

g3(r;t) 

<fi(t) f 1 (t+r)> 

<f8 (t) f
8

(t+r)> 

<f8 (t) f
1

(t+r) + f
1
(t) f 8 (t+r)> 

(7) 

(8) 

(9) 

where f 1 ( t) is the time dependent force on the •· iodine vibrational 

coordinate due to the I-I potential, and f 8 (t) is the time dependent 

83 



force on the iodine vibrational coordinate due to the I-Xe potential. 

These correlation functions were averaged over 4 ps intervals for the 

first 100 ps, and 10 ps intervals for the last 400 ps of the 

vibrational decay. Representative results for the correlation 

functions g
1 

and g
2 

at times corresponding to vibrational energies of 

-8000 cm-l and ~1000 cm-l above the iodine ground state minimum at the 

density of 3.0 
3 

g/cm are shown in Figure 8. Note that these 

correlation functions do not go to zero at long times due to the non-

zero average pressure exerted on the iodine by the solvent. The 

iodine-iodine type force autocorrelation functions, show 

-1 
oscillations characteristic of the vibrational frequencies of 178 em 

and 208 
-1 

em 

respectively. 

for the high and low total vibrational energies 

These same frequency components clearly appear in the 

iodine-xenon type force autocorrelation functions. This is more 

clearly demonstrated in the respective Fourier transforms of the 

correlation functions shown in Figure 9. The cross correlation 

functions, defined by equation 4, were used to approximately calculate 

the relative phase shift, a, between the components of the forces 

exerted along the iodine bond axis due to the r
2 

potential and the 

solvent at vibrational frequency w, using the equation (see Appendix 

C): 

~ 
cos(a(t))- ~G3 (w;t) / (G

1
(w;t) G

2
(w;t)) , (10) 

where G
1 

is the Fourier_ transform of g
1

, etc. The use of Equation 10 

to determine phase shifts does have one disadvantage. Motions of the 

solvent that are independent of the iodine motion contribute to the 

magnitude of G2(w;t), yet they are uncorrelated with f
1
(t). This· 

tends to drive the value of a(t) toward 90°. But, since the amplitude 
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Fi~ure 8. Plot of the correlation functions gl and g2 .defined in the 

text for two total vibrational energies. The solid line in each plot 

corresponds to a total vibrational energy of about 8000cm- 1 , while the 

dashed line represents about lOOOcm-l of vibrational energy. 
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Fi&ure 9. Plot of the functions Gl and G2 defined in the text at two 

total vibrational energies. The solid line in each plot represents a 

-1 total vibrational energy of about 8000cm , while the dashed line 

-1 corresponds to about lOOOcm of vibrational energy. The units on the 

ordinate are arbitrary. 
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of the modes of the pure solvent at frequencies characteristic of the 

vibrational motion of the iodine are small, and the iodine is 

vibrationally very hot by comparison to the local solvent, it is 

expected that the contribution of the independent solvent motions to 

the calculated phase shifts are negligible. 

Knowledge of the phase shift between the forces on the iodine 

vibrational coordinate due to the iodine-iodine potential versus those 

due to the iodine-xenon interaction is important when assessing the 

nature of the oscillator-solvent interactions. For example for the 

case of iodine in xenon, the xenon could essentially be at rest over 

the period of one iodine vibration. In this case, the force on the 

iodine vibrational coordinate due to the xenon is strictly due to the 

advance and recession of the iodine atoms to the first solvent shell. 

This type of motion is characteristic of an elastic interaction, with 

the external and internal oscillator forces being in phase, and does 

not lead to the dissipation of energy. On the other hand, a non-zero 

phase shift implies the solvent does have time to reorient on the time 

scale of a vibrational period, and hence the solvent may absorb energy 

and redistribute it among the various degrees of freedom of the 

system. 

The phase shifts calculated from equation 10 are noisy, ranging from 

15° to 30°. No clear trend is observed within the noise in the phase 

shifts as a function of iodine vibrational energy, although some 

tendency is seen for larger phase shifts with decreasing density. 

This larger phase shift is probably due to the more spacious local 
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Table 5. Phase shifts calculated from 
Equation 8, averaged over the 
entire vibrational decay. 

3 · Density (g/crn ) Average Phase Shifta 

1.8 26° ± 30 

2.2 22° ± 30 

2.6 19° ± 30 

3.0 18° ± 40 

(a) Uncertainties represent one 
standard deviation. 
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solvent environment at lower densities, since solvent motion is less 

impeded and so reorientation is more likely. Table 5 gives the phase 

shifts averaged over the vibrational decay as a function of density. 

These non-zero phase lags indicate that the solvent is responding to 

the motion of the 12 , acting to dissipate energy. They also reveal 

the poorness ·of approximating the iodine force autocorrelation 

function due to the solvent by the pure xenon force autocorrelation 

function in this system. For comparison, the xenon-xenon force 

autocorrelation function at 1.8 g/crn3 is shown in figure 10. 

V. Comparison to Experiment 

Thus far there is experimental information available for the 

photodissociationjrecornbination process of iodine in xenon at only one 

density, 1.8 g/crn3 , and most of that data is applicable only for the 

lower portion of the 12 ground state surface. 21 The experimental 

results were obtained by predominantly pumping the B-state of iodine 

with a 590 nm picosecond laser pulse. The B-state predissociates to 

ultimately form two ground state iodine atoms. Experiments for 12 in 

cc14 indicate that predissociation is rapid, 29 making the neglect of 

this facet in the present simulations reasonable. The xenon results 

reveal that geminate recombination is rapid, consistent with 

simulations, and the experiments show that vibrational relaxation 

requires several nanoseconds for completion. Further analysis of the 

experimental results implies an average iodine vibrational energy of 

1 -1 6000 ern- about 50 ps after dissociation, and an energy of 2000 ern 
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Figure 10. Plot of the force autocorrelation function computed for 

Lennard-Janes xenon, and its Fourier transform. 
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about 500 ps after dissociation. These experimental results agree 

with the present simulations for early times, but clearly disclose 

that vibrational relaxation is significantly slower near the bottom of 

the ground state well than simulations predict. This lack of 

quantitative agreement is not unexpected, mainly due to the many 

uncertainties regarding the real iodine and xenon potentials, as well 

as effects introduced by the finite size of the simulation systems. 

Two additional sets of simulations were 
3 . 

performed at 1. 8 g/cm to 

determine the qualitative sensitivity of the simulations to these 

points, and are discussed below. 

The iodine-xenon Lennard-Janes potential parameters used in these 

simulations are approximate fits to experimental data on the iodine 

atom-xenon· atom· interaction, and the iodine molecule-xenon atom 

interaction is assumed to be the pairwise sum of two of these atom-

atom potentials. This latter assumption is not expected to hold for 

the two strongly interacting iodine atoms, due to the major electronic 

rearrangement of the iodine atoms upon the formation of an iodine 

molecular bond. Therefore it is important to assess the sensitivity 

of the simulation results to the detailed form of the iodine-xenon 

potential when making quantitative comparisons to experiments. To 

test the sensitivity of the results to the iodine-xenon potential, a 

set of ten trajectories were run at 280K and 1.8 g/cm3 with the 

iodine-xenon Lennard-Janes energy parameter one half of that used in 

the previous trajectories. This decreases both the well depth of the 

1 2 -xenon potential, and the slope of the repulsive wall in the region 

of the classical turning point for collisions between iodine and 
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Figure 11. Plot of iodine vibrational decay computed for two sets of 

iodine-xenon Lennard-Jones parameters. "OLD" refers to the set of 

parameters used for the majority of the simulation results reported. 

See the text for explicit values. 
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xenon. The vibrational decay calculated from these trajectories is 

shown in Figure 11, and the results indicate that vibrational 

relaxation in this latter system is significantly slower due to the 

softer repulsive wall. In fact, extrapolating the decay curve from 

this set of trajectories to the bottom of the ground state well 

suggests that completion of vibrational relaxation requires about two 

nanoseconds, a result more consistent with the experimental data. No 

significant differences were observed in the initial distribution or 

recombination of the iodine atoms following dissociation -- likely due 

to the small number of trajectories calculated. This does demonstrate 

that the absolute time scale of the iodine vibrational relaxation 

process is sensitive to the detailed nature of the potentials, 

although hopefully the qualitative aspects of the density dependent 

vibrational relaxation process are more immune to the exact form of 

the potentials used in the simulations. 

The second point considered was the bulk temperature rise caused by 

the addition of 17000 cm-l of energy to the system. The addition of 

this much energy results in a temperature increase of about 20 K once 

the energy has been distributed among all the degrees of freedom of 

the system. Although this problem can be avoided by using larger 

systems, the computational cost of doing so can be prohibitive. 

Therefore to test the sensitivity of the simulation results to 

temperature, trajectories were calculated with the same number of 

atoms, 257, at an initial temperature of 320K and density of 1. 8 

3 
g/cm . The vibrational decay obtained from a set of ten such 

trajectories is shown in Figure 12, along with the original results at 
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Figure 12. Plot of the iodine vibrational decay computed for two 

different initial iodine/xenon system temperatures. 
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280K for this density. The 320K system shows a noticeably faster 

relaxation rate due to the increased average speed of the atoms, 

indicating the rate of iodine vibrational relaxation at 280K 

determined from these simulations is too fast by as much as a factor 

of two because of the temperature rise over the course of the 

relaxation process. Other densities were not checked, but similar 

results would be expected. 

Finally, the simulation results are compared to the experimental 

results for the vibrational relaxation of iodine in a series of 

chlorinated me thanes at room temperature and pressure. 

Experimentally, it is observed that the rate of vibrational relaxation 

of iodine in the chlorinated methanes follows the progression CC14 < 

20 CHC1 3 < CH
2

c1
2 . The slowest case of CC14 requires about 200 ps for 

the completion of the vibrational relaxation process. This trend is 

consistent with the idea that vibrational relaxation for a V-T process 

will be most rapid in lighter solvents primarily due to their higher 

average speeds, although it has been suggested by Nesbitt and 

Hynes, 17 •42 and Wilson et al., 50 - 52 that V-T energy transfer for 

iodine in the lower half of the ground state well is inefficient in 

these liquids, and should be dominated by other transfer mechanisms. 

On the other hand, the present simulations of the vibrational 

relaxation of iodine in xenon at 3 . 0 3 
g/cm indicate that 

reequilibration of iodine in the ground state occurs on the order of 

250 ps, similar to the experimental times found for CC1
4 , which is 

comparable to xenon in size, shape and mass. In addition, a set of 

ten trajectories run at 280K and 1. 5 g/cm3 for a fictitious sol vent 
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with the potential parameters identical to those used for xenon but 

with a mass one half the mass of xenon were calculated. The 

vibrational relaxation results for these trajectories are shown in 

3 
Figure 13, with the 3.0 g/cm xenon results. These results show that 

vibrational relaxation occurs approximately twice as fast in the 

lighter solvent·, roughly the same ratio seen for CC1
4 

to CH
2

c1
2 

where 

the ratio of masses is also approximately 2:1. Even though the 

simulation time scales for vibrational relaxation of iodine in xenon 

have not been experimentally verified at high densities, these results 

imply that the rate of V-T energy transfer has been underestimated, 

and may indeed be competitive with V-V and V-R transfer in simple 

polyatomic solvents, when the density of near resonant internal 

solvent modes available to the relaxing oscillator is low. 

VI. CONCLUSIONS 

The results for the early time dynamics from these molecular dynamics 

trajectories are qualitatively consistent with similar simulations by 

other workers. It is found that geminate recombination occurs 

primarily within a few picoseconds of dissociation at each of the four 

densities of these simulations, while most of these recombinations 

result from dissociation events that do not break the first solvation 

shell. Geminate recombination probabilities range from about .25 at 

3 3 1. 8 g/cm to . 90 at 3. 0 g/cm . The motion of the iodine on its 

dissociative surface for these simulations is qualitatively different 

for the extreme densities, perhaps manifesting itself experimentally 



Figure 13. Plot of the iodine vibrational decay for two solvent mass 

densities at constant number density. Curve (A) is for "ficticious 

xenon" at 3 1. 5 gjcrn , while curve (B) is obtained with Lennard-Jones 

3 xenon at 3.0 g/cm : 

102 



('I') 

0 
M 

VIBRATIONAL DECAYS FOR HIGH AND LOW MASS DENITY 
0----------------------------------------------~ 

-3000 

r----. 

....--1 

~-6000~\\ 
r I \ \ 

l9 
0::: 

~-9000~ \ 
w 

~ 

(Al LOW MASS DENSITY (1,5 G/CM3l 
(Bl HIGH MASS DENSITY (3,0 G/CM3l 

( B l 

I 

-12000t 1~ I .... :: 
1 

-d 
0. 50. 100. 150. 200. 250. 

TIME (PSl 

('I') 

M 

Q) 

1-1 
::I 
bO 

•rl 
r... 



in significantly different branching ratios among the various 

electronic states of iodine, although more sophisticated simulations 

and experiments need to be developed to make a definitive statement 

regarding this point. 

The rate of vibrational relaxation is observed to increase with 

increasing density -- relaxation is approximately four times faster at 

3 3 3.0 g/cm than at 1.8 g/cm -- while the functional form of the decays 

is approximately independent of density. These observations are 

consistent with simple isolated binary collision models, but attempts 

to fit the simulation data through a calculation of time scaling 

factors based on collision frequencies showed that all of the simple 

models of collision frequency considered underestimated the time 

scaling factors. Also, a comparison of the vibrational decay from 

Nesbitt and Hynes binary collision model for iodine and-xenon with our 

decay at 1.8 g/cm3 indicates an unphysical geometric factor of two is 

necessary to match relaxation time scales, assuming our approximate 

collision frequencies are appropriate. This may be a measure of the 

importance of binary collisions relative to higher order and 

correlated collisions for vibrational relaxation in these systems, and 

therefore an indication of the breakdown of simple isolated binary 

collision models. In addition, a strong correlation is observed 

between collision frequencies and iodine vibrational motions for large 
0 

amplitude modes. Together these results imply that simple isolated 

binary collision models are inadequate for understanding iodine 

vibrational relaxation in liquid xenon. 
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Two other aspects of the vibrational relaxation process of iodine in 

xenon were also noted. First, a phenomenological comparison between 

time scaling factors and the isothermal compressibility indicates that 

-~ the time scaling factors are approximately proportional to ~T in the 

density range considered. This suggests that the development of 

theories relating the rate of vibrational relaxation in a particular 

solvent to macroscopic parameters of the pure solvent may be helpful. 

However, the isothermal compressibility is probably not the most 

relevant such parameter. Second, the force autocorrelation function 

of the forces due to xenon on the iodine vibrational coordinate were 

compared to a pure xenon force autocorrelation function. The presence 

of 12 was found to significantly perturb the forces on the iodine due 

to the solvent, especially for high vibrational energies and, in 

particular, oscillations in the solvent at the iodine vibrational 

frequency were observed with an appreciable out-of -phase dissipative 

component. It might be reasonable to expect models of vibrational 

relaxation, such as those based on generalized Langevin equations, to 

reproduce this feature when the oscillator/solvent interaction is 

incorporated properly. 

Finally, simulation results agree with the available experimental data 

at early times, although discrepancies are apparent after a few 

hundred picoseconds, when experimental vibrational relaxation rates 

are significantly slower than the corresponding simulation results. 

This disagreement was shown to be at least partly due to uncertainties 

in the potentials used for these simulations, as well as bulk heating 

affects due to the addition of 17000 cm- 1 of energy to relatively 

105 



small systems to simulate photodissociation. Additional comparisons 

of these simulation results to experimental data for iodine in room 

temperature liquid chloromethanes imply V-T energy transfer in these 

simple polyatomic solvents has been underestimated, and may be 

competitive with or possibly more important than V-V and V-R energy 

transfer mechanisms. 

VII. POSSIBLE FUTURE EXTENSIONS 

There are several possible direct extensions of this work that would 

provide further insight into the mechanisms of the processes 

participating in the initiation and completion of chemical reactions 

in liquids. These extensions include variatton of bulk system 

parameters, as well as modifications to the reactants and solvent. 

The two bulk simulation parameters most easily controlled are the 

temperature and density. Limited results for the variation of 

temperature at constant density have been reported in this thesis, 

although the results are incomplete and no attempt has been made thus 

far to understand the implications of this data on a microscopic 

level. It is plausible that the rate of iodine vibrational relaxation 

is sensitive to temperature since the vibrational spacing of ground 

state iodine is on the order of room temperature. Therefore, 

characteristically different mechanisms for vibrational relaxation may 

be discernable for total system energies significantly above and below 

room· temperature -- at least for small iodine vibrational amplitudes 

. where some transition may be seen from iodine dissipating energy by 
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driving the solvent at low temperatures, versus the solvent motion 

playing a more direct role in the relaxation process at high 

temperatures. In this same spirit, the variation of density over a 

broader range than reported in this thesis would be interesting. At 

very low densities, where binary collisions are predominate, 

collective motion of the iodine molecule with many solvent atoms is 

not likely, and therefore the relative translational motion of the 

iodine with the solvent is important. This is perhaps made more clear 

by considering the vibrational relaxation of an oscillator in a cold 

dense solvent. In this case, it is expected that the. relative 

oscillator/solvent translational motion is negligible, and that 

vibrational relaxation occurs by the oscillator driving the local 

solvent atoms being held in the proximity of the oscillator due to the 

tight solvent packing. In adaition, there is an intermediate density 

regime where collective motions are likely, but the density is not yet 

sufficient to have the local solvent structure dominated by hard 

repulsive interactions. This low density liquid solvent region, where 

attractive parts of the interaction potential are important in the 

description of the equilibrium nature of the system, extends from near 

the critical density to about one half the solid density for many 

liquids. Few experimental and computational results exist for this 

latter density region. 

Many possibilities for the variation of reactant and solvent 

parameters also exist. For example, the relative masses and sizes of 

the reactants and the solvent can be readily changed, and the internal 

structure of the reactants and the solvent can be modified. The 
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latter type of alterations are likely to reveal the most qualitative 

information regarding vibrational relaxation in liquids. Internal 

solvent rotational and vibrational modes could be added to the system 

in order to further assess the relative importance of V-T, V-R and V-V 

energy transfer. These results would certainly be dependent on the 

masses, moments of inertia, and vibrational frequencies of the 

reactants and solvent, however, the lack of experimental and 

theoretical information regarding the qualitative nature of these 

energy transfer processes for simple chemical reactions in liquids 

makes even incomplete information regarding them interesting. Similar 

arguments apply to the inclusion of additional internal reactant 

vibrational modes. 

One final direct extension.of this work would be the inclusion of the 

additional iodine electronic states correlating with two ground state 

iodine atoms . Including degeneracies, there are sixteen such states. 

Unfortunately, these states are not well characterized in the liquid 

phase nor are the mechanisms that might couple these states. This 

implies quantitative information derived from such simulations is 

likely to be of little value, however, since the simulations reported 

in this thesis indicate that the qualitative motion of the iodine 

atoms following dissociation changes significantly over the density 

range studied, there is some possibility that the qualitative 

information from simulations with the additional iodine electronic 

states might be helpful. This conclusion is also contingent on the 

development of reasonable curve crossing schemes. Currier and Herman 

have recently reviewed some possible crossing models that are 
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numerically feasible for moderate sized systems.
53 

Included in this 

discussion are extensions of the semiclassical surface hopping model 

54 proposed by Tully and Preston. 

Surface hopping models appear to be a reasonable approach to initially 

handle curve ·crossing. from the point of view that they are 

conceptually simple, and easy to treat numerically. A simple 

implementation of a surface hopping model would include a definition 

of a set of electronic state crossing points that may be both a 

function of the iodine molecule bond length, momemtum, and electronic 

state, and a set of probabilities, that are in general a function of 

the positions and momenta of all particles in the system, for crossing 

from the current iodine electronic state to each of the other iodine 

electronic states at each crossing point. The iodine motion would be 

treated classically until one of the crossing points is reached. At 

this point, the iodine molecule is allowed to cross to a new 

electronic state based on the crossing probabilities and the selection 

of a random number. If crossing occurs, the transition to the new 

state is made, while conserving both vibrational and rotational 

energy, and the integration is continued classically on the new 

electronic surface until the next crossing point is reached. If 

crossing does not occur, the classical trajectory is continued on the 

old electronic state. The major problem with this phenomenalogical 

method of handling curve crossing is the determination: of crossing 

probabilities. One simple approximation for the probabilities is to 

assume that a transition occurs with a probability proportional to a 

Boltzmann factor involving the energy separation of the electronic 
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states. Obviously for such a model, curve crossing is only likely 

when two potential surfaces cross or come within kBT of one another. 

Therefore, this approximation also allows for the simple dete~mination 

of potential crossing points. Unfortunately, this simple statistical 

model completely neglects any interesting physics involved in the 

crossing process. For example, crossing may occur due to a coupling 

of two electronic states by a dipole induced by collisions with the 

solvent. If such a mechanism was predominant, electronic state 

-symmetries would be important in the determination of crossing 

probabilities. Similar arguments would apply to transitions induced 

by some type of spin-orbit coupling. 
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APPENDIX A: PROGRAM LISTING "I2XENON" 

The Fortran listing of program "I2XENON" appears below. This program 
is in a form appropriate for execution on the San Diego Supercomputer 
Center's Gray X-MP/48 with the CFT Fortran compiler. Comments 
regarding the execution of this program are included in the listing. 

C program "I2XENON" 
C Keenan Brown 
C September 15, 1987 

C This program solves Newton's equations of motion for a system 
C of 'ntm' particles in three dimensions. An outline of the 
C program, along with a brief description of each of the 
C subroutines in this program appears in Chapter 2 of this 
C thesis. The comments in this listing are generally related to 
C the detailed implementation of each subroutine. 

C The basic units assumed by the. integrator are: 
C length angstroms 
C time - picoseconds 
C mass - amu's 
C Note that some of the input parameters are in more "natural" 
C units in subroutine stinfo(). These cases are clearly marked 
C in the comments in the appropriate section of the program, and 
C are ultimately converted to the appropriate units. 

C Each global variable and parameter is defined below: 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

ntm total number of atoms in the simulation 

The following parameters are related to ntm, and are 
defined for convenience 

ntml 
ntm3 
nn3 
nn4 

ntm - 1 
3*ntm 
ntm*ntml/2 
3*nn3 

The following arrays are for temporary storage. 
purpose varies from subroutine to subroutine, but 
are typically associated with the sorting routines. 
may be used with caution in new subroutines invoked 
the main section this program. 

r2t 
rtxyz 
rxt 
ryt 
rzt 

alxyz length of edge of integration cube 

Their 
they 
They 
from 

114 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

smass 
smassi 
h 
h2 
h26 
hi 
nat om 
natoml 
natom3 
xseed 

iflag 

rsw 

akt 

xenon mass (mass of atoms 3 through ntm) 
iodine mass (mass of atoms 1 and 2) 
integration time step 
h*h 
h2/6 
l,ihi 
ntm 
ntml 
ntm3 
seed for Numerical Algorithms Group (NAG) 
random number generator. 
this variable is zero if the iodine atoms 
are interacting through the RKR ground 
state surface, and is equal to 1 if the 
atoms are on the iodine excited state 
surface. 
square of the distance at which the 
excited state iodine molecule is crossed 
back to the RKR surface. 
desired value of the 
energy of the entire 
temperature of the 
photodissociation). 

average kinetic 
system (i.e., the 

system before 

The following arrays specify instantaneous properties of 
each particle, and are strictly valid only when the 
subroutine "integ" is not active. .The information is 
ordered in triples. That is, the first three elements 
represent the (x,y, z) values of the property the array 
measures for atom 1, the second three elements pertain to 
atom 2, etc. Therefore, each of these arrays contains 
'ntm3' elements. 

r 
v 
a 
a2 
r2 

current atom positions 
current atom velocities 
current atom accelerations 
atom accelerations from previous time step 
atom positions from previous time step 

The following arrays contain the results from subroutine 
sort() 

inum 

icord 

the i th element is the number of atoms 
within sqrt(r2max) angstroms of atom i for 
atoms labeled greater than i, with the 
exception of the first two atoms (the 
iodine atoms). For the first two atoms 
the range of the sort is r2maxi. 
~lement 1 of this array is '1' , · and the 
next inum(l) elements are the atom numbers 
for each atom satisfying the sorting 
criteria described above under ' inum' . 
The next element is '2' , and the next 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

inum(2) elements are the near neighbors 
for atom 2. And so on. 

The following variables are also associated with the sort 
routines. 

r2max 

rmax 
r2maxi 

the square of the range of the sort 
performed by subroutine sort() for atoms 3 
throught 'ntm'. This is representative of 
the range of the xenon-xenon interaction. 
sqrt(r2max) 
the square of the range of the sort 
performed by subroutine sort() for the 
_first two atoms. This is representative 
of the range of the iodine-xenon 
interaction. 

The following variables are related to the various 
potentials of the system 

elj 

sigma 

eljix 

sigix 

plu 

plud 

r2cut 

r2cuti 

rzero 

vzero 

rmin 

Lennard-Janes energy parameter for the 
xenon-xenon atom potential. 
Lennard-Janes distance parameter for the 
xenon-xenon interaction potential. 
Lennard-Janes energy parameter for the 
iodine-xenon interaction potential. 
Lennard-Janes distance parameter for the 
iodine-xenon interaction potential. 
The potential proportionality constant for 
the excited state iodine surface. 
The force surface proportionality constant 
for excited state iodine. 
the square of the distance at which the 
Lennard-Janes xenon-xenon potential is 
truncated and forced to zero. 
the square of the distance at which the 
Lennard-Janes iodine-xenon potential is 
truncated and forced to zero. 
the distance at which the xenon-xenon 
Lennard-Janes potential is truncated. 
the value of the xenon-xenon Lennard-Janes 
potential at the point of truncation. 
the distance of the minimum of the xenon
xenon Lennard-Janes potential. 

The following variables are derived from the Lennard
Janes parameters above, and are actually used in the 
evaluation of the forces and energies. They are used to 
minimize the number of multiplications required in 
accel() and energy(). The expressions below assume the 
dimensions have been converted to those of the integrator 
if neces.sary. 

c2 · e lj *s igma**6 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

cl 
cld 
c2d 
c4i2 
c3i2 
c3i2d 
c4i2d 

c2**2/elj 
12.*cl 
6.*c2 
eljix*sigix**6 
c4i2**2/eljix 
12.*c3i2 
6.*c4i2 

The following arrays are interpolation tables for the RKR 
iodine- iodine force and potential. They are in the 
inverse of the square of the iodine atom separation, 
therefore smaller separations occur later in the table, 
and the point spacing is denser for smaller separations. 
If 'r2' is the current square of the iodine atom 
separation, the potential is found from the following 
equation: 

n - int(4750./r2) 
potential - vtab(n) + sqrt(r2)*vtabi(n) 

The magnitude of the force is found in a similar manner. 

(ftab, ftabi) 
(vtab, vtabi) 

RKR force table. 
RKR potential table. 

The remaining variables discussed at this point are 
associated with various properties of the system 
calculated during the integration process. 

The first group is used in the calculation of collision 
frequencies: 

dent 

ncoll 

inpl 

inp2 
jo 

lo 

array of distances from the iodine 
molecule for which xenon crossing events 
are counted. 
array of cumulative number of collisions 
for the corresponding collision radius. 
array of xenon atom numbers within the 
corresponding collision radius for iodine 
atom 1 for the previous integration time 
step. This is used to prevent double 
counting collision events. 
same as inpl except for iodine atom 2. 
number of entries in array inpl at each 
collision radius. 
same as jo except for array inp2. 

The next group is used in the calculation of correlation 
functions associated with the iodine rotational and 
vibrational energies: 

icev counter of the number of calls to the 
subroutine 'corev'. It is used to 
normalize the correlation functions. 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

.c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

ilab 

evv 

evr 
eve 

evd 

marker for . t=O in the arrays containing 
the present and past values of the 
rotational and vibrational energy of the 
iodine molecule. These energies are saved 
for the current and past 255 iodine 
configurations. To prevent the necessity 
of shifting data in arrays, t=O (that 
is the current time) is rotated through 
the appropriate arrays. 
array of current and past vibrational 
energies of the iodine molecule. 
same as evv, except for rotational energy. 
the correlation function: 

<evv(t)*evr(t)*evv(t-nT)*evr(t-nT)> 
where t is the current integration time, 
T is the interval of time between calls to 
the subroutine 'corev', and n is an 
integer ranging from 0 to 255. n=O 
corresponds to the first element of eve, 
while n-255 corresponds to the last. The 
structure< ... > represents the average of 
the enclosed quantity over the time of the 
simulation. 
same as eve, except for the following 
function: 

<evv(t)*evr(t)*evv(t)*evr(t-nT)> 

The last set of variables are used in the calculation of 
some force correlation functions associated with the 
iodine molecule. Actually what is calculated are 
"acceleration". type correlation functions. These are 
readily converted to forces by scaling by the appropriate 
mass. 

ifc 

if lab 

fi2 

ff 

counter for number of times 
'fcorr' has been called. 
t-O marker for the 
accelerations. 

the subroutine 

arrays of 

current acceleration iodine atom 1 is 
experiencing due to the presence of iodine 
atom 2. 
This is a dimensional array of 
accelerations. 
There are five properties associated with 
this array, and they make-up the columns 
of the array. The elements of each column 
are the values of the particular property 
as a function of time, in the same manner 
as evv and evr above. The five properties 
associated with this array, and their 
column number are: 

column 1 force on the iodine 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

ffc 

column 2 

column 3 

molecule along the 
bond axis due to 
the iodine RKR 
potential. 
force along iodine 
molecule bond axis due 
to xenon atoms. 
x coordinate of torque 
on the iodine 
molecule. 

column 4 y coordinate of 
torque. 

column 5 z coordinate of 
torque. 

Note the use of the words 'force' and 
'torque' above is strictly incorrect 
above. The properties are actually the 
respective accelerations. 
Two dimensional array of time correlation 
functions. There are four correlations 
stored in the four columns of this array 
constructed from the data stored in the 
array 'ff'. They are: 

column 1 
<ffl(t)*ffl(t-nT)> 

column 2 
<ff2(t)*ff2(t-nT)> 

column 3 
<ffl(t)*ff2(t-nT) + ffl(t-nT)*ff2(t)> 

column 4 
<N(t)*N(t-nT)> 
where N(t) ff3(t)**2 

+ ff5(t)**2 
+ ff4(t)**2 + 

Most of the notation was described above 
under 'eve'. The notation ffi, refers to 
the ith column of array ff. 

parameter(ntm-257,ntml-ntm-l,ntm3-3*ntm,nn3-ntm*ntml/2) 
parameter(nn4-3*nn3) 

common jbkl/r2t(nn3),rxt(nn3),ryt(nn3),rzt(nn3),rtxyz(nn4) 
common jblkl/alxyz,cl,c2,smass 
common jblk2jh,h2,h26,hi 
common /blk4/v(ntm3) 
common jblk5/r(ntm3),r2(ntm3),a(ntm3),a2(ntm3) 
common jblk6/cld,c2d,inum(ntml),icord(nn3),r2cut,r2max 
common /blk7/rmin 
common jblk8/vzero 
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c 

common fblk9/natom,natoml,natom3 
common /i21/cli2,c2i2,c3i2,c4i2,cli2d,c2i2d,c3i2d,c4i2d 
common /i22jvzix,smassi,r2maxi,r2cuti,rnewix 
common /table/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 
common jrandjxseed 
common jstin/rzero,rmax,elj,sigma 
common jekl/cmi,cmx,ru(3),rc(3),ru2 
common /repul/iflag,rsw,akt,plu,plud,ecl 
common /count/jo(lO),lo(lO),inpl(lOOO),inp2(1000),dcnt(lO), 

$ ncoll(lO) 
common jc·evjicev, ilab,evv(256) ,evr(256) ,evc(256) ,evd(256) 
common /fcor/ifc,iflab,fi2(3),ff(5,256),ffc(4,256) 

C The following command is specific to the CFT compiler. 
C It defines the connections for the fortran logical unit 
C numbers, and opens the necessary files. The file names 
C appearing in the command can (and should be if more than one 
C copy of the program is executing at a time) be reassigned on 
C the execution line under the Gray Operating System (COS). 
C This is discussed in the Gray documentation from SDSC. A 
C typical execute line might look something like: 
c 
C i2xenon out6-file6,out7-file7,o8-file8,o9-file9,pl08-p526 I .5 
c 100 
c 
C This is provided just as a guide. The current SDSC Gray 
C documentation should be read carefully before attempting this, 
C to avoid expensive blunders. 
c 

c 

call link("unit6-(out6,create,text),unitl-(rkrf,open,text), 
$ unit2-(pl08,open,text),unit7-(out7,create,text), 
$ unit8-(o8,create,text),unit9-(o9,create,text)//") 

C This next line initializes the random number generator used in 
C this program. It is a NAG library routine, and it initializes 
C differently fo~ every invocation of the program (there is no 
C need to change a "seed" for the random number generator every 
C time the program is executed). 
c 

c 

call. gOSccf 
xseed-0. 

C Load the iodine RKR potential tables 
c 

call rkr 

c 
C The next several lines initialize variables associated 
C with the calculation of system properties following 
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C iodine recombination. Since this program exits after one 
C successful recombination event, there is no need to do 
C this prior to the beginning of each trajectory (a maximum 
C of twenty trajectories will be attempted in this program, 
C looking for iodine recombination). 
c 

c 

do 874 i-1,10 
lo(i)-0 
jo(i)-0 
dcnt(i)-(3.7+float(i-l)/20.)**2 

874 continue · 

C icev and · ifc are star ted with a value of -1, to prevent the 
C calculation of correlation functions in 'corev' until all of 
C the necessary arrays have been loaded. 
c 

c 

icev--1 
ilab-1 
da 871 i-1,256 
ff(5,i)-O. 
evr(i)-0. 
evd(i)-0. 
evv(i)-0. 

871 evc(i)-0. 

iflab-1 
ifc--1 
do 872 i-1,4 
do 873 j-1,256 
ff(i ,j )-0. 
ffc(i,j)-0. 

873 continue 
872 continue 

C This is the beginning of the loop that results in the 
C calculation of up to 20 trajectories, looking for a 
C recombination event. 
c 

do 990 ikbl-1,20 

c 
C 'stinfo' initializes most of the parameters (time step, mass, 
C potential parameters·, ... ) associated with the integration 
C procedure. 
c 

call stinfo 

c 
C start the iodine on the RKR surface 
c 
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iflag-0 

c 
C ktm is the number of integration time steps 
c 

c 

ktm-0 
akt-280.*1.380*1.196*l,S*natom/1.9862 

C calculate the iodine excited state to ground state crossing 
C point. This subroutine need not be called in this DO-loop, 
C since the crossing point does not change for each trajectory, 
C but this is where it is. 
c 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

c 

99 

call potswr 

The initial sort of all atom positions. This routine looks 
for all pairs of atoms that may be within the range of their 
respective interaction potentials. This information is used 
by 'accel' and 'energy'. 

call sort(r) 

Calculate the initial total kinetic, ek, potential, ep, and 
total, ek+ep, energies of the system. 

call energy(ek,ep,etot,v,r) 
write(6,99) ktm,ek,ep,etot 
format(i6,3el5.6) 

This is the first integration loop. 4000 integration time 
steps are taken. The iodine bond length is artificially 
constrained to be near its equilibrium position by bondc in 
this loop. Note that 'sort' is called every 20 time steps. 
(two time steps are taken for every call to 'integ') 

do 100 i-1,200 

call sort(r) 

do 110 j-1, 10 
call integ(ktm) 

110 continue 

call energy(ek,ep,etot,v,r) 
write(6,99) ktm,ek,ep,etot 

C Move the iodine atoms back to their equilibrium positions, and 
C reassign the random velocities consistent with the ultimately 
C desired temperature. This removes energy from the iodine 
C molecule and is necessary since the iodine is initially likely 
C to be in a high potential energy environment. 
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c 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

c 

100 
call bondc(r,v) 
continue 

This next equilibration loop adjusts the temperature of the 
entire system by rescaling all velocities in the subroutine 
'tempe'. The iodine motion is still constrained. This loop 
also lasts for 4000 integration time steps. 

do 200 i-1,200 

Adjust the temperature based on the current kinetic energy of 
the system.· 

call tempc(ek,akt,v) 
call sort(r) 

do 210 j-1,10 
call integ(ktm) 

210 continue 

call energy(ek,ep,etot,v,r) 
write(6,99) ktm,ek,ep,etot 
call bondc(r,v) 

200 continue 

C Flush the output buffer for logical unit 6. 
c 

call empty(6) 

c 
C This is the final equilibration loop. The temperature should 
C by correct. No external adjustments are made to the system, 
C therefore energy should be conserved. This provides a check 
C of the accuracy of the integration process for the chosen 
C integration time step, h. This loop lasts for 200 integration 
C time steps. 
c 

do 300 i-1,20 

c 
C The subroutine 'wrv' outputs the current positions and 
C velocities of the iodine atoms. 
c 

call wrv(ktm) 
do 305 iq-1,5 
call sort(r) 

do 310 j-1,10 
call integ(ktm) 

310 continue 
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c 

305 continue 

call energy(ek,ep,etot,v,r) 
write(6,99) ktm,ek,ep,etot 

300 continue 

C Place the iodine on the excited state surface. In this case 
C the total change in the energy is 17000 wavenumbers. 
c 

call diss(l7000.*1.196,r,v) 

c 
C This is the first integration loop following the simulated 
C photodissociation of the iodine molecule. The atoms separate 
C on the excited state surface. The subroutine 'potchk' checks 
C to see if the potential crossing point has been reached, and 
C if so the iodine atoms are placed back on the ground state 
C surface. The excess energy from the process is placed in the 
C iodine vibrational coordinate. 
c 

do 400 i-1,250 

call sort(r) 
call wrv(ktm) 

c 
C Check to see if the curve crossing criteria has been 
C satisfied. 
c 

call potchk(ktm) 
c 
C Exit this loop is the iodine atoms are on the RKR s·urface. 
c 

c 

if (iflag.eq.O) goto 401 

do 410 j-1,10 
call integ(ktm) 

C At this point, this call to 'corev' results in the storage of 
C the current values of the iodine vibrational and rotational 
C energies. The correlation functions will not be calculated 
C until 'icev' is set to zero. 
c 

c 

call corev(r,v) 
410 continue 

400 continue 
401 continue 

·c The trajectory is now continued on the RKR surface, therefore 
C recombination is possible. This event is searched for at the 
C end of this loop. This loop takes 10, 000 integration time 
C steps. 
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C. 

c 
c 
c 
c 
c 

c 

do 500 i=l,lOO 

call wrv(ktm) 
do 505 iq-1,5 
call sort(r) 

do 510 j-1,10 
call integ(ktm) 
call corev(r,v) 

510 continue 
505 continue 
500 continue 

Check the 
angstroms, 
continued. 

rck-0. 

iodine atom separation. If it is less than 4 
the atoms have recombined, and the trajectory is 
Otherwise the trajectory is ended. 

do 520 i-1,3 
rck-rck+(r(i)-r(i+3))**2 

520 continue 
if (rck.gt.l6.) goto 990 

C This is the beginning of the long vibrational relaxation 
C process. The subroutines 'corev' and 'fcorr' still being 
C called just to load their time matrices. This loop lasts 
C for 5000 integration time steps, after which it is verified 
C that the iodine atoms are still combined. 
c 

do· 600 i-1,50 

call wrv(ktm) 
do 605 iq-1,5 
call sort(r) 

do 610 j-1,10 
call integ(ktm) 
call corev(r,v) 
call fcorr 

610 continue 
605 continue 
600 continue 

rck-0. 
do 620 i-1,3 
rck-rck+(r(i)-r(i+3))**2 

620 continue 
if (rck.gt.16.) goto 990 

call empty(6) 
call empty(7) 
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c 
c 
c 
c 
c 

c 

Zero the array 
collisions. The 
called in 'ssort'. 

do 173 i2-1,10 
173 ncoll(i2)-0 

containing 
counting is 

the number 
done in the 

of xenon/iodine 
subroutine 'ck' 

C Fully activate the subroutines 'fcorr' and 'corev'. The calls 
C to these subroutines will now result in the calculation of the 
C respective correlation functions from the current data stored 
C by these routines. The data is updated for successive calls. 
c 

icev-0 
if c-O 

c 
C This integration loop lasts for 90,000 integration time steps. 
C Various system properties are calculated and periodically 
C saved. 
c 

do 700 i-1,450 

c 
C Write the current results from 'fcorr'. The results are 
C accumulated for the duration of the integration procedure. 
C Therefore, the time dependence of the correlation functions 
C evaluated by 'fcorr' can be examined by analyzing the 
C differences in the results saved by 'wfcorr' after the 
C trajectory has terminated. Note the results are saved every 
C 200 time steps in this loop. 
c 

c 

if ((20*(i/20)).eq.i) call wfcorr(ktm,h) 

call wrv(ktm) 
do 705 iq-1,10 
call sort(r) 

do 710 j-1,10 
call integ(ktm) 
call corev(r,v) 
call fcorr 

710 continue 
705 continue 

C Output the total number of collisions experienced by the 
C iodine molecule through the current time. 
c 

do 889 i2-1,10 
write(8,888) ktm,sqrt(dcnt(i2)),ncoll(i2) 

889 continue 
888 format(i7,f9.3,i7) 
700 continue 

126 



c 
c 
c 
c 
c 
c 
c 
c 

c 

This is the last of the integration loops. This one goes for 
445,000 time steps. Results similar to those of the preceding 
loop are saved, although on a slower time scale. This is 
because for this system, vibrational relaxation at this point 
is very slow and the other properties of the system are 
changing very little. 

do 720 i-L, 450 

if ((20*((i+l0)/20)).eq.(i+l0)) call wfcorr(ktm,h) 

call wrv(ktm) 
do 725 iq=-1, SO 
call sort(r) 

do 730 }·~1, 10 
call integ(ktm) 
call corev(r,v) 
call fcorr 

730 continue 
725 continue 

do 890 i2-l,l0 
write(8,888) ktm,sqrt(dcnt(i2)),ncoll(i2) 

890 continue 
720 continue 

call wrv(ktm) 

C Output the correlation functions calculated by 'corev'. 
C Note these correlation functions are aver.aged over the 
C duration of the vibrational relaxation process. 
c 

c 

write(9,861) icev 
do 862 i-1,256 

862 write(9,863) i,evc(i),evd(i) 
861 format(i7) 
863 format(i7,2el5.7) 

goto 991 

C If we are here, than the trajectory failed to result in 
C the recombination of the iodine atoms. So, back up to the 
C top for another attempt. 
c 

990 continue 
991 continue 

call exit 

end 
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subroutine integ(ktm) 

c 
C This subroutine is the integrator for the system. 
C It is a second order integrator suggested by Beeman. 
C The vector loops in this routine were written by 
C John Tully at AT&T Bell Laboratories. It is completely 
C vectorized and the number of multiplications has been 
C minimized. The integrator is discussed in chapter 2 
C of this· thesis. 
c 

c 

parameter(ntm-257,ntml-ntm-l,ntm3-3*ntm,nn3=ntm*ntml/2) 
parameter(nn4-3*nn3) 

common fbkl/r2t(nn3),rxt(nn3),ryt(nn3),rzt(nn3),rtxyz(nn4) 
common fblkl/alxyz,cl,c2,smass 
common fblk2/h,h2,h26,hi 
common fblk4/v(ntm3) 
common fblk5/r(ntm3),r2(ntm3),a(ntm3),a2(ntm3) 
common fblk6/cld,c2d,inum(ntml),icord(nn3),r2cut,r2rnax 
common fblk7/rmin 
common fblk8/vzero 
common fblk9/natom,natoml,natom3 
common /i21/cli2,c2i2,c3i2,c4i2,cli2d,c2i2d,c3i2d,c4i2d 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 
common /table/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 
common /stin/rzero,rmax,elj,sigma 
common /ekl/cmi,cmx,ru(3),rc(3),ru2 
common /repul/iflag,rsw,akt,plu,plud,ecl 

C Two integration time steps are taken for each call to this 
C subroutine. 
c 

ktm-ktm+2 

do 100 i-l,natom3 
100 r2(i)-r(i)+h*v(i)+h26*(4.*a(i)-a2(i)) 

c 
C Calculate the accelerations for the system based on the 
C new values of the atom positions stored in array r2. 
c 

c 

call accel(a2,r2) 

do 110 i-l,natom3 
r(i)-(r2(i)-r(i)+h26*(2.*a2(i)+a(i)))*hi 

110 r(i)-r2(i)+h*r(i)+h26*(4.*a2(i)-a(i)) 

C Calculate the accelerations for the second time step. 
c 

call accel(a,r) 
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c 

do 120 i-l,natom3 
120 v(i)=(r(i)-r2(i)+h26*(2.*a(i)+a2(i)))*hi 

return 
end 

subroutine accel(a,r) 

C This subroutine calculates the accelerations on each atom 
C of the system, based of the positional information passed 
C in array r. The results are returned in a. 
c 

c 

parameter(ntm-257,ntml-ntm-l,ntm3-3*ntm,nn3-ntm*ntml/2) 
parameter(nn4-3*nn3) 

common jbkl/r2t(nn3),rxt(nn3),ryt(nn3),rzt(nn3),rtxyz(nn4) 
common jblkl/alxyz,cl,c2,smass 
common /blk2jh,h2,h26,hi 
common jblk4/v(ntm3) 
common jblk6jcld,c2d,inum(ntml),icord(nn3),r2cut,r2max 
common jblk7/rmin 
common jblk8jvzero 
common jblk9jnatom,natoml,natom3 
common /i21/cli2,c2i2,c3i2,c4i2,cli2d,c2i2d,c3i2d,c4i2d 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 
common /table/ftab(1000),ftabi(1000),vtab(1000),vtabi(1000) 
common /stin/rzero,rmax,elj,sigma 
common_/ekl/cmi,cmx,ru(3),rc(3),ru2 
common jrepul/iflag,rsw,akt,plu,plud,ecl 
common /fcorjifc,iflab,fi2(3),ff(5,256),ffc(4,256) 

dimension a(ntm3),r(ntm3) 

C Find all pairs of atoms within the range of the appropriate 
C interaction potential. For pairs of atoms not within this 
C range, but which are included in the. tables returned by a call 
C to 'sort' in the main section of this program, 'ssort' 
C replaces the value of their separation returned to accel with 
C either rmin or rnewix. Which value returned for these latter 
C atoms depends on which potential the pair interacts through 
C (rmin for xenon-xenon pairs, and rnewix for iodine-xenon 
C pairs). These new values represent points of the respective 
C potential where the force is zero (The desired result). This 
C structure allows more complete vectorization of this 
C subroutine. 
c 

call ssort(r,rmin,rnewix,knum) 

c 
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C Calculate the iodine-iodine force. 'iflag' determines which 
C surface is used. Note the results of 'ssort' were returned in 
C several arrays. 'r2t' contains the square of the pair 
C separations, while 'rxt', 'ryt', and 'rzt' contain the 
C respective x, y, and z components of the vector 
C pointing from the atom with the lowest number of the pair to 
C the highest numbered atom (number refers to the location of 
C .the (x,y,z) triple that refers to a particular atom in the 
C arrays a, v, r, etc). The arrays 'rxt', 'ryt', 'rzt' are used 
C to project the force vector, which lies along the line 
C connecting a pair of atoms onto the coordinate system of the 
C integrator. The results for the force vector replace the 
C values returned by 'ssort' in the arrays 'rxt', 
C ' ryt' , and ' rz t' . 
c 

c 

n-int(4750./r2t(l)) 
r2t(l)-sqrt(r2t(l)) 
if (iflag.eq.O) goto SO 
r2t(l)-plud/(r2t(l)**ll.S) 
goto 55 

50 r2t(l)-ftab(n)/r2t(l)+ftabi(n) 
55 rxt(l)-rxt(l)*r2t(l) 

ryt(l)-ryt(l)*r2t(l) 
rzt(l)-rzt(l)*r2t(l) 

C Convert the force on atom 1 (an iodine atom) due to atom 2 
C (the other iodine atom) to an acceleration, and save this 
C value for use in 'fcorr'. (The factor of two is for 
C convenience of use in 'fcorr'). 
c 

c 

fi2(1)-rxt(l)*2./smassi 
fi2(2)-ryt(l)*2./smassi 
fi2(3)-rzt(l)*2./smassi 

C The array 'inurn' contains results from 'sort'. The first 
C element of inurn is the number of atoms within the range of the 
C potentials for atom 1 (an iodine atom). The second element 
C. has the number of atoms with an atom number greater than 2, 
C that the second atom sees. And so forth for the remaining 
C atoms. Atom 1 always feels atom 2, the second iodine atom, 
C and the force of the interaction was calculated above. 
C Therefore, inum(l) is temporarily decremented by one. 
c 
c 
c 
c 
c 
c 

This next set of loops calculates the iodine-xenon 
the system (two passes through the second loop, 
inurn(l)-1 Lennard-Janes force calculations, and 
inurn(2) force calculations). 

k-1 
inurn(l)-inurn(l)-1 
do 100 i-1,2 

forces in 
once for 
then for 
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do 110 j-l,inum(i) 
k-k+l 
temp-1./r2t(k)**4 
r2t(k)=temp*(c3i2d*r2t(k)*temp-c4i2d) 
rxt(k)-rxt(k)*r2t(k) 
ryt(k)-ryt(k)*r2t(k) 

110 rzt(k)-rzt(k)*r2t(k) 
100 continue 

C Restore· inum(l) so that future calls to 'ssort' will be 
C correct. 
c 

inum(l)-inum(l)+l 

c 
C 'knum' . is the total number of pairs of atoms detected by 
C 'sort'. One of these is the iodine-iodine pair, and 
C inum(l)+inum(2)'-l are iodine-xenon pairs. The remaining knum-
C inum(l)-inum(2) pairs are xenon-xenon interactions. These are 
C calculated below. 
c 

c 

do 120 i-k+l,knum 
temp-l./r2t(i)**4 
r2t(i)-temp*(cld*r2t(i)*temp-c2d) 
rxt(i)-rxt(i)*r2t(i) 
ryt(i)-ryt(i)*r2t(i) 

120 rzt(i)-rzt(i)*r2t(i) 

C The final array generated by 'sort' identifies the atom pairs. 
C This information is stored in 'icard'. The first inum(l) 
C elements of 'icard' are the atom numbers for each atom within 
C the sort range of atom 1. The next inum(2) elements of 
C 'icard' are the atom numbers for all atoms, j , within the 
C range of the sort for atom 2 (j>2), and so on. 
c 
C The next set of loops maps the forces calculated above into 
C the appropriate elements of the array 'a'. Note that what 
C follows does not vectorize, although it involves a minimum of 
C computation and computer time. 
c 

c 
c 
c 
c 
c 
c 

do 121 i-l,natom3 
121 a(i)-0. 

k-0 

Note that the force on the atom labeled (jl,j2,j3) due to the 
atom labeled (il,i2,i3) is just the negative of the force on 
atom (il,i2,i3) due to (jl,j2,j3). Only this latter value of 
the force was explicitly calculated above. 

do 130 i-l,natoml 
i3-3*i 
i2-i3-l 
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c 

il-i2-l 
do 140 j-l,inum(i) 
k-k+l 
j3-3*icord(k) 
j2-j3-l 
jl-j2-l 
a(il)-a(il)+rxt(k) 
a(i2)-a(i2)+ryt(k) 
a(i3)-a(i3)+rzt(k) 
a(j 1)-a(j 1) -rxt(k) 
a(j 2)-a(j 2) -ryt(k) 
a(j 3 )-a(j 3) -rzt(k) 

140 continue 
130 · continue 

C Finally, the forces are converted to accelerations by dividing 
C the force on a particular atom by its mass. 
c 

c 

do 150 i-1,6 
150 a(i)-a(i)/smassi 

do 160 i-7,natom3 
160 a(i)-a(i)/smass 

return 
end 

subroutine sort(r) 

C This subroutine checks the separation of all pairs of atoms. 
C If a particular pair is within some given distance (the 
C distance is a function of the interaction potential for the 
C pair), then the atoms are recorded in a table (icard). This 
C table is used by 'ssort' when calculating atom separations for 
C 'accel' and 'energy'. This periodic preliminary sort prevents 
C the necessity of consideration of all atom pair separations on 
C each integration time step by returning only pairs of atom 
C numbers in 'icard' for atoms the are potentially within the 
C range of their interaction potential. Since the range of the 
C Lennard-Janes potentials is relatively short, due to 
C truncation of the surface, this type of sorting drastically 
C reduces the time required to calculate accelerations for each 
C time step. 
c 

parameter(ntm-257,ntml-ntm-l,ntm3-3*ntm,nn3-ntm*ntrnl/2) 
parameter(nn4-3*nn3) 

common jbkl/r2t(nn3),rxt(nn3),ryt(nn3),rzt(nn3),rtxyz(nn4) 
common jblkl/alxyz,cl,c2,smass 
common jblk2/h,h2,h26,hi 
common jblk4/v(ntm3) 
common jblk6/cld,c2d,inum(ntml),icord(nn3),r2cut,r2max 
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.., 

c 

common fblk7/rmin 
common fblk8jvzero 
common fblk9/natom,natoml,natom3 
common /i21/cli2,c2i2,c3i2,c4i2,cli2d,c2i2d,c3i2d,c4i2d 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 
common /table/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 
common /stin/rzero,rmax,elj,sigma 
common /ekl/cmi,cmx,ru(3),rc(3),ru2 
common jrepul/iflag,rsw,akt,plu,plud,ecl 

dimension r(ntm3) 

C The square of all atom pair separations is calculated in the 
C loops below. This value is stored in the array 'r2t' . The 
C first ntm-1 entries in r2t, are based on separations of atom 1 
C with atom2, atom3, etc. The next ntm-2 entries are based on 
C separations of atom 2 with atom 3, atom 4, etc. And so on. 
C The periodic boundary conditions for the system are taken care 
C of by the three lines below that use the Fortran function 
C 'anint'. 
c 

40 
30 

c 
c 
c 
c 
c 
c 
c 
c 
c 

k-0 
do 30 i-l,natom3-3,3 
i2-i+l 
i3-i2+1 
do 40 j•i+3,natom3,3 
j 2-j+l 
j 3-j+2 
rx-r ( i) - r ( j ) 
ry-r( i2) -r(j 2) 
rz-r ( i3) - r (j 3) 
rx-rx-alxyz*anint(rx/alxyz) 
ry-ry-alxyz*anint(ry/alxyz) 
rz-rz-alxyz*anint(rz/alxyz) 
k-k+l 
r2t(k)-rx**2+ry**2+rz**2 
continue 

The array 'inurn' will contain the number of atom pairs 
satisfying the separation criteria for each atom. Pairs are 
not double counted, so only atom pairs i- j with i<j will be 
counted in the inum(i) entry. Atom 1 and 2 are the two iodine 
atoms, and their interaction is explicitly calculated for each 
integration time_ step. This is handled· by setting inum(l) 
equal to one initially, and setting icord(l)-2. · 

k-1 
kk-1 
inum(l)-1 
inum(2)-0 
icord(l)-2 
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c 
C This next set of loops checks the separations for the iodine 
C atoms with each xenon atom. 'r2maxi' is the range of this 
C sort, and is slightly longer than· the range of the iodine:.. 
C xenon truncated Lennard-Janes potential. 
c 

c 

do SO i-1,2 
do 60 j-3,natom 
k-k+l 
if (r2t(k).gt.r2maxi) goto 60 
inum(i)-inum(i)+l 
kk-kk+l 
icord(kk)-j 

60 continue 
SO continue 

C The following code checks all xenon-xenon pairs. The range of 
C the sort is r2max. 
c 

c 

do 70 i-3,natoml 
inum(i)-0 
do 80 j-i+l,natom 
k-k+l 
if (r2t(k).gt.r2max) goto 80 
inum(i)-inum(i)+l 
kk-kk+l 
icord(kk)-j 

80 continue 
70 continue 

return 
end 

subroutine ssort(r,rnew,rneix,knum) 

C This subroutine works with the results of 'sort' to calculate 
C the atom pair separations for all atoms within the range of 
C the various potentials. Some of the separations are actually 
C outside this range, since sort finds all atoms in a volume 
C slightly larger than the volume of the potentials. For these 
C cases, the square of the atom pair separations returned in the 
C array 'r2t' and replaced by the value of rnew for xenon-xenon 
C interactions or rneix for iodine-xenon interactions. Note, no 
C atoms are actually moved. This altering of values aides in 
C the vector optimization of 'accel'. 
c 

parameter(ntm-257,ntml-ntm-l,ntm3-3*ntm,nn3-ntm*ntml/2) 
parameter(nn4-3*nn3) 

common jbkl/r2t(nn3),rxt(nn3),ryt(nn3),rzt(nn3),rtxyz(nn4) 
common jblkl/alxyz,cl,c2,smass 
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'"' 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

-c 
c 
c 

20 
10 

common fblk2(h,h2,h26,hi 
common fblk4/v(ntm3) 
common fblk6/cld,c2d,inum(ntml),icord(nn3),r2cut,r2max 
common fblk7/rmin 
common fblk8/vzero 
common fblk9/natom,natoml,natom3 
common /i21/cli2,c2i2,c3i2,c4i2,cli2d,c2i2d,c3i2d,c4i2d 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 
common /table/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 
common /stin/rzero,rmax,elj,sigma 
common /repul/iflag,rsw,akt,plu,plud,ecl 
common /ekl/cmi,cmx,ru(3),rc(3),ru2 
common jcount/jo(l0),lo(lO),inpl(lOOO),inp2(1000),dcnt(lO), 

$ ncoll(lO) 

dimension r(ntm3) 

The following code selects out atom pairs 
in 'icord'. These coordinates are placed 
for use below. This section does 
calculations have been minimized in these 

k-1 
kk-0 
do 10 i-l,natoml 
ia-3*i 
rtxyz(k)-r(ia-2) 
rtxyz(k+l)-r(ia-1) 
rtxyz(k+2)-r(ia) 
k-k+3 

do 20 j-l,inum(i) 
kk-kk+l 
ic-3*icord(kk) 
rtxyz(k)-r(ic-2) 
rtxyz(k+l)-r(ic-1) 
rtxyz(k+2)-r(ic) 
k-k+3 
continue 

returned by 'sort' 
in a temporary array 
not vectorize, so 
loops. 

The square of the atom separations, as well as the x, y, and z 
separations are calculated below. This code does vectorize, 
hence its removal from the code above. The periodic boundary 
conditions are handled in the lines containing the Fortran 
command 'anint'. 

k-0 
kk-1 
do 30 i-l,natoml 
il-kk 
i2-kk+l 
i3-kk+2 
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c 

kk-kk+3 
do 40 j-l,inum(i) 
jl-kk 
j2-kk+l 
j3-kk+2 
kk-kk+3 
k-k+l 
rxt(k)-rtxyz(il)-rtxyz(jl) 
ryt(k)-rtxyz(i2)-rtxyz(j2) 
rzt(k)-rtxyz(i3)-rtxyz(j3) 
rxt(k)-rxt(k)-alxyz*anint(rxt(k)/alxyz) 
ryt(k)-ryt(k)-alxyz*anint(ryt(k)/alxyz) 
rzt(k)-rzt(k)-alxyz*anint(rzt(k)jalxyz) 

40 r2t(k)-rxt(k)**2+ryt(k)**2+rzt(k)**2 
30 continue 

knum-k 

jkb-inum(l)+inum(2) 

C Replacement of the separations .for atom pairs outside the 
C range of a particular potential are handled below. These two 
C loops use the CFT vectorizable IF-statement 'cvmgt'. The 
C first loop handles the iodine-xenon pairs, and the second loop 
C handles the xenon-xenon pairs. 
c 

c 

do 59 i-2,jkb 
59 r2t(i)-cvmgt(r2t(i),rneix,r2t(i).le.r2cuti) 

jkb-jkb+l 
do 60 i-jkb,knum 
r2t(i)-cvmgt(r2t(i),rnew,r2t(i).le.r2cut) 

60 continue 

C The following loop calls the subroutine that counts collision 
C events .. Note 'ssort' and therefore 'ck' are called on every 
C integration time step. The array 'dent' contains the square 
C of the radii of the surfaces through which collisional events 
C are counted. 
c 

c 

do 500 i-1,10 
iq-lOO*i-99 
call ck(dcnt(i),jo(i),lo(i),icord,r2t,inpl(iq), 

$ inp2(iq),inum,ncoll(i)) 
500 continue 

return 
end 

subroutine energy(ek,ep,etot,vxyz,rxyz) 
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C The total kinetic, ek, potential, ep, and total, ek+ep,_ 
C energies for the entire system are calculated in this 
C subroutine. The comments under the subroutines 'accel', 

· C 'sort' and 'ssort' may be helpful in understanding this 
C subroutine. The details will not be duplicated in the 
C comments below. 
c 

c 

parameter(ntm-257,ntml-ntm-l,ntm3-3*ntm,nn3-ntm*ntml/2) 
parameter(nn4-3*nn3) 

common jbkl/r2t(nn3),rxt(nn3),ryt(nn3),rzt(nn3),rtxyz(nn4) 
common jblkl/alxyz,cl,c2,smass 
common jblk2jh,h2,h26,hi 
common jblk6/cld,c2d,inum(ntml),icord(nn3),r2cut,r2max 
common jblk7/rmin 
common jblk8jvzero 
common jblk9/natom,natoml,natom3 
common /i21/cli2,c2i2,c3i2,c4i2,cli2d,c2i2d,c3i2d,c4i2d 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 
common jtable/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 
common jstin/rzero,rmax,elj,sigma 
common jekl/cmi,cmx,ru(3),rc(3),ru2 
common jrepul/iflag,rsw,akt,plu,plud,ecl 

dimension vxyz(ntm3),rxyz(ntm3) 

ek-0. 
ekl-0. 

C First calculate the kinetic energy of the iodine atoms. 
c 

c 

do 100 i-1,6 
100 ekl-ekl+vxyz(i)**2 

ekl-ekl*smassi/2. 

C Next the kinetic energy of the xenon atoms is calculated. 
c 

c 

do 110 i-7,natom3 
110 ek-ek+vxyz(i)**2 

C And the results are summed. 
c 

c 
c 
c 

c 

ek-ekl+ek*smass/2. 

Get the current atom separations. 

call ssort(rxyz,r2cut,r2cuti,knum) 

C Calculate the iodine molecule potential energy. Note 
C the following assumes the iodine atoms are always on the 
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C RKR surface. Therefore, calls to the routine when the 
C iodine is on the excited state will yield WRONG results. 
c 

c 

n-int(4750./r2t(l)) 
ep-vtab(n)+sqrt(r2t(l))*vtabi(n) 
inum(l)-inum(l)-1 
k=-1 

C Next comes the potential due to the iodine-xenon potential. 
c 

c 

do 120 i-1,2 
do 130 j-l,inum(i) 
k-k+l 
temp-l./r2t(k)**3 

130 ep-ep+temp*(c3i2*temp-c4i2) 
120 continue 

inum(l)-inum(l)+l 

C And finally the potential energy due to xenon-xenon 
C interactions. 
c 

c 

do 140 i-k+l,knum 
temp-l./r2t(i)**3 

140 ep-ep+temp*(cl*temp-c2) 

C The variables 'vzero' and 'vzix' are the energies of the 
C xenon-xenon and iodine-xenon Lennard-Janes potentials at the 
C truncation radius, respectively. These values are subtracted 
C for each occurrence of the respective potentials in the 
C potential energy calculations above (i.e., the potentials are 
C forced to zero at the truncation radius by the addition of a 
C constant, and are assumed zero outside the truncation radius). 
c 

c 

ep-ep-(knum-inum(l)-inum(2))*vzero-(inum(l)+inum(2)-l)*vzix 

etot-ek+ep 

return 
end 

subroutine stinfo 

C This subroutine contains most of the start-up information, 
C including Lennard-Janes potential parameters, density, time 
C step, ... 
C The parameter 'bk' is Boltzmann's constant . in the system 
C units. 
c 
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c 

parameter(bk-1.380*1.196/1.9862) 
parameter(ntm-257,ntml-ntm-l,ntm3-3*ntm,nn3=ntm*ntml/2) 
parameter(nn4-3*nn3) 

common /bkl/r2t(nn3),rxt(nn3),ryt(nn3),rzt(nn3),rtxyz(nn4) 
common /blkl/alxyz,cl,c2,smass 
common /blk2(h,h2,h26,hi 
common /blk4/v(ntm3) 
common /blk5/r(ntm3),r2(ntm3),a(ntm3),a2(ntm3) 
common /blk6/cld,c2d,inum(ntml),icord(nn3),r2cut,r2max 
common /blk7/rmin 
common /blk8/vzero 
common /blk9/natom,natoml,natom3 
common /i21/cli2,c2i2,c3i2,c4i2,cli2d,c2i2d,c3i2d,c4i2d 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 
common jtable/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 
common /rand/xseed 
common /stin/rzero,rmax,elj,sigma 
common jekl/cmi,cmx,ru(3),rc(3),ru2 
common /repul/iflag,rsw,akt,plu,plud,ecl 

C The routines gOScaf and gOSddf are NAG library routines for 
C the generation of uniformly distributed numbers in the 
C interval zero to one, and the generation of Gaussianly 
C distributed random numbers with zero mean and variance of one, 
C respectively. 
c 

real gOSddf,gOScaf 

c integration time step (ps): 
·h-.001 

c lj potential zero for Xe-Xe surface (ang): 
rzero-10 . 

. c maximum range for Xe-Xe sort (ang): 
rmax-rzero+l. 

c Xe-Xe lj energy parameter (cm-1): 
elj-154. 

c Xe-Xe lj distance parameter (ang.): 
sigma-4.10 

c Xe mass (amu): , 
smass-131.3/2. 

c Iodine mass (amu): 
smassi-126.9 

c total number of atoms in system: 
natom-257 

c length of an edge of the integration cube (ang): 
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alxyz-(256.*smass/.6023/1.8)**(1./3.) 
alxyz-alxyz*((l.S/3.0)**(1./3.)) 

c repulsive I-I excited state parameter (dim): 
plu-1.196*(4.0e7) 
plud-9.5*plu 

c I-Xe lj potential parameter (cm-1): 
eljix-225. 

c I-Xe lj distance parameter (ang): 
sigix-3.94 

c cut-off distance squared for I-Xe potential (ang**2): 
r2cuti-(10.)**2 

c cut-off distance squared for I-Xe sort (ang**2): 
r2maxi-(11. )**2 

c 
C The following lines initialize several variables defined at 
C the beginning of this program listing. 
c 

h2-h*h 
h26-h2/6. 
hi-1./h 

r2cut-rzero**2 
r2max-rmax**2 

elj-4.*elj*l.l96 
c2-elj*sigma**6 
cl-c2**2/elj 
cld-12.*cl 
c2d-6.*c2 

eljix-4.*eljix*l.l96 
c4i2-eljix*sigix**6 
c3i2-c4i2**2/eljix 
c3i2d-12.*c3i2 
c4i2d-6.*c4i2 

natoml-natom-1 
natom3-3*natom 

vzero-l./rzero**6 
vzero-vzero*(cl*vzero-c2) 
rmin-sigma*(2.**(1./6.)) 
rmin-rmin**2 

vzix-l./r2cuti**3 
rnewix-sigix*(2.**(1./6.)) 
rnewix-rnewix**2 
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vzix=vzix*(c3i2*vzix-c4i2) 

c 
C The initial temperature for equilibration is about 800 Kelvin. 
c 

c 

tmp-800. 
sktm-sqrt(bk*tmp/smass) 
do 155 i-l,natom3 
v(i)-g05ddf(O.,sktm) 

155 · continue 

C Initial xenon atom configurations are input from an external 
C file. They are stored as atoms number 2 through natom. 
c 

c 

read(2,99) k 
99 format(i5) 

do 156 i-4,natom3,3 
read(2,98) (r(i+j), j-0,2) 

156 continue 
98 format(3f8.3) 

C One of the xenon atoms is now picked at random, and switched 
C with atom 2. The coordinates of the new atom 2 are duplicated 
C for atom 1. One half of the iodine molecule equilibrium bond 
C length is then added to the x coordinate of atom 2, and 
C subracted from the x coordinate of atom 1. These two atoms 
C are now considered the two iodine atoms for the simulation. 
c 

c 

bl2-2.6657/2. 
xseed-g05caf(xseed) 
n-3*int((natoml-l}*xseed+.5)+4 
r(l)-r(n) 
r(2)-r(n+l) 
r(3)-r(n+2) 
r(n)-r(4) 
r(n+l)-r(5) 
r(n+2)-r(6) 
r(4)-r(l)+bl2 
r(5)-r(2) 
r(6)-r(3) 
r(l)-r(l)-bl2 

return. 

end 

subroutine rkr 

C This subroutine inputs the force table derived from the iodine 
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C RKR potential determined by LeRoy. The force is then 
C integrated to yield the RKR potential surface. This 
C integration is performed in order to minimize round-off error 
C · in the RKR potential table. 
c 

c 

10 
99 

common /table/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 

do 10 i-1,1000 
read(l,99) j,vtab(i),ftab(i),ftabi(i) 
continue 
format(iS·, 3fl5. 5) 

vt-0. 
vl-0. 
vtabi(l)-0. 
fl-O. 
do 20 i-2,1000 
r2-vtab(i)**2 
n-int(4750./r2) 
f-ftab(n)+vtab(i)*ftabi(n) 
v-v+.S*(vtab(i-1)-vtab(i))*(f+fl) 
vtabi(i)-(v-vl)/(vtab(i)-vtab(i-1)) 
vtab(i-1)-vt 
vt-v-vtab(i)*vtabi(i) 
fl-f 
vl-v 

20 continue 
vtab(lOOO)-vt 

C The force table is input in wavenumbers per angstrom. These 
C units are converted below to those of the integrator. 
c 

c 

do 30 i-1,1000 
vtab(i)-1.196*vtab(i) 
vtabi(i)-1.196*vtabi(i) 
ftab(i)-1.196*ftab(i) 
ftabi(i)-1.196*ftabi(i) 

30 continue 

return 

end 

subroutine tempc(ek,akt,v) 

C This subroutine scales all velocities of the system by a 
C constant determined from the current kinetic energy of the 
C system and the desired kinetic energy of the system. 
c 

parameter(ntm-257,ntm3-3*ntm) 
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c 

common jblk9/natom,natoml,natom3 

dimension v(ntm3) 

r-sqrt(akt/ek) 
if (r.lt.0.9) r=.978 

do 10 i-l,natom3 
v(i)-r*v(i) 

10 continue 

return 
end 

subroutine bondc(r,v) 

C This subroutine symmetricly shifts the iodine atoms such that 
C they are at their equilibrium pond length, and reassigns the 
C velocities from a Gaussian random number generator with a 
C distribution characteristic of the ultimately desired system 
C temperature. 
c 

parameter(ntm-257,ntm3-3*ntm) 
parameter(bk-1.380*1.196/1.9862) 

common jrand/xseed 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 

dimension r(ntm3),v(ntm3),rc(3),rb(3) 
real gOSddf 

r2-0. 
do 10 i-1,3 
rc(i)-(r(i)+r(i+3))/2. 
rb(i)-r(i)-r(i+3) 
r2-r2+rb(i)**2 

10 continue 

20 

c-2.6657/sqrt(r2)/2. 

do 20 i-1,3 
r(i)-rc(i)+c*rb(i) 
r(i+3)-rc(i)-c*rb(i) 
continue 

sktm-sqrt(bk*280.*0.5/smassi) 
do 30 i-1,6 
v(i)-gOSddf(O. ,sktm) 

30 continue 

return 
end 
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c 
c 
c 
c 
c 

subroutine potswr 

This subroutine calculates the square of the iodine molecule 
bond length at the point of excited state/ground state curve 
crossing. The crossing point is where the potentials are 
within kT of each other. This point is found by a simple 

C binary search technique. 
c 

c 

common jrepul/iflag,rsw,akt,plu,plud,ecl 
common jtable/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 
common jblk9/natom,natoml,natom3 

C 'akt2' is the energy separation at the point for curve 
C crossing, and aktl is the tolerance for the search. 
c 

c 

akt2-akt/1.5/natom 
aktl-akt2/1000. 

C The binary search is between 4 and 6 angstroms. Twenty 
C iterations is more than enough passes through the loop to find 
C the solution to within the above toleran~e (at most 12 
C iterations should be required for the 2 angstrom interval 
C searched). 
c 

c 

rl-4. 
r2-6. 
do 10 i-1,20 
r-(rl+r2)/2. 
p2-plu/(r**9.5) 
n-int(4750/r/r) 
pl-vtab(n)+r*vtabi(n) 
d-p2-pl 
if (abs(d-akt2).lt.aktl) goto 20 
if (d.lt.akt2) r2-r 
if (d.gt.akt2) rl-r 
write(6,99} i,r,d 

10 continue 

20 write(6,99) i,r,d 
99 format(i5,fl5.6,e15.6) 

C The curve crossing criteria is actually checked in terms of 
C the iodine bond length squared. 
c 

rsw-r*r 

return 
end 
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subroutine potchk(ktm) 

c 
C This subroutine checks to see if the iodine molecule has 
C reached the curve crossing point. If it has, iflag is 
C set back to zero (RKR surface), and the excess potential 
C energy is placed in the iodine vibrational coordinate, 
C parallel to its current motion. 
c 

c 

parameter(ntm-257,ntm3-3*ntm) 

common fblk4/v(ntm3) 
common fblk5/r(ntm3),r2(ntm3),a(ntm3),a2(ntm3) 
common /repul/iflag,rsw,akt,plu,plud,ecl 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 
common /table/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 

dimension rb(3) 

if (iflag.eq.O) return 

r22-0. 

do 10 i-1,3 
rb(i)-r(i+3)-r(i) 
r22-r22+rb(i)**2 

10 continue 

if (r22.1t.rsw) return 

r21-sqrt(r22) 

do 20 i-1,3 
rb(i)-rb(i)/r21 

20 continue 
p2-plu/(r21**9.5) 
n-int(4750./r22) 
pl-vtab(n)+r2l*vtabi(n) 

C 'vsw' is the difference in potential energy at the point of 
C curve crossing divided by the mass. 
c 

vsw-(p2-pl)/smassi 

c 
C 'v21' squared is proportional to the vibrational kinetic 
C energy. 
c 

v21-0. 
do 30 i-1,3 

30 v21 - v21 + rb(i)*(v(i)-v(i+3)) 
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v22 - sqrt(v21**2 - 4.*vsw) 
c 
C Want to add energy along the iodine vibrational coordinate 
C parallel to the current motion. 
c 

v21 - .S*(sign(v22,v21) - v21) 

c 
C Velocities are scaled along the iodine bond axis (vibrational 
C coordinate). 
c 

do 40 i-1,3 
v(i) - .v(i) + rb(i)*v21 

40 v(i+3) - v(i+3) - rb(i)*v21 

c 
C Back to the RKR surface. 
c 

c 

iflag-0 
write(6,99) ktm 

99 format(iS) 

return 
end 

subroutine diss(ed,r,v) 

C This subroutine simulates the photodissociation of iodine, by 
C placing the iodine on a repulsive surface. 'ed' is the total 
C change in the energy of the system. Excess energy is placed 
C in the iodine vibrational coordinate. parallel to its current 
C motion. 
c 

c 

parameter(ntm-257,ntm3-3*ntm) 

common /repul/iflag,rsw,akt,plu,plud,ecl 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 
common /table/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 

dimension r(ritm3),v(ntm3),rb(3) 

C Select iodine excited state surface. 
c 

iflag-1 
r2-0. 

do 10 i-1,3 
rb(i)-r(i)-r(i+3) 
r2-r2+rb(i)**2 

10 continue 
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c 

r21-sqrt(r2) 
do 20 i=l,3 
rb(i)=rb(i)/r21 

20 continue 

p2=plu/(r21**9.5) 
n-int(4750./r2) 
pl-vtab(n)+r2l*vtabi(n) 

C 'esw' is the excess energy divided by the mass from the 
C dissociation process that is to be placed in the iodine 
C vibrational coordinate. 
c 

esw-(ed+pl-p2)smassi 

c 
C 'v21' squared is proportional to the iodine vibrational 
C energy. 
c 

c 

v21 - 0. 
do 30 i-1,3 
v21 - v21 + rb(i)*(v(i)-v(i+3)) 

30 continue 

v22 - sqrt(v21**2 + 4.*esw) 

C Pick the sign of 'v22' such that the change in the iodine 
C velocities will be parallel to the current vibrational motion. 
c 

v21 - .S*(sign(v22,v21) - v21) 

c 
C Scale the iodine atom velocities along the bond axis 
C (vibrational coordinate). 
c 

c 

do 40 i-1,3 
v(i) - v(i) + r.b(i)*v21 
v(i+3) - v(i+3) - rb(i)*v21 

40 continue 

return 
end 

subroutine wrv(ktm) 
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C This subroutine outputs the current positions and velocities· 
C of the iodine atoms. 
c 

parameter(ntm-257,ntm3-3*ntm) 

common /blk2/h,h2,h26,hi 
common jblk4/v(ntm3) 



c 

99 
98 
97 

common jblk5/r(ntm3),r2(ntm3),a(ntm3),a2(ntm3) 

write(7,97) h*ktm 
write(7,99) (r(i), i-1,6) 
write(7,98) (v(i), i-1,6) 
format(6f12.5) 
format(6e13.5) 
format(f10.3) 

return 
end 

subroutine ck(d,jo,lo,icord,r2t,ilo,i2o,in,ncoll) 

C This subroutine counts xenon crossing events across a surface 
C that is a distance, d, from at least one of the iodine atoms. 
c 

c 

dimension icord(l),r2t(l),ilo(l),i2o(l),in(l) 
dimension il(lOO),i2(100) 

C First find all of the xenon atoms that are within a distance d 
C of the first iodine atom. Save the atom numbers in 'il'. 
c 

c 

k-1 
j-0 
do 510 i-2,in(l) 
k-k+l 
if (r2t(k).gt.d) goto 510 
j-j+l 
il(j)-icord(k) 

510 continue 

C Next find all of the xenon atoms that are within a distance d 
C of the second iodine atom. Save these atom numbers in 'i2'. 
c 

c 

1-0 
do 520 i-l,in(2) 
k-k+l 
if (r2t(k).gt.d) goto 520 
do 515 m-l,j 

515 if (icord(k).eq.il(m)) goto 520 
1-1+1 
i2(1)-icord(k) 

520 continue 

C Next check to see if the xenon atoms near iodine atom 1 were 
C within d on the last integration time step. If they were not, 
C count this event. 
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c 
do 550 i-l,j 
do 560 k-l,jo 

560 if (il(i).eq.ilo(k)) goto 550 
ncoll=-ncoll+l 

550 continue 

c 
c Now do the check for iodine atom 2. 
c 

do 570 i-1,1 
do 580 k-l,lo 

580 if (i2(i).eq.i2o(k)) goto 570 
ncoll=ncoll+l 

570 continue 

c 
C Save all of the atoms currently within a distance d of the two 
C iodine atoms. 
c 

c 

jo-j 
lo-1 
do 530 i-l,j 

530 ilo(i)-il(i) 
do 540 i-1,1 

540 i2o(i)-i2(i) 

return 
end 

subroutine corev(r,v) 

C This subroutine is used to check the for correlations in the 
C flow of energy in the iodine vibrational and rotational 
C coordinates. In particular, does the vibrational motion 
C couple into the rotational motion before energy is dissipated 
C to the solvent? This subroutine must be called in equal 
C increments of time. 
c 

common jcevjicev,ilab,evv(256),evr(256),evc(256),evd(256) 

dimension r(6),v(6) 

c 
C Get the current rotational, r, and vibrational, v, energies. 
C Store these values in the respective arrays 'evr' and 'evv' at 
C the current time equal zero position marked by 'ilab'. 
C Note that only the current and past 255 energies are saved. 
C 'ilab' is incremented (modulo 256) on each call to this 
C subroutine. 
c 

call rotev(r,v,evv(ilab),evr(ilab)) 
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c 
C If 'icev' is equal to -1, this subroutine is being called just 
C to load the vectors 'evv' and 'evr' (i.e., no correlation 
C functions are calculated). At least 256 calls to this 
C subroutine must be made before the calculation of the 
C correlation functions begins. 
c • 

if (icev.eq.-1) goto 500 

c 
C 'eve' and 'evd' are the two correlation functions. They are 
C ordered in time 1 through 256, 1 being t=O of the correlation 
C function. The following two loops calculate the correlation 
C functions. The first loop calculates the elements of 'eve' 
C and 'evd' from t-O back in time to the current time 
C corresponding to the first elements of 'evv' and 'evr'. The 
C elements in 'evv' and 'evr' from 'ilab' to 256 are the oldest 
C elements in the arrays. The correlation function 
C calculated for these times is handled in the second loop. 
c 

c 
c 
c 

c 
c 

i-1 
do 100 j-ilab,l,-1 
evc(i)-evc(i)+evv(ilab)*evr(ilab)*evv(j)*evr(j) 
evd(i)-evd(i)+evr(ilab)*evr(j)*(evv(ilab)**2) 

lQO. i-i+l 

do 110 j-256,ilab+l,-1 
evc(i)-evc(i)+evv(ilab)*evr(ilab)*evv(j)*evr(j) 
evd(i)-evd(i)+evr(ilab)*evr(j)*(evv(ilab)**2) 

110 i-i+l 
icev-icev-t:l 

500 

Now the t-O marker is incremented. 

ilab-ilab+l 
if (ilab.ge.257) ilab-1 

return 
end 

subroutine rotev(r,v,ev,er) 

This subroutine calculates the current iodine rotational, er, 
C and vibrational, ev, energies. 
c 

common /table/ftab(lOOO),ftabi(lOOO),vtab(lOOO),vtabi(lOOO) 
common /i22/vzix,smassi,r2maxi,r2cuti,rnewix 

dimension r(6),v(6) 
dimension rc(3),vc(3),cc(3) 



c 

r2=0. 
do 100 i-1,3 
rc(i)=r(i)-r(i+3) 

100 r2-r2+rc(i)**2 
r21-sqrt(r2) 

n-int(4750/r2) 
ev-vtab(n)+r21*vtabi(n) 
vel-0. 
do 110 i-1,3 
rc(i)-rc(i)/r21 
vc(i) - v(i)-v(i+3) 

110 vel - vel + rc(i)*vc(i) 
vel-.2S*vel*vel*smassi 
ev-(ev+vel)/1.196 

call cross(rc,vc,cc) 

er-0. 
do 130 i-1,3 

130 er - er + cc(i)**2 
er- .25*smassi*er/1.196 

return 
end 

subroutine fcorr 

C This subroutine calculates various force (acceleration) 
C functions associated with the iodine vibrational coordinate. 
C These functions are defined at the top of this program 
C listing, as well as the array assignments. That information 
C will not be duplicated here. The correlation functions are 
C calculated in the same manner as they are in 'corev'. 
c 

c 

parameter(ntm-257,ntml-ntm-l,ntm3-3*ntm,nn3-ntm*ntml/2) 

common jblk5/r(ntm3),r2jk(ntm3),a(ntm3),a2(ntm3) 
common /fcor/ifc,iflab,fi2(3),ff(5,256),ffc(4,256) 

dimension rc(3),rd(3) 

C Load the time matrices. 'fp' and 'fps' are the current values 
C of the force (acceleration) on the iodine vibrational 
C coordinate due to the RKR potential and the xenon solvent 
C respectively. The torque is calculated in the call to 
C 'cross'. 
c 

r2-0. 
do 10 i-1,3 
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c 

rc(i)-r(i)-r(i+3) 
10 r2-r2+rc(i)**2 

r21-sqrt(r2) 
fp-0. 
fps-0. 
do 20 i-1,3 
rc(i)-rc(i)/r21 
fp-fp+rc(i)*fi2(i) 

20 fps-fps+rc(i)*(a(i)-a(i+3)) 
fps-fps-fp 

do 30 i-1,3 
rc(i)-rc(i)*r21 

30 fi2(i)-a(i)-a(i+3) 
call cross(rc,fi2,rd) 
ff(l,iflab)-fp 
ff(2,iflab)-fps 
do 40 i-3,5 

40 ff(i,iflab)-rd(i-2)/4. 

C If 'ifc' is equal to -1, no correlation functions are to be 
C calculated from the current data. This is used to load the 
C acceleration matrices. (This subroutine must also be called 
C in equal increments of time). 
c 

if (ifc.eq.-1) goto 500 

c 
C Calculate the correlation functions. 
c 

do 100 i-1,2 
j-1 
do llO k-iflab,l,-1 
ffc(i,j)-ffc(i,j)+ff(i,k)*ff(i,iflab) 

110 j-j+l 
do 120 k-256,iflab+l,-l 
ffc(i,j)-ffc(i,j)+ff(i,k)*ff(i,iflab) 

120 j-j+l 
100 continue 

j-1 
do 140 i-iflab,l,-1 
ffc(3,j)-ffc(3,j)+ff(l,i)*ff(2,iflab)+ff(2,i)*ff(l,iflab) 

140 j-j+l 
do 150 i-256,iflab+l,-l 
ffc(3,j)-ffc(3,j)+ff(l,i)*ff(2,iflab)+ff(2,i)*ff(l,iflab) 

150 j-j+l 

do 170 k-3,5 
j-1 
do 160 i-iflab,l,-1 
ffc(4,j)-ffc(4,j)+ff(k,i)*ff(k,iflab) 

160 j-j+l 
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c 

do 180 i=256,if1ab+1,-1 
ffc(4,j)-ffc(4,j)+ff(k,i)*ff(k,if1ab) 

180 j-j+1 
170 continue 

ifc=-ifc+1 

C Increment the current t-0 point in the matrices. 
c 

c 

500 if1ab-if1ab+1 
if (if1ab.ge.257) if1ab-1 

return 
end 

subroutine cross(a,b,c) 

C This subroutine calculates "a cross b" and stores the result 
C in 'c'. 
c 

c 

dimension a(3),b(3),c(3) 

c(l)-a(2)*b(3)-b(2)*a(3) 
c(2)-a(3)*b(1)-a(l)*b(3) 
c(3)-a(1)*b(2)-b(l)*a(2) 

return 
end 

subroutine wfcorr(ktm,h) · 

C This subroutine outputs the current cumulative results of 
C the correlation functions calculated by 'fcorr'. This data 
C can then be used to analyze the evolution of the correlation 
C functions with respect to the iodine vibrational relaxation 
C process. 
c 

common jfcor/ifc,if1ab,fi2(3),ff(5,256),ffc(4,256) 

write(9,99) f1oat(ktm)*h,ifc 
do 10 i-1,256 

10 write(9,98) (ffc(j,i), j-1,4) 
99 format(f10.3,i7) 
98 format(4e15.8) 

return 
end 
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APPENDIX B: PROGRAM LISTING "RKRSURF" 

The following program generates the RKR force table used in the 
molecular dynamics program "I2XENON". The program was written and 
executed on a DEC MicroVax II running Ultrix. 

c 
c 
c 
c 

Program "RKRSURF" 
Keenan Brown 
September 15, 1987 

C This program generates the RKR force table used in the 
C program "I2XENON". This table is constructed from the gas 
C phase iodine RKR data of LeRoy and his extension to both 
C long and short iodine internuclear separations. This data 
C is input in two forms. First, the RKR turning points and 
C energies for most of the iodine vibrational levels are read 
C into the program. Second, the extensions to this surface are 
c included explicitly in the code in the form of their 
C respective first derivatives. The derivative of the RKR 
C surface is evaluated following a cubic spline routine 
C published by: 
c 
C G. E. Forsythe; M. A. Malcolm, C. B. Moler, in "Computer 
C Methods for Mathematical Computations" (Prentice-Hall, Inc., 
C New Jersey, 1977). 
c 
C Note that the potential table is generated in "I2XENON" to 
C avoid round-off errors. The unit of energy in this program is 
C wavenumbers, and the unit of length is angstroms. 
c 

c 

dimension r(lOOl),f(lOOl),ftab(lOOO),ftabi(lOOO) 
dimension e(200),ri(200),ro(200) 
dimension b(200),cl(200),dl(200) 

C Input the RKR turning points and energies. The arrays 'ri'. 
C and 'ro' contain the classical inner and outer turning points 
C for the corresponding vibrational energy stored in 'e'. 
c 

n-O 
5 n-n+l 

c 
c 
c 
c 
c 

c 

read(5,*) e(n),ri(n),ro(n) 
if (e(n).lt.l2000.) goto 5 

m-n 

The iodine potential minimum is at 2.6657 angstroms. The RKR 
surface is tabulated such that this minimUm corresponds to 
zero potential energy. This point is entered in 'ri' and 'e'. 

n-n+l 
e(n)-0. 
ri(n)-2.6657 
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... 

C The goal of this next loop is to finish constructing the array 
C 'ri' such that 'ri' spans the range of the RKR surface with 
C the energy for the iodine separation 'ri(i)' stored in the ith 
C element of the array 'e'. 
c 

do 6 i-l,m 
n=n+l 
e(n)-e(i) 

6 ri(n)-ro(i) 
c 
C The force table to be generated in this program is stored in 
C the inverse square of the iodine internuclear separation, 
C therefore it is convenient to reverse the order of the 
C elements of the arrays 'ri' and 'e'. 
c 

do 7 i-l,m/2 
tl=ri(i) 
t2-e(i) 
j-m+l-i 
ri(i)-ri(j) 
e(i)-e(j) 
ri(j )-tl 

7 e(j)-t2 

c 
C This is the cubic spline routine of Moler, et. al. The 
C refere~ce appears in the comments at the head of this listing. 
c 

call spline(n,ri,e,b,cl,dl) 

c 
C A 1000 element 2-point interpolation table is going to be 
C constructed. The radii for the tables are calculated 
C below. Note when using this table, to find the element of 
C the first corresponding to the distance r, is readily 
C found by the Fortran statement "n- int(4750./(r**2))". 
C An extra radius is calculated to handle the boundaries of 
C the .force tables correctly. 
c 

do 10 i-1,1001 
r(i)-sqrt(4750./float(i)) 

10 continue 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

The new array 'f' containing the force at the radii calculated 
above is now constructed. The expressions appearing in the 
first two IF-statements below, are the short and long range 
extensions to the RKR surface. The function 'dseval' is 
modelled after the routine 'seval' of Forsythe, et. al. , 
except it returns the first derivative of the potential 
function at 'r(i)', as opposed to the value of the potential. 
The line labeled '11' below takes care of the sign of the 
force (force is minus the first derivative of the potential). 
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do 11 i-1,1001 
f(i)-0. 
if (r(i).le.2.3138) f(i)~-12.*2.921166e8/r(i)**l3 
if (r(i).ge.4.406) f(i)-8.4*1.28477e8/r(i)**9.4 
if (f(i).eq.O.) f(i)-dseval(n,r(i),ri,e,b,cl,dl) 

11 f(i)--f(i) 

c 
C This next loop generates the force table. The magnitude of 
C the force between the two iodine atoms if the internuclear 
C separation squared is r2, can be determined from the tables by 
C the following Fortran code: 
C n - int(4750./r2) 
C force - ftab(n) + sqrt(r2)*ftabi(n) 
c 

do 20 i-1,1000 
c-f(i)-f(i+l) 
d-r(i)-r(i+l) 
ftabi(i)-c/d 

20 ftab(i)-f(i)-r(i)*c/d 

c 
C The force table is now output. 
c 

do 30 i-1,1000 
30 write(6,99) i,r(i),ftab(i),ftabi(i) 
99 format(i5,3fl5.5) 

end 
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APPENDIX C: DERIVATION OF THE PHASE EQUATION 

A derivation of Equation 10 in Chapter 3 is given. This derivation is 

based on two functions, f(t) and g(t), that have been sampled in equal 

time steps over the interval -T :S t < T. These functions can be 

expanded in a Fourier time series representation: 

N 
f(t) ~ A cos(w t + 0 ) 

n-O 
n n n (la) 

N A [ i(w t + 0 ) -i(w t + On) l 
~ ....!! n n n e + e 

n-0 2 
(lb) 

N 
g(t) ~ B cos(w t + '1 ) 

n-O n n n 
(2a) 

N B [ i(w t + o ) ·i(w t + o ) l 
~ 

n n n n n e + e 
n-O 2 

(2b) 

In the above equations, N+l is the number of sampled points, the A , 
n 

Bn' On' "n' and wn are determined by the dis~rete Fourier transforms 

of f(t) and g(t). The following integrals are properties of Fourier 

transforms, and will be helpful in the evaluation of later integrals: lr cos(w t) dt - 0. (3) 
T -T n 

lr sin(w t) dt - 0. (4) 
T -T n 

lr cos(w t) cos(w t) dt - 0 (5) 

T -T 
n m n,m 

lr - sin(w t) sin(w t) dt - 0 (6) 
T -T n m n,m 
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1 JT · - cos(w t) sin(w t) dt 
T -T n m 

0. (7) 

The quantity of interest is the relative phase of the components of 

f(t) and g(t) at the specified frequency w , that is p = 0 - ~ . A n n n n 

relationship between the p and the following correlation functions 
n 

will be derived': 

1 JT . h
1
(r)-- f(t) f(t+r) dt 

2T -T 

h
2
(r) - _:_ JT g(t) g(t+r) dt 

2T -T 

h 3(r) - --
1
-- JT (f(t) g(t+r) + g(t) f(t+r)) dt 

2T -T · 

(8) 

(9) 

(10) 

The first step in the derivation of the phase shift equation is to 

express the correlation Equations 8-10 in terms of a Fourier time 

series. This is done below by first considering the integral: 

1 JT I 1 - - · f(t) g(t+r). dt 
2T .-T 

(11) 

Substitution of Equations lb and 2b for f(t) and g(t) respectively in 

Equation 11 yields: 

* e · m + e m dt 
[ 

i(wm(t+r) + ~ ) -i(w (t+r) + ~m) l l 
(12) 

After some minor rearrangement while taking advantage of the 

orthogonality conditions expressed in Equations 5-7, Equation 12 

reduces to: 
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1 N A Bn JT [•i(wn(2t+<) + 0 + '1 ) 

Il !: 
n n n 

~ -- + 
2T n=O 4 -T 

-i(w (2t+r) + 0 + '1 ) n n n 
+ e + 

+ e n n n + e n n dt 
i(w r + '1 - 0 ) -i(w r + rJ - On)) 

(13) 

The first two terms in the integral above are zero due to the 

conditions expressed in Equations 3-4. The second two terms are 

trivially integrated since they are independent of the integration 

variable, t. Note the phase term in the arguments for the two 

exponentials is equal to -p . The final rearrangement of Equation 13 
n 

gives: 

A 
n 

2 

B n cos(w r ':' p ) 
n n 

Similarly, it can be shown that: 

I - _:_ JT g(t) f(t+r) dt 
2 2T -T 

N A B 
~ -~n--n~ ( ) 
.£. COS W T + p 

n-O 2 n n 

(14) 

(lSa) 

(lSb) 

Equations 14 and lSb can now be used to express the correlation 

functions, Equations 8-10, in terms of a time series. The function 

h
3

(r) is simply the sum of r
1
+r

2
, while h

1
(r) and h

2
(r) are readily 

determined from r
1 

by setting g(t)-f(t) or f(t)-g(t) respectively. 

This gives: 

N A 
2 

n 
h1 (r) - !: -

n-0 2 
cos(w r) 

n 
(16) 
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N B 2 

h
2
(r) == ~ 

n 
cos(w r) 

n-0 2 
n 

(17) 

N 
h 3 (r) - ~ A B cos(w r) cos(p ) 

n-O 
n n n n 

(18) 

Note that each of the above correlation functions is even, and 

therefore each 'is expressed in the form of a Fourier cosine series. 

The coefficients for each cosine term can be found by Fourier 

transforming each of the above correlation functions. That :ts, if 

H
1 

(wn) is the Fourier transform of h
1 

(r), and so on for h
2

(r) and 

h
3
(r), then: 

A 2 

Hl(wn)-
n 

2 
(19) 

B 2 

H2(wn) ....!L 

2 
(20) 

H3 (w ) -A B 
n n n 

cos(p ) 
n 

(21) 

The Fourier transforms, Equations 19-21, are readily obtained from the 

molecular dynamics simulations, and can be used to find the phase 

shift between two sets of forces acting on the iodine vibrational 

coordinate as a function of frequency from Equation 22 below (Chapter 

3, Equation 10): 

(22) 

•· 
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