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prediction of the changes of the Walsh diagram due to a 
change of the central atom A. 

These qualitative ideas can be used to understand the in
version barrier in AH3 radicals and their substituted analo
gues as well as barriers to pyramidalization in AH3 cations 
and their substituted analogues,19 
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This paper gives a full account of the application of the 
combined phase-space/trajectory method to the hydrogen 
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More recent calculations2 by identical procedures with a 
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In these it was found that adjustment of the potential ener
gy surface to promote reaction of HI with HI via a collinear 
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iodine vibrationally excited near the dissociation limit [I2 
(hi v)]. It was concluded that slight additional modification 
of the potential energy surface might favor either set of re
action products. 

The validity of the combined phase-space/trajectory 
method has now been demonstrated for a number of sys
tems3"7 and is regarded by some as obvious.8 The calcula
tions reported in the main body of this paper are supple
mented by a larger number of conventional trajectories for 
H2 + I2 encounters likely to produce reaction as indicated 
by the combined phase-space/trajectory results. Although 
there is a large statistical uncertainty in any of the proper
ties calculated for the supplemental set of trajectories, there 
is essential agreement with the results of the combined 
phase-space/trajectory method. 
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Abstract: A combined phase-space/trajectory study of the hydrogen iodide (HI + HI -» H2 + I2) and the hydrogen-iodine 
(H2 + h -» HI + HI) exchange reactions was carried out using the semiempirical potential energy surface derived by Raff 
et al. From a minimum of computation effort the calculations yield overall reaction rates and mechanisms, reactant and 
product configurations, and energy distributions among reactants and products for thermal reactants at 700 K. The ex
change reactions are found to occur through both the Civ trapezoidal and the symmetric linear transition configurations of 
the potential energy surface used. In reaction of HI + HI via the trapezoidal configuration only stable H2 and h occur as 
products. In reaction via the linear configuration the products are primarily stable H2 molecules and separated I atom pairs 
with lesser amounts of stable and quasibound I2 molecules. The calculated overall rate is approximately Vi 0 that from experi
mental measurements. With adjustment of the relative barrier heights for the two transition configurations to favor the 
atomic mechanism (H2 + 21 -» HI + HI) it may be possible to produce agreement with Sullivan's photochemical experi
ments. The calculated vibrational excitation of reacting HI molecules is in accord with experimental measurements by Jaffe 
and Anderson. Where directly comparable the results are in agreement with those of a standard quasiclassical trajectory 
study by Raff et al. However, in the work by Raff et al. a complete statistical investigation of the reactions H2 + I2 -*• HI + 
HI and H2 + 21 -* HI + HI was precluded by excessive computer time requirements and the rates of these reactions were 
underestimated. 
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Table I. Energetically Allowed Reaction Mechanisms 

Direct reaction 
HI+ HI^H 2 + I2 

Atomic iodine intermediate 
HI + HI**H5 + I + I 
I + I + M «* I2 + M 

H2I intermediate 
HI+ HI-^H1I +I 
H2I + M**H2 + I + M 
I + I + M*±I2 + M 

or 
H2I+ 1^H2+ I2 

Chain mechanism 
HI+ H** H2 +I 
HI + I**I2 + H 

Contributing processes 
I + I + Ms±I2 + M 
H+H+MtfHj + M 
H + I + M*±HI + M 

I. Introduction 

In the development of chemical kinetics over the past 
century the hydrogen iodide decomposition reaction (HI + 
HI -»• H2 + I2) and its reverse, the hydrogen-iodine reac
tion (H2 + I2 -*• HI + HI), have played important roles. In 
one of the first systematic studies of gas-phase reaction 
rates Bodenstein9 determined the effects of reactant con
centrations and temperature for both reactions. He estab
lished that both reactions follow overall second-order kinet
ics and Lewis10 later used his data to demonstrate the appli
cability of Arrhenius' concept of active molecules and the 
Arrhenius rate expression. Hinshelwood11 cited the hydro
gen-iodine reactions as evidence for the principle of activa
tion by collision. The observed rates were found to be in 
agreement with the predictions of the simple collision theo
ry of gas reactions.12 Both Hinshelwood11 and Kistiakow-
sky13 raised the question of the nature of the activation en
ergy and which forms of molecular excitation contribute to 
the activation process. With the discovery of deuterium the 
isotope effects on these reactions were examined.14 One of 
the early applications of absolute rate theory was the pre
diction by Wheeler, Topley, and Eyring,15 with apparent 
success, of the rate of the hydrogen-iodine reactions. In 
each of these studies the overall reactions were considered 
to occur by direct bimolecular mechanisms R l and R l ' (see 
Table I). These reactions became "textbook examples" of 
bimolecular reactions. 

More recently, some complexities of the hydrogen-iodine 
system have been revealed. Benson and Srinivasan16 and 
Sullivan17 showed that a chain mechanism (see Table I) 
contributes to reaction at temperatures above 600 K and is 
dominant above 750-800 K. Semenov18 suggested that the 
reaction of H2 and I2 might occur through the mechanism 
of I2 dissociation (R3') followed by termolecular reaction 
(R2'). Such a mechanism is kinetically indistinguishable 
from the direct bimolecular reaction (R l ' ) if equilibrium is 
maintained between iodine atoms and molecules. In either 
case the overall rate is given by an expression first order in 
H 2 concentration and first order in I2 concentration. The 
question of which mechanism dominates the low-tempera
ture reaction was examined by Sullivan19 in 1967. Using a 
low-temperature photochemical source of 2 P 3 / 2 iodine 
atoms he measured the rate of reaction with molecular hy
drogen. Extrapolation of the photochemical rate constants 
to the higher temperature range of the thermal rate data 
showed that the former could account for the entire thermal 
rate. It was thus shown that the dominant mechanism for 
reaction of H2 and I2 below 750-800 K involved I2 dissocia

tion. It was pointed out by Sullivan that the observed kinet
ic behavior could be explained by a mechanism involving a 
loosely bound intermediate H2I in equilibrium with reac-
tants via reactions (R3'), (R5'), or (R6') as well as by the 
termolecular reaction of H 2 + I + I (R2'). 

The most accurate overall and specific rate data for the 
hydrogen-iodine system have been obtained in a series of 
experiments by Sullivan.17'20 The measured activation ener
gy for the low-temperature reaction of HI with HI is 43.6 
kcal/mol and for the overall reaction of H2 with I2 is 40.6 
kcal/mol, each corrected for the contribution of the chain 
mechanism. The reaction of HI with HI to produce H2 + h 
is endothermic by 3.0 kcal/mol. The dissociation energy of 
molecular iodine is 36.2 kcal/mol, 4.4 kcal/mol below the 
activation energy for the overall reaction of H2 with I2. 

In each of the energetically allowed reaction mechanisms 
listed in Table I except the chain mechanism the reaction of 
HI with HI occurs as a direct bimolecular reaction (R l , 
R2, or R4). The energetically allowed products are H2 + I2, 
H2 + 21, and H2I + I. The reaction has maintained its sta
tus as a classic example of a bimolecular reaction although 
the product distribution was subject to question. The specif
ic energy requirements for activation were investigated by 
Jaffe and Anderson,21 who observed that HI and DI in low 
vibrational states failed to react even at relative translation-
al energies up to two and one-half times the activation ener
gy for reaction. They concluded that rotational or vibration
al excitation of the colliding partners is required for an ap
preciable probability of reaction upon collision. 

Several suggestions have been given to explain why an 
atomic mechanism should be favored over the molecular 
one. Noyes22 hypothesized that dynamic effects forbid the 
bimolecular reaction R l ' and its reverse Rl since the low 
mass of H2 allows it to escape before appreciable separation 
of I atoms can occur. Similar arguments based on momen
tum conservation can be used to explain the observation 
that HI and DI in low vibrational states fail to react. 

The interatomic forces are of course critical in determin
ing the reaction path. Three transition structures seem most 
plausible: 

H — H 
/ 

,' 
T T 

trapezoidal 

I—H— H—I H - H 

staggered 

Reaction through the planar trapezoid (C2v symmetry) was 
initially found by Wheeler, Topley, and Eyring15 to be the 
favored pathway for reaction (Rl ) on an LEP surface. The 
symmetric linear configuration which appears to be more 
accessible to H2 + 21 represents another pathway as does 
the staggered configuration. 

Recent attempts to determine more accurately the poten
tial energy surface and the energetically allowed pathways 
have been partially successful but the results are not yet de
finitive. Hoffmann23 and Cusachs et al.24 on the basis of 
simple molecular orbital theory hypothesize that the molec
ular reaction is energetically not allowed (in the sense of the 
Woodward-Hoffmann rules) to proceed through a C2u con
figuration but that other configurations, such as distorted 
trapezoids, might be more favorable. Raff et al.25 have cal
culated a complete valence bond potential energy surface 
for the H 2 I 2 system. On this surface the barriers corre
sponding to the C2V trapezoid and the symmetric linear con
figurations have the lowest energies with the trapezoid 
slightly lower. Both these configurations correspond to the 
barriers in the minimum energy paths between two Hl mol
ecules and hydrogen plus iodine atoms or molecule. Thus, if 

Jaffe, Henry, Anderson / Molecular Dynamics of HI and Hydrogen-Iodine Exchange Reactions 



1142 

Figure 1. Bimolecular coordinate systems. Inset: arbitrary orientation: 
0H2 ,I2

 = 0. #H2,[2
 = 0. 0H2

 = 0. 

their surface is accurate, the only explanation for Sullivan's 
photochemical experiments is in terms of dynamic effects. 
Minn and Hanratty26 have also examined the H2I2 valence 
bond energies but were unable to arrive at barrier heights as 
low as those of Raff et al.25 From more accurate calcula
tions Minn and Hanratty find the linear configuration to 
have a lower energy barrier than the trapezoidal configura
tion. 

Raff et al.27 have investigated the hydrogen-iodine reac
tions by means of extensive classical trajectories calculated 
for the valence bond potential energy surface discussed 
above. They conclude the direct reaction of H2 with I2 is 
prohibited by dynamic effects and predict that reaction oc
curs primarily through formation of the H2I intermediate. 

In the present study we have made classical dynamical 
calculations of reaction trajectories for the hydrogen-iodine 
system at 700 K. The potential energy surface used is that 
developed by Raff et al.27 The combined phase-space/tra
jectory method,28'3'5 in which trajectories are sampled from 
those crossing a surface in phase space dividing reactants 
and products, has been extended to the four-atom system to 
minimize the computational effort required. A total of 693 
reactive trajectories were obtained with approximately 
equal statistical weights and representative of reaction in a 
system with reactants in thermal equilibrium. The method 
allows the several mechanisms of reaction to be analyzed si
multaneously. The results are examined to determine all 
important kinetic details: the reaction mechanism, the con
figurations of reactants and products, distributions of ener
gy among reactants and among products, the collision de
tails, and the overall rate. Results are compared with avail
able experimental and theoretical evidence and with the 
conventional trajectory study of the same system by Raff et 
al.27 

In the description which follows we discuss the analysis 
from the viewpoint of the hydrogen iodide decomposition 
reaction. The information obtained applies equally to the 
reaction of hydrogen and iodine to form hydrogen iodide. 
Determination of the product distribution for the hydrogen 
iodide decomposition is equivalent to determining the reac-
tant distribution for hydrogen iodide formation when the 
requirements of microscopic reversibility are considered. 
For generality, many equations are written in terms of 
atoms A, B, C, and D with the convention that A and B rep
resent H atoms and C and D represent I atoms. 

The distinction between bimolecular and termolecular 
collisions can be made on the basis of the states of the col

liding pairs of atoms. A pair of atoms A and B may exist in 
any one of four possible types of states. "Bound" molecules 
ABb are those pairs with internal energies less than the dis
sociation energy. Those with energies greater than the dis
sociation energy can be trapped by the centrifugal or rota
tional barrier to dissociation. These are "quasibound" 
(ABqb) and may dissociate in the absence of a third body by 
tunneling through the barrier. A "dissociative" state (ABd) 
occurs for a pair of atoms in close proximity but with inter
nal energy greater than for dissociation by passage over the 
centrifugal barrier.29 "Unbound" pairs (A + B) have an in-
ternuclear separation greater than that corresponding to the 
maximum in the centrifugal barrier. The reactions listed in 
Table I may be specified in further detail by use of these 
distinctions. In general, we use the conventions that AB in
cludes ABb and ABlb and that A + B includes ABd as well 
as separated atoms. 

II. Potential Energy Surface 
The potential energy surface for the (H2I2) system devel

oped by Raff et al.25 and used in the present study is based 
on a simple nonionic valence bond formulation. The system 
is represented as that of four electrons in the presence of 
two protons and two I+ cores. With all overlap and three-
and four-center exchange integrals neglected the resulting 
London expression gives the potential energy in terms of 
Coulomb and exchange integrals. These are evaluated sem-
iempirically in terms of the lowest singlet 1S and triplet 3S 
potentials using the Heitler-London formulation for di
atomic systems. For all diatomic pairs the singlet energies 
are represented by Morse functions with constants obtained 
from spectroscopic data. The triplet energies are expressed 
in analytical forms of the anti-Morse type. For H2 and I2 
semiempirical approximations are used. The one adjustable 
parameter, a screening constant for the I+ cores, is set to 
give a minimum barrier height for the hydrogen-iodine ex
change reaction slightly higher than the observed activation 
energy. The reader is referred to the original paper by Raff 
et al.25 for a complete discussion as well as the analytical 
expressions and the constants used. 

The surface is exact in the limit of separated ground-
state diatomic pairs. With one atom removed the barrier 
heights for the reactions H + I2 —»• HI + I and H2 + I -*• 
HI -I- H are approximately equal to the experimental acti
vation energies for these reactions. Computations of trajec
tories for these reactions give reasonable agreement with 
experimental measurements of reaction attributes.30,31 

For the H2, I2 exchange reaction the lowest barriers are 
those of the Ci0 trapezoidal configuration (42.04 kcal/mol 
above the minimum for separated H2 and I2) and the sym
metric linear configuration (45.60 kcal/mol). The barrier 
for the staggered configuration lies considerably higher 
(85.53 kcal/mol). There is a shallow well corresponding to 
a slightly stable H2I species when the second I atom is re
moved to large distances. The locations of the barriers are 
such that any one of the mechanisms (Rl), (R2), (R4) for 
the exchange reaction listed in Table I is energetically per
mitted via passage through either the Cj1, trapezoid or the 
symmetric linear configuration. 

Since the potential energy is a function of the six internu-
clear distances the surface cannot be described fully by a 
two- or three-dimensional contour plot. However, using the 
coordinates RH2, the internuclear distance between H 
atoms, R]2 between I atoms, and RH2,I2 between the centers 
of masses of H2 and I2, together with the angles 0i2, BH2, 
and 0i2 defined in Figure 1, it is found that relatively small 
variations from 4>\2 = 0, Bn2 = TT/2, and 8\2 = ir/2 result in 
increases in potential energy for either of the favored transi-
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Figure 2. Potential energy surface in (RH2< Rh< ^HJ1IJ) space. The curves are potential energy contours at 48 kcal/mol relative to the minimum for 
separated HI molecules. Coordinates in angstroms. 

tion configurations. Thus, as an aid to intuition, reaction 
may be viewed as the motion of a point through the three-
dimensional (RH1' RI1, -^H21I2) space when the angles are 
specified as above. In Figure 2 the potential energy is 
mapped as a function of the three distance variables. The 
locations of the two lowest barriers to reaction are indicat
ed. As shown, the region corresponding to HI + HI oc
cupies the front section (large RH1, RI1), Hi + I2 occupies 
the rear (large -RH2,I2; small RH2, RI2),

 anc^ ^2 + 21 is 
found along the top (small RH2; large RH2,\2, RI1)- The 
location of the dividing surface separating reactants and 
products in the six-dimensional configuration space as re
quired for the phase-space/trajectory calculations is dis
cussed in the next section. 

An insight into the dynamics of the reaction system can 
be gained by extension of the sliding mass analogy from two 
to three dimensions. When the surface of Figure 2 is "di-
agonalized" to eliminate cross terms in the kinetic energy, 
the coordinates .RH2

 a nd -RH2J2 are stretched and the three 
angles between R coordinates become acute angles. The 
motion of a "floating" mass point under the influence of the 
potential energy gradients in the resulting R space is then 
analogous to the behavior of the symmetric planar (H2, I2) 
system with <j>]2 = O, 0H2

 = 7r/2, and 8\2 = ir/2. In view of 
the importance of rotational motion and asymmetric config
urations (see section IV), the utility of the analogy may be 
limited. 

III. Calculation Procedure 
A. The Phase-Space/Trajectory Method. Conventional 

Monte Carlo trajectory calculations may be viewed as an 
example of the application of the collision theory of gas-
phase reactions. Reaction trajectories are determined by so
lution of the equations of motion for collisions of molecules 
selected from the distribution of collisions occurring in a 
mixture of reactants at thermal equilibrium. The path of a 
trajectory is followed from the initial approach of the reac
tants until separation of reactants or products occurs. 

The combined phase-space/trajectory method is an ex
ample of the statistical approach to reaction kinetics. In this 
method sample trajectories are selected from those crossing 
the potential energy barrier between reactants and products 

in a mixture at complete equilibrium. Trajectories are fol
lowed forward and backward in time to determine their 
paths. After elimination of trajectories failing to originate 
from reactants or proceed to products, a set of trajectories 
representative of reaction occurring in the absence of prod
ucts is obtained. 

A comparison of the collisional and statistical theories 
can be made in terms of the phase-space description in 
which a reaction of N atoms is represented by the motion of 
a point in the 6/V-dimensional phase space of the coordi
nates and momenta of the atoms.32 A canonical ensemble of 
such systems may be combined to yield a density of points 
in phase space which may be evaluated for equilibrium con
ditions. The phase space may be divided into reactant and 
product regions by a surface of 67V — 1 dimensions usually 
located across a saddle point in the potential energy barrier 
to reaction within the zone of interaction of colliding mole
cules. In the collisional approach trajectories crossing a sur
face at the reactant edge of the interaction zone, where 
equilibrium with separated reactants is assured, are exam
ined to determine their contribution to reaction. In the com
bined phase-space/trajectory method trajectories are sam
pled from those crossing the dividing surface within the in
teraction zone. Thus, it is necessary that the distribution of 
trajectories in the interaction zone be known under reaction 
conditions. 

The combined phase-space/trajectory method used in 
this study is based on the principle that in the absence of 
products the distribution of states in the interaction zone is 
identical with an equilibrium distribution except that states 
lying on trajectories originating from products are missing. 
The question of the distribution in this region was first 
raised by Marcelin33 in 1915 and has been the subject of 
frequent debates ever since. If the assumption of equilibri
um for trajectories originating from reactants is correct 
then the combined phase-space trajectory method and the 
conventional collisional method will give identical results. 
The equivalence of the two methods has been demonstrated 
recently by Anderson5 for several types of collinear reac
tions and by Jaffe, Henry, and Anderson3 in full three-di
mensional trajectory calculations for the reaction F + H2 
-* HF + H. Additional theoretical arguments for the prin-
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Figure 3. Location of the dividing surface in (.RH2, V?I2, ^ H 2 J 2 ) space. 
Coordinates in angstroms. 

ciple of this partial equilibrium with reactants have been 
given by Keck28 and are implicit in earlier work by Wig-
ner.34 

As shown in ref 3 the combined phase-space/trajectory 
method and the conventional method are not exactly equiv
alent when the conventional trajectories are calculated 
using initially quantized reactants. For reactions in which 
the vibration of light atoms is important significant differ
ences may occur. It is not clear whether including quantum 
effects at the start of trajectories and omitting them there
after as in quasiclassical calculations is more correct than 
omitting quantum effects altogether as in purely classical 
calculations. Comparisons with exact three-dimensional 
fully-quantum calculations will be necessary to resolve this 
question. For the reaction F + H2 —* HF + H the differ
ences between quasiclassical and fully classical treatments 
are small compared to the uncertainties introduced by an 
incomplete knowledge of the potential energy surface. This 
is undoubtedly true for most other reactions. 

One major advantage of the combined phase-space/tra
jectory method is that it gives a much higher overall effi
ciency in trajectory calculations for reactions in thermal 
systems. For the (HI + HI) exchange reaction at 700 K the 
probability of reaction for pairs of molecules with sufficient 
energy to react is about 1 in 106. In a conventional trajecto
ry analysis a set of calculations yielding 1000 reactive tra
jectories representative of reaction of 700 K would require 
an excessive computational effort (three billion dollars, at 
$3 per trajectory examined). With the combined method 
the effort expended in examining unreactive trajectories is 
nearly eliminated and the total computation effort is re
duced by a factor of nearly 106. We should point out that in 
conventional calculations, many of the trajectories normally 
examined are selected with total energies somewhat higher 
than the average of reacting molecules in a thermal mixture 
and extrapolation to lower energies is utilized in estimating 
reaction attributes. The computational effort is therefore 
considerably less than that required to obtain 1000 trajec
tories representative of reaction in a thermal mixture. 

For the general case of a reaction involving N atoms, 
when the dividing surface is orthogonal to the momentum 

coordinates, the flux in one direction across the dividing 
surface for complete equilibrium of reactants and products 
in terms of the equilibrium rate constant ke is given in the 
center-of-mass system by 

* . - £ ^ 1 C I E \ 3JV-3 37V-4 
QR J ,n>o e x p ( -^)M n iPJ n dQj 

S=U 

(1) 

in which E is the total energy, qj and Pj are the conjugate 
position and momentum coordinates of the atoms, Vn is the 
velocity in space normal to the dividing surface S, and /3 re
lates the differential surface area AS to the position and 
momentum coordinates. The electronic degeneracy associ
ated with the assumed interaction potential is denoted by 
g* and the effect of particle indistinguishability accounted 
for by the symmetry number a*. The partition function QR 
is the product of the classical partition functions per unit 
volume for the reactants in the center-of-mass system and is 
defined by 

n - SR 
QR =—777-J l E \ 3^-3 37V-3 

e x p ( " ^ ) ,H "*• n d*, (2) 
in which gR is the product of electronic degeneracies of 
reactants, <TR is the product of the symmetry numbers for 
reactant molecules, V is the volume of the system, and v is 
the stoichiometric number of reactant molecules. 

In the absence of products the flux across the dividing 
surface may be less than at equilibrium since not all trajec
tories crossing the surface from the reactant region origi
nate from the reactants. To obtain the net reaction rate in 
the absence of products, the conversion coefficient £, de
fined as the fraction of crossing points on S lying on trajec
tories which originate from reactants and pass directly to 
the crossing point and eventually to products, must be de
termined from analyses of trajectories sampled from those 
crossing the surface at equilibrium. The reaction rate con
stant k in the absence of products is then given by 

* = * * « (3) 

B. The Dividing Surface. To simplify the evaluation of the 
integral in eq 1 and the sampling of the equilibrium flux for 
trajectory calculations, the dividing surface was specified in 
the spherical coordinate system of Figure 1 as a number of 
sections (indexed k) planar in the (./?AB» RCD, ^AB.CD) 
space and orthogonal to the six angular configuration vari
ables. The locations were chosen to separate reactants from 
products at the two saddle points in the barrier to reaction. 
Five of the sections (A thru E) lie in regions of relatively 
low potential energy and are accessible to reactants at 700 
K. These are shown in Figure 3. Other sections necessary 
for the complete separation of reactants and products may 
be placed entirely in regions of higher potential energy and 
are thus unimportant for reaction at 700 K. 

Each of the five sections A thru E is specified by an equa
tion of the form 

Sk = ^AB1CD - flk-/?AB - b^RcD - Ck = 0 (4) 

with constants and limits of the R's as listed in Table II. 
The constant /3 differs for each section and is given by 

/Jk = ( I + a t 2 + 6k 2 ) " 2 (5) 

The two sections of lowest potential energy are sections A 
and D, corresponding to the symmetric linear and trapezoi
dal transition configurations, respectively. 

The location of the dividing surface is such that the com
bination HI + HI occurs on one side of the surface and the 
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Section 
(k) <*k *k ^k *AB. A *CD> A RABCD. A 10" 

%, V minimum, 
kcal/mol 

A 
B 
C 
Db 
E 

2.222 
0.645 
0.35 
0.21 
1.0 

-2.222 
-0.645 
-0.35 

0.0 
0.0 

9.667 
3.516 
2.66 
1.519 
0.65 

0.7-1.1 
0.6-1.1 
0.6-1.1 
0.6-1.1 
1.1-2.9 

4.6-5.55 
3.50-5.0 
3.50-4.01 
2.5-3.7 
2.5-3.7 

0.0-1.0 
1.0-1.643 
1.643-1.75 
1.643-1.75 
1.75-3.55 

2.25 
8.73 
3.48 

67.62 
1.03 

44.87 
43.90 
42.56 
41.07 
44.15 

"•The region with RAB < (1.1 -0.6)/(1.75 - 1.643)#ABCD is excluded. * The region with RQD > 0.4/?AB + 3.26 A is excluded. 

combinations H2 + I2, H2 + I + I, and H2I + I occur on 
the other. Thus, the overall rate of hydrogen iodine decom
position via (Rl ) , (R2), or (R4) to any of these products (or 
the formation of HI + HI from any of the combinations) is 
considered and determination of the product distribution 
must be made from the results of the trajectory calcula
tions. 

C. Rates at Complete Equilibrium. The rate constant /fcek 

for the equilibrium flux across each section of the dividing 
surface was determined from eq 1. The total energy is the 
sum of the potential energy V (independent of orientation 
of the four-atom complex but a function of /?AB, Z?CD, 
Z?AB,CD, 0CD, #AB, and #CD when 0AB,CD, 0AB,CD, and </>AB 
are arbitrarily specified) and the knetic energy (the sum of 
the energies associated with each of the nine conjugate 
momenta PRAB, PSAB, P^AB, PRCD, PSCD, />0 CD, ^AB.CD. 
PSAB.CD* and ^«AB,CD)- The velocity normal to each section of 
the dividing surface is 

V„k = (<P/?AB,CD/MAB,CD - akPRAJ^AB - bkPRcD/HCD)/&\L 

(6) 

With these substitutions eq 2 may be integrated analytically 
over all the momenta and three orientation angles <?AB,CD, 
0AB,CD, and <£AB to yield for each section 

*ek = ^ eR- ,(2MAB,CD^7 ,)3 /2(2M A BA:r)3/2(2MCD/tr)3/2 X 

TT4(kT/2) 1/2 
MAB1CD MAB MCDJ 

a^ , fcki}'/2, 
h (7) 

where ' /^ is the integral over the remaining coordinates, 

1A = 8x2 P e-v/*T/?AB.CD2/?AB2sin0ABsinflcDX 

dRAB 6RCD d0AB
 deCD d0cD (8) 

The integral '/k cannot be obtained analytically because of 
the complexity of the expression for 0V. Since the integra
tion is over the surface Sk = 0, /?AB,CD is a dependent vari
able determined by Z?AB and RQD-

The partition function QR given by eq 2 may be ex
pressed in terms of the partition functions of the reactant 
molecules. For separated diatomic molecules AC and BD 
we have 

QR = (2TMAC,BD* 7 ^ 2 C A C C B D (9) 

where the internal partition functions QAC and QBD (di
atomic species ;') are 

e,=-(27rM,/cr)3/22/, (10) 

with 

' = 4*" Jo ^XPi-1V(Ri)ZkT)Ri2 dRi (11) 

The upper limit of integration /?,(max) is an arbitrary in-
ternuclear distance beyond which the diatomic molecules 
are considered to be separated atoms. With "V1- given by a 
Morse function 2/, must be evaluated numerically. 

Table III. Internal Partition Functions at 700 K 

Species 

HI 

ft 
L i b 

I ,d 

(I + D 
I 

°i Si 

1 
1 
1 
1 
1 

16 
4 

^refa 

M 
M 
M 
S 
S 
S 
S 

2Z1-, cm3 

4.4949 X 10 - 2 4 

0.7164 X 10 - 2 4 

17.305 X 10 - 2 4 

V 

Qt, erg3 s3ft 

4.551 X 1 0 _ , ! 

0.1298 X 10-7" 
4428.4 X 10"78 

2.72 X 10"73 

1.45 X 10"73 

4.095 X 10~s ' X VCd 
4 (no units) 

a Zero for potential energy. M = minimum for molecule. S = sepa
rated atoms. * Defined by eq 10; excludes translational motion of 
center-of-mass of species; per molecule basis. cUnits are erg3 s3 if 
Fis cm3. * [(1 + I)] = V2[I][IR. 

Combining eq 7, 9, and 11 gives the equilibrium rate con
stant for the reaction of AC and BD as 

kek — r TACTBD 

gACgBD (S 1/2 f/k 

2 / A C 2 / B D 

1 , flk2 , V l 

MAB.CD MAB MCDJ 

1/2 
(12) 

The total equilibrium rate constant ke is the sum of the in
dividual rate constants kev for each section of the dividing 
surface. 

The values of 1Zk for each surface section were deter
mined for 700 K using an eight-point Gaussian numerical 
integration technique. The integration was performed over 
the range (0 < cos 0AB ^ 1, - 1 ^ cos 0 C D < 1, 0 < 0 C D ^ 
TT) thus taking advantage of all symmetry. Parts of some 
sections k were excluded from consideration when the po
tential energy in those parts was sufficiently high to make, 
the contribution to the integral negligible. The potential en
ergy was referred to the minimum for separated HI mole
cules. The results are listed in Table II. 

The integrals 2I, for H2, I2, and HI were evaluated nu
merically by summing the integrand of eq 11 for 1000 
values of /?, in the range of interest. The values obtained, 
with the potential energy referred to the minimum for each 
diatomic species, are listed in Table III. The values of the 
electronic degeneracies, the symmetry numbers, and values 
of Qi from eq 10 are also shown. For separated I atoms, 
treated as a pair of atoms, the potential energy is zero and 
the integral 2/, is equal to the system volume V. The elec
tronic degeneracy for 21 presents special difficulties as dis
cussed in Appendix A, but we have adopted gn = 16 for use 
in the present analysis. The symmetry number associated 
with the potential energy surface was taken as <T* = 2. 

For l2qb and l2d the partition function Q1 was evaluated 
with the aid of a transformation to the coordinates PR, the 
linear momentum along the internuclear axis and Px, the 
angular momentum. In this notation the internal partition 
function for a diatomic pair is given by 

Qi=Mi- C e-\(PK2/2*)HP_L2/2,iR2) + V(R,WI<T x 
(Ji J 

&T2P±dP±dPRdR, (13) 

The integration for I2ib was carried out by a summation 
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Table IV. Equilibrium Rate Constants3 

Surface 
section 

k 

A 
B 
C 
D 
E 
AU 

HI+ HI 
kek, cm3/ 

(mol s) 

0.0105 
0.0146 
0.0043 
0.074 
0.0023 
0.106 

Specified reactant 

H2+ I2 

fcek, cm3/ 
(mol s) 

0.29 
0.40 
0.12 
2.03 
0.063 
2.90 

species 

H 2 +21 
*ek > 1012 

cm'/(mol2 s) 

0.0146 
0.0203 
0.0060 
0.103 
0.0032 
0.147 

a Rate constant fcek giving the flux in one direction across the di
viding surface for all species in complete equilibrium in terms of the 
concentrations of the reactants specified. 

over small intervals of PR, P±, and Ri including only con
tributions to the integrand for states with total energy 
greater than the dissociation energy but less than that of the 
rotational barrier and with Ri less than that corresponding 
to the top of the barrier. Similarly, Q1 for l2d was obtained 
over all states with total energy greater than the rotational 
barrier and R, less than that for the top of the barrier. 
These values are listed in Table III. 

Listed in Table IV are the equilibrium rate constants kek 

for each section of the dividing surface computed using eq 
12. These constants and the sum ke are shown as calculated 
for reaction in the forward direction, HI -I- HI as reactants, 
and in the reverse direction, H2 + I2 as reactants. Since the 
flux across the dividing surface is that for complete equilib
rium it includes trajectories leading to (or originating from) 
all types of iodine pairs (l2b, l2qb, l2d, 21) and to (or from) 
the H2I species. 

Using the partition functions listed in Table III the clas
sical equilibrium constants K^ may be calculated for sever
al of the reactions listed in Table I. These were calculated 
according to 

Ke, - (QP/QR) e-^°lkT (14) 

in which Qp and QR are defined as in eq 2. The constants 
are listed in Table V together with corresponding values 
from quantum-mechanical calculations and from experi
mental measurements. The discrepancies between classical 
and quantum equilibrium constants suggest limits to the ac
curacy of classical mechanics in treating these reactions. 
We should not expect the classical rate constants to be more 
accurate than the classical equilibrium constants. 

D. Selection of Sample Trajectories. Sample trajectories 
were selected for analysis from the equilibrium flux cross
ing the dividing surface. For each section trajectories were 
selected from a distribution with statistical weights given by 
the integrand of eq 2. In the spherical coordinate system de
scribed previously the three orientation angles 0AB,CD, 
#AB,CD, and 0 A B were arbitrarily fixed at 0 and the remain
ing five position coordinates were selected with statistical 
weights given by the integrand of eq 9. To accomplish this 
integrals 1Zk were evaluated using a procedure in which a 
subtotal in the summation for the integral was generated 
for each element of a linear array of the integration steps. A 
random phase was used repeatedly in locating the eight in
tervals for each coordinate. Random numbers in the range 
(0, 1) were matched to the ratios of the subtotal to the total 
to specify elements in the array and the corresponding coor
dinates for sample trajectories. 

For the momenta the selection was also simplified by 
specifying 0AB,CD, 0AB,CD, and 0 A B as 0. In eq 1 the veloci
ty across the dividing surface is dependent on only PRAB,CD< 
PRAB, and PRCD and the relevant portion of the integral for 
each section is 

A/k = 0k ' I expj-(/>flABCD
2/MAB,CD + 

%/v„>0 

^ A B V M A B + PRcD
2/ncD)/2kT} X 

(^KAB.CD/VAB.CD - akPRAB/nAB - bkPRCD/HCD) X 

dPRAB,codPRABdPRCD (15) 

With a change of variables this can be reduced to an inte
gral of the type 

Mk ~ C'e-^&D f " e - ' 2 d f C"e~sids (16) 
xJ-co ^/—co i / 0 

The variables v, t, and s were selected using random num
bers /VR in the interval (0, 1) according to 

v,t=±4> 

erf ^ = / V R (17) 

with the sign ± random, and 

s = ±(-lnNRy/2 (18) 

The sign ± in eq 18 determines the direction of the trajecto
ry in crossing the surface. With a change to the original 
variables, PRAB.CD< P«AB> and PRCD are obtained. 

Since the trajectory calculations were carried out using 
the Cartesian coordinate system and the momenta P$AB CD, 
^»AB.CD. p<t>AB< -PSAB. P6CD* a n d p<t>co and the exponentials in
volving these momenta could be readily transformed, their 
selection was made in the Cartesian system. The coordi
nates used, as for the spherical system, specify the position 
of the center of mass of AB with respect to CD, of A with 
respect to B, and of C to D. In the initial orientation with 
</>AB,CD = 0, 0AB,CD = 0, and </>AB = 0, the initial Cartesian 
values Qi0 are 

0 i ° = 0, Q4
0 = RAS sin 0AB, Qi0 = RCD sin 0CD cos 0C D , 

Q2O = o, Q5
0 = 0, Qs0 = RCD sin 0CD sin 0 C D , (19) 

0 3 ° = RAB.CD, Q6
0 = RAB COS 0AB, 2 9 ° = ^CD COS 0CD 

The conjugate momenta P\°,. . ., P90 are then given by 

Pi° = ±(2tiAB,cukTy/^i 

P2° = ±(2nAB,CDkTy/2^ 

^ 3 = ^ / ? A B , C D 

P40 = PRAB s i n 0AB + ^ X A B COS 0AB 

P5°=±(2nABkTy/^i 

Pe0 = PR MI cos 0 A B - -P-LAB sin 0 A B 

Pl0 = PRCD Sin 0CD COS (J)CD ~ P±CD cos 5CD COS 0CD -

P±CD sin 0CD 

Ps0 = PRCD sin 0CD sin 0 C D + P±CD- COS 0CD sin 0 C D + 
P±CD COS 0CD 

P9
0 = PRcD cos 0 C D ~ P ± C D sin # C D 

P±AB = ±(2nABkT)y2fr 

PXcD = ± ( 2 M C D ^ T ) 3 / 2 ^ 

P±CD' = ± ( 2 M C D * 7 W « (20) 

where erf \p,- = /VR and the sign ± is random as for eq 17. 
Equations 19 and 20 specify completely the sample tra

jectories crossing the dividing surface and provide the initial 
conditions for trajectory analysis forward or backward in 
time to determine their paths. 

E. Trajectory Calculations. The trajectories used in the 
determination of the conversion coefficient and reactant 
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Reaction 

H2+ I2 ^ 2HI 
I2 ^ 21 
H2 + 21 ^ 2HI 

Quantum" 

54.3 
2.01 X 1O-" 
2.71 X 10'2 

Keq 

Classical 

27.3 
1.96 X 1O-" 
1.39 X 10 n 

Expfl" 

53.3 
2.01 X 10"" 

Units* 

None 
mol/cm3 

cm3/mol 

"References 35 and 36. See also ref 20. bUnitless if concentrations ratioed to a reference of 1 mol/cm3 

and product distributions were started on each section of 
the dividing surface with initial position and momentum 
coordinates selected as described above. A trajectory was 
first followed backwards toward HI + HI until it (a) 
reached the edge of the reactant zone (as indicated by an 
internuclear distance greater than /?max) o r (b) recrossed 
the dividing surface. If the trajectory recrossed the dividing 
surface it was considered unsuccessful and no further analy
sis was required. If the trajectory met condition (a) it was 
followed forward from the initial point on the dividing sur
face until it (c) reached the edge of the reactant zone or (d) 
reached the edge of the product zone (also indicated by an 
internuclear distance greater than Rm*x) regardless of addi
tional surface crossings. Trajectories which met criteria (a) 
and (d) were termed "successful". These trajectories origi
nated from reactants, passed directly to the chosen crossing 
point on the dividing surface, and eventually reached prod
ucts. 

The technique is illustrated in Figure 4 for a set of eight 
trajectories. The initial crossing points selected are indicat
ed by solid circles and the computed section of each trajec
tory is indicated by a solid line. The dashed line indicates a 
section not analyzed. Numbers 1, 2, 4, 5, and 6 meet criteri
on (a) and are subjected to analysis in the forward direction 
from the initial crossing point. Of these numbers 2, 4, 5, 
and 6 meet criterion (d). The conversion coefficient is % for 
the overall reaction. The product distribution is H2 + I2, 1; 
H2 + 21, 2; H2I + I, 1. 

The analysis of trajectories was made by numerical solu
tion of Hamilton's classical equations of motion. The 18 si
multaneous equations were integrated using a fourth-order, 
modified Adams method37 with a time step of 2.0 X 1O-16 

s. The choice of time step led to conservation of total energy 
to within two parts per thousand for trajectories of average 
length. The end point limit /?max was 6 A. A sample batch 
of trajectories with long and complex collisions was repeat
ed with a smaller step size (1.0 X 1016 s) and greater i?max 
(10 A). In all cases the essential results were the same as 
for the original trajectories except for small changes in the 
energy partitioning among reactants or among products. 
Since errors tend to accumulate during a trajectory calcula
tion, the method of calculating forward and backward from 
the barrier has the advantage that the errors are smallest in 
the most sensitive region. The calculations were performed 
on an IBM 7094/7044 system using the Fortran IV lan
guage. Typical computing times were 20-40 s per trajecto
ry-

F. Reactant and Product Analyses. The configurations 
and energies of reactant and product species were deter
mined for all successful trajectories. The initial determina
tion of atomic or molecular species was made on the basis of 
internuclear distances. The internal energy and angular mo
mentum about the center-of-mass of each diatomic species 
were evaluated from the relative motion of the atoms and 
the Morse interaction potential for the pair. The transla-
tional energy of each reactant and product species was com
puted for the center-of-mass of each species relative to the 
center-of-mass of the system. 

Table VI. Spectroscopic Constants" 

H, I, HI 

G1 

F„ 

4400.26 
-120.81 

60.839 
-3.0176 
-0.0468 

0.0017 

214.57 
-0.6127 
0.03735 

-0.000117 
0.0 
0.0 

2309.5 
-39.73 

6.551 
-0.183 

0.000213 
0.000003 

"Source: H2, ref 38; I2, HI, ref 39. All quantities in units of cm" 

REACTANTS 

HI 

+ 

HI 

REACTION ZONE PRODUCTS 

Figure 4. Example of procedure for determining conversion coefficient. 
Selected crossing point indicated by filled circle. Solid lines represent 
the examined sections of trajectories. 

All H2 and HI atom pairs occurred with internal energies 
below the dissociation energy. For I-I pairs it was necessary 
to determine the type of state occurring (I2

b, I2^, I2
d, or 

21). For all molecules the distribution of internal energy 
Ev,j between rotational and vibration modes was deter
mined from E0j and the angular momentum Pj utilizing 
the spectroscopic term equation, 

E».J = E G1(V + %)' + E FtJ(V + %y-x\J(J + 1)]' 

(21) 
without restriction to integral quantum numbers v and J. 
The constants used are listed in Table VI. The vibrational 
energy Evib and rotational energy Erot were defined by 

and 

£vib - E G,(v + V2)' 
1-1 

Era = E E F,j(v + ]kV-][J(J + 1)]' 

(22) 

(23) 
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Table VII. Summary of Trajectory Results 

Surface 
section 

A 

B 

C 

D 

E 

Overall 

No. of 
trials 

332 

145 

275 

496 

101 

1349 

Unsuccessful 

Backward 
path 

recrossed 

49 

42 

183 

216 

490 

trajectories 

Forward 
path 

led to 
reactants 

142 

15 

2 

7 

166 

Successful trajectories0 

Total 
no. 

141 
(6.4) 
88 

(6.7) 
92 

(8.5) 
278 

(4.0) 
94 

(2.7) 
693 

(2.6) 

No. with 
multiple 
crossings 

14 

4 

10 

28 

I2 

27 
(18) 
73 

(8) 
92 

(8.5) 
278 

(4.0) 
94 

(2.7) 
564 

(3) 

Products formed0 

I2 Qb 

15 
(25) 

6 
(40) 

21 
(22) 

M 
71 

(11) 
8 

(34) 

79 
(U) 

21 

28 
(18) 

1 
(100) 

29 
(18) 

"The percent standard errors are in parentheses. 

Table VIII. Conversion Coefficients and Product Distributions 

Product distribution 

Table IX. Comparison of Rate Constants 

Rate constant k at 700 K° 

Section 

A 
B 
C 
D 
E 
All0 

Sk 

0.425 
0.607 
0.335 
0.560 
0.931 
0.551 

aWeighted average. 

We note tr 
agree quiti 

H2 + I2b 

0.192 
0.829 
1.000 
1.000 
1.000 
0.913 

H2 + I2Ib 

0.106 
0.068 

0.018 

H 2 +I 2 d 

0.504 
0.091 

« 
0.052' 

H2+ 21 

0.198 
0.012 

0.017 

iat the dia tomic vibrat ional levels given by eq 21 
5 well with spectroscopic measurements for H2 

Reaction 

Overall reactions'1 

2 H I - H 2 + I2/2I 
H 2 + I 2 - 2 H I 
H2+ 2 1 - 2 H I 

Elementary steps'* 
2 H I - H 2 + 2I/I2d 
2 H I - H 2 + I2b/I2qb 
H2 + I 2 b - 2 H I 
H2 + I2Ib - 2HI 
H2 + 2 I - 2 H I 

"Units of (mol/cm3)-1 s"' 

Calcd 

0.059 
1.59 
0.82 X 1 0 " 

0.0054 
0.055 
1.45 
7.3 X 10' 
5.5 X 10' 

1 or (mol/cm3) -2 s_1 

Exptl* 

0.54 
29.3 
14.7 X 1 0 " 

14.7 X l O " 

, as appropriate. 
and HI. For higher levels of I2 the predicted spacing is 
much less than the true spacing and the calculated quantum 
number v is inaccurate. However, the vibrational energies 
calculated using the above procedure appear reasonably ac
curate. For I-I pairs the height and location of the centrifu
gal barrier of the effective potential were calculated as a 
function of Pj so that the type of state could be determined. 

IV. Results 

A. General. A total of 1349 trajectories crossing the di
viding surface were examined. Of these 490 recrossed the 
dividing surface in the backward integration toward reac
tants. The remaining 859 which originated directly from 
reactants were followed in the forward direction. In this 
group 166 returned to reactants and 693 were successful in 
reaching products. For the 166 fully integrated nonreactive 
trajectories no exchange of the HI partners (i.e., AC + BD 
-» AD + BC) was observed. Only 28 successful trajectories 
exhibited multiple crossings of the dividing surface between 
reactants and products. For starting points on sections A 
and B of the dividing surface the full range of iodine species 
occurred as products, but for starting points on sections C, 
D, and E only stable iodine molecules were observed. None 
of the trajectories led to the formation of a stable H2I com
plex. 

Although the starting points for trajectories were selected 
with equal statistical weights within each section of the di
viding surface, it was impractical to maintain the exact 
weighting between sections. Because of the large value of 
keD relative to kec or keE the numbers of trajectories for sec
tions C and E would have been too low to constitute ade
quate samples. Thus, for the sections with low kek the num
ber of trajectories examined was higher than required for 
an exact statistical balance and weighted sums were re
quired in determining the overall reaction properties. 

bFrom Sullivan.19'20 HI decomposition rate constant calculated 
from # e q and k for reverse reaction. cRate constant for reaction by 
all processes with reactants in thermal equilibrium. Contribution 
of chain mechanism excluded. ^Reaction of H2 + 21 includes 
H,+ Id . 

A complete listing of all trajectories in terms of initial 
crossing point location, additional surface crossings, and 
product configurations is given in Table VII. The conver
sion coefficients £,• for each section are listed in Table VIII 
for the overall reaction and for reaction to specific products. 

The standard sampling error estimates for £k listed in 
Table VIII were calculated using the formula 

« = ((N, ~ I1)ZN1H1)
1/2 (24) 

in which t is the fractional error, Ni is the number of trajec
tories examined, and «, is the number of successful trajec
tories found. 

B. Rate Constants. The computed rate constants for each 
of the elementary reactions (R l ) , (R2), and (R4) and the 
overall rate constant for hydrogen iodide decomposition by 
these three reactions are listed in Table IX. Also shown are 
the rate constants for the reverse reactions (Rl ' ) , (R2'), 
and (R4') involving each type of iodine pair and H2I. Since 
no bound or quasibound H2I was observed, the upper limit 
to the transmission coefficient and the standard error were 
computed with the assumption that each section of the di
viding surface contributed one successful trajectory. The 
partition function for H2I was not computed; thus, no upper 
limit for the rate constant of its reaction with I atoms was 
obtained directly. 

For equilibrium between the various iodine species the 
rate for the overall reaction of H2 with I2 via any of the re
actions (Rl ' ) , (R2'), and (R4') may be expressed in terms 
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Table X. Apparent Total Energy Thresholds for HI Production0 

Section 

A 
6 
C 
D 
E 

A 
B 

Threshold (kcal/mol) for H2 vibrational state, v 

l X - 0 . 1 

H1 

51.32 
48.30 
48.46 
44.29 
46.10 

H. 
48.70 
53.12 

-0 .1 < v < 0.1 » > 0 . 1 

+ Ijb/I2qb-» HI + HI 
50.90 55.79 
52.23 54.95 
50.13 52.54 
45.23 47.34 
47.82 46.35 

+ ] 2
d /2I -*HI + HI 
50.53 51.50 
56.55 57.92 

v >0 .9 

b 
63.05 

b 
52.70 
53.96 

C 

C 

"Total energy relative to the minimum for separated H2 and I2. 
Add 2.0 kcal/mol for the reverse reaction relative to the minimum 
for separated HI and HI. *No trajectories observed. cjVot deter
mined. 

IO 

VIBRATIONAL ENERGY 

8 12 

TRANSLATIONAL ENERGY 

1""Ln-O. H-n f 
6 

ENERGY, KCAL/MOLE 

Figure 5. Histograms of HI vibrational, rotational, and total energy for 
reactive trajectories. Unshaded histograms are for the HI molecule of 
lower energy in reacting pairs. Shaded are for the molecule with higher 
energy. Energies in kcal/mol. 

of the bimolecular rate constant or the termolecular rates 
constant kter defined by 

d[HI]/dr = 2Jt[H2][I2] = IkKu^[H2][I]2 (25) 

where kter = kKu~l and Ku is the equilibrium constant for 
dissociation of iodine molecules. Similarly, the rate of the 
specific reaction (R2') may be expressed in terms of a ter
molecular rate constant. These are listed in Table IX. 

C. Threshold Energies. A threshold energy is normally 
defined as the minimum energy required For reaction to 
occur. This information is not available from the trajectory 
results, but the "apparent" threshold energy, the minimum 
energy for which a reactive trajectory was observed, pro
vides an upper limit to the true threshold. The minimum 
barrier height provides a lower limit. 

ENERGY, KCAL/MOLE 

Figure 6. Histograms of Hl energies for reactive trajectories with ini
tial crossing points on surface section A. Unshaded/shaded for HI with 
lower/higher energy. 

Table X gives the apparent total energy thresholds for re
action via initial crossing points on each of the sections of 
the dividing surface. The thresholds are separated into 
those for the reaction of H2 and I2 (bound and quasibound) 
and of H 2 + 21 (separated and dissociative) with a further 
subdivision according to the vibrational energy of the H2 re
acting. Thus an approximate threshold for the reaction H2 

{v = 0) + I2
b (or I2ib) -» 2HI may be obtained by picking 

the reactive trajectory with the minimum total energy from 
all those with —0.1 < VH2 < 0.1. The threshold for the re
verse reaction is 2.0 kcal higher since the potential energy 
reference for reactants (minimum for separated reactants) 
is lower. 

D. Reactants and Product Energy Distributions. Figures 
5-11 show histograms of the energy distributions for reac
tants and products occurring for successful trajectories. 
Where the distributions are given for reaction through all 
sections of the dividing surface the proper weighting factors 
have been used in the summations. In Figure 5 the distribu
tion of total energy (relative to the minimum for separated 
HI + HI) is shown together with the distribution of total vi
brational energy of the pair of reacting HI molecules. Fig
ures 6 and 7 show the distributions of HI energies (total, 
total internal, total vibrational, total rotational, and transla-
tional) for reaction through the most important sections of 
the dividing surface, sections A and D. Similar plots for H2 

product energies (total, internal, vibrational, rotational, and 
translational relative to the center-of-mass of all products) 
are shown in Figures 8 and 9. For iodine products, in Fig
ures 10 and 11, the distributions for molecular iodine (I2

b, 
I2

qb) and atomic iodine (I2
d, 21) are indicated separately. 

For separated atoms the potential energy (relative to the 
minimum) and kinetic energy of motion along the line of 
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Table XI. Average Energies of Reacting HI Molecules (kcal/mol) 

Section 

A 
B 
C 
D 
E 
AU* 

^tOt 

29.55 
29.09 
28.13 
26.28 
26.74 
27.01 

^int 

28.33 
28.11 
26.99 
23.49 
22.79 
24.61 

^Vib 

26.14 
25.22 
23.45 
17.08 
18.67 
19.21 

_ 
^TOt 

2.19 
2.89 
3.54 
6.41 
4.12 
5.40 

Eu" 
1.22 
0.98 
1.14 
2.79 
3.95 
2.40 

a One-half the translational energy of relative motion of reacting 
pairs. b Weighted average. 

Table XII. Average Energies of H2 Products (kcal/mol) 

Section 

A 
B 
C 
D 
E 
All* 

. 
^tOt 

18.00 
22.47 
25.80 
35.47 
40.05 
32.09 

^int 

5.34 
5.12 
4.80 
5.35 

11.42 
5.52 

^vib 

4.76 
4.56 
4.42 
4.97 

11.00 
5.09 

^TOt 

0.57 
0.56 
0.39 
0.38 
0.42 
0.42 

Etr" 

12.66 
17.35 
21.00 
30.12 
28.63 
26.57 

" Energy associated with H2 translation relative to center of mass. 
* Weighted average. 

Table XIII. Average Energies of I2/2I Products (kcal/mol) 

Section 

Ac 
Sc 
C 
D 
E 
AUd 

Eiot" 

38.48 
33.28 
27.98 
16.11 
12.47 
20.59 

Eint" 

27.82 
15.87 
12.25 

_ £viba 

27.28 
15.44 
11.82 

•^rot 

0.53 
0.43 
0.42 

V 

0.17 
0.24 
0.32 

a Energy relative to the minimum for the I2 molecule. Includes 
potential energy for dissociated pairs. * Energy associated with I2 
translation relative to center-of-mass of all products. c Products 
mainly dissociated: I + I, I2

d. d Weighted average. 

centers is considered as vibrational energy for constructing 
these figures. Average values of the energies of the partici
pating molecules are listed in Tables XI, XII, and XIII. 

The character of the energy distributions can be summa
rized as follows. Reacting pairs of hydrogen iodide mole
cules average about 59 kcal/mol in total energy for passage 
through the linear transition configuration and 52 kcal/mol 
for the trapezoidal configuration. Most of the energy, about 
80%, is concentrated in vibration of the HI molecules, with 
a nearly random distribution of the vibrational energy be
tween the two reacting molecules. For passage through the 
linear transition region the products are mainly H2 and sep
arated I atoms or a pair of I atoms in a dissociative state. In 
this case about 20% of the energy goes into translational 
motion of the H2 with respect to the I atoms and 70% into 
potential and kinetic energy of the I-I pair. For passage 
through the trapezoid configuration, forming exclusively 
stable H2 and I2 pairs, about 55% of the energy is distribut
ed to translational energy of H2, 30% to vibrational excita
tion of I2 molecules, and 15% to rotation of both molecules. 

E. Collision Details. A description of reactive collisions in 
terms of the motion of the four-atom system about the cen
ter-of-mass is, at best, difficult without a full three-dimen
sional pictorial representation. However, analysis of the 
changes in interatomic distances and total potential energy 
provides a rep ..onably clear picture of the course of reaction. 
We have examined a small fraction of the 693 reactive tra
jectories using this method. Figures 12 and 13 show the 
paths of two trajectories selected as typical of reaction 
through the linear and trapezoidal configurations, respec
tively. 

Although the rotational and translational energies of the 
HI molecules are small compared to the combined vibra-
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Figure 11. Histograms of I2 energies for reactive trajectories with ini
tial crossing points on surface D. 
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Figure 12. Typical reactive trajectory passing through linear transition 
region. Potential energy and internuclear distances plotted vs. time. 
Left edge: H2 + l2d- Right edge: HI + HI. Ball and stick representa
tions for indicated times. 

tional energies, the rotation of the HI molecules plays a 
very important role in the reactive interaction. Detailed ex
amination of the trajectory plots in Figures 12 and 13 shows 
how reactions occur between two slowly approaching, rotat-
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Figure 13. Typical reactive trajectory passing through trapezoidal tran
sition region. Potential energy and internuclear distances plotted vs. 
time. Left edge: H2 + l2b. Right edge: HI + HI. Ball and stick repre
sentations for indicated times. 

ing, and vibrating hydrogen iodide molecules. Slow transla
tion coupled with moderately fast rotation provides the op
portunity for the two molecules to line up in a trapezoidal 
or linear configuration. As the hydrogen atoms swing 
toward each other the interaction tends to distort the vibra
tions so that the two diatomics stretch in phase. The actual 
exchange of partners takes place very rapidly with the hy
drogen molecule quickly moving away from the iodine 
atoms. 

The nature of the product iodine depends on the I-I sepa
ration at the point of closest approach of the hydrogen io
dide molecules which in turn is governed by the relative ro-
tational-vibrational phases. If they get close enough togeth
er before the hydrogens interact a trapezoidal complex is 
formed and bound iodine molecules result. If the hydrogens 
interact at longer I-I distances a linear complex is reached 
usually resulting in dissociated iodine. Linear complexes 
tend to be produced if the HI bond lengths are longer (more 
HI vibration). While the interaction between the two HI 
molecules acts to synchronize the vibrational phases, this 
can only be successful if the two molecules are nearly in 
phase and if the rotational and translational momenta are 
relatively small. 

For reactions occurring via nearly linear configurations 
both conrotatory and disrotatory motion of the hydrogen 
atoms around the iodine atoms were observed in nearly 
equal proportions. Only disrotatory motion was observed in 
reactive trajectories that proceeded by way of a trapezoidal 
complex due to a potential energy barrier for bringing a hy
drogen atom in between two closely spaced (2.5-3.7 A) io
dine atoms. In the region of closest approach, the H2I2 com
plex was invariably very close to a planar configuration, 
again due to the lower potential energy for planar configu
rations. 

The trajectory of Figure 12 crossed section A of the di
viding surface as a nearly linear complex. From the view 
point of HI + HI, the two molecules slowly move toward 
each other, both rotating in the same direction. The individ

ual vibrations and rotations are unperturbed by the neigh
boring molecule until both hydrogen atoms are in between 
the iodine atoms, just off the I-I axis. At this point the rota
tions have been stopped and both HI bonds are increasing 
as the HI molecules have just passed the inner vibrational 
turning points. The atomic motions are slowed almost to a 
halt as the system sits on a potential energy plateau with lit
tle kinetic energy before moving down into the hydrogen-
iodine valley as the products separate. In this case the prod
ucts are H2 + l2d. In the reverse direction, the reaction can 
be pictured as a hydrogen molecule making a rapid broad
side approach to a highly separated l2d. As the H2 nears, it 
is slowed down until, very close to the iodine, it reorients it
self so that the H-H and I-I bonds are parallel and nearly 
coaxial. This transient complex rapidly decomposes into two 
vibrationally excited hydrogen iodide molecules which very 
slowly move apart. 

In the trajectory shown in Figure 13 a distorted trapezoi
dal configuration was assumed by the H2I2 system at the 
point of closest approach. Here the iodine atoms were too 
close together to permit the hydrogen atoms to be inserted 
between them either by broadside attack from the H2 + h 
direction or by the disrotatory motion of the hydrogen 
atoms around the iodines (from HI + HI). In the latter case 
a bound iodine molecule was formed. From the direction of 
H2 + I2/2I the nature of the collision complex seems to be 
governed mainly by the separation of the iodine atoms. In 
the case of HI + HI collisions, the rotational phase appears 
to be the determining factor in whether a linear or trapezoi
dal complex is formed. 

Of the 1349 trajectories computed, 15 involved very long 
interaction times in which the HI molecules remained in 
close proximity, vibrating and rotating, during the integra
tion from the dividing surface toward reactants. The HI 
molecules retained their diatomic identities during this pro
cess and no exchange of hydrogen-iodine partners occurred. 
In several cases these trajectories were terminated at 5000 
time steps (1O-12 s) before complete separation took place. 

Plots such as those of Figures 12 and 13 showed no indi
cation of the formation of H2I either as a stable product or 
as a transitory species. The high kinetic energy of the H2 
leaving the I2 pairs is an indication that such a species is un
likely as a reaction product. 

V. Discussion 
A. General. The results indicate that for the potential en

ergy surface employed the contributions of both reaction 
paths, through the linear and through the trapezoidal con
figurations, are important. Reaction through the trapezoi
dal configuration is not prohibited by constraints imposed 
by conservation of momentum as suggested by Noyes. The 
conversion coefficient for the reaction of HI + HI to H2 + 
I2/2I is nearly the same for section A (linear) and section D 
(trapezoid) of the dividing surface. The uncertainty in the 
relative heights of the barriers to reaction for these two 
transition configurations is at least 5 to 10 kcal/mol. Since 
a change AE in barrier height of 5 kcal/mol produces a 
change in rate by a factor of about exp(AE/kT) =* 35, the 
uncertainty in barrier heights results in complete uncertain
ty as to the main route of reaction. The width of the saddle 
area (i.e., the size of the low-energy region in the five-di
mensional dividing surface in configuration space) and its 
orientation also affect the importance of each path. These 
effects favor the linear configuration over the trapezoidal 
configuration by a factor of 3 which is offset by a factor of 
13 for the 3.6 kcal/mol difference in barrier heights with 
the net result that about 3A of the observed reaction occurs 
through the trapezoidal region. Dynamic effects are not 
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manifested by a low-conversion coefficient for either reac
tion and the relative barrier heights are crucial in determin
ing the preferred path. 

For reaction through the trapezoidal configuration, the 
observed iodine products consist solely of stable I2 mole
cules. Reaction through the linear configuration produces 
the full range of iodine products but favors the dissociative 
states I2

d and separated atoms I + I. It is not clear whether 
the distribution of iodine products formed via the linear 
configuration is sensitive to the fine details of the potential 
energy surface. It seems likely that a slight modification of 
the surface in the region of the linear transition configura
tion could shift the product distribution entirely one way or 
the other (toward stable I2

b or toward dissociative pairs l2d 

and I + I). It seems unlikely that a minor modification of 
the surface along the path through the trapezoidal configu
ration could alter the iodine product distribution for reac
tion via that path. The average internal energy of the I2 
molecules produced via section D was only 15.87 kcal/mol. 

B. Comparison with Experimental Results. The informa
tion available from experiments on the H2, I2 exchange re
action consists of a body of overall rate data for forward 
and reverse reactions in thermally equilibrated systems, 
Sullivan's rate data for the overall reaction H2 + I + I —* 
HI + HI in a thermal mixture, and the observation by Jaffe 
and Anderson21 that the cross section for the reaction HI + 
DI -* HD + I2/2I is low for translationally energetic colli
sions. 

The rate constant for the overall reaction HI + HI —• 
I2/2I determined from the weighted sum of the rates for 
each section of the dividing surface is 0.059 cm3/(mol s), a 
factor of 9 lower than the experimental rate constant, 0.54 
cm3/(mol s), reported by Sullivan.20 Similarly, for the re
verse reaction (overall, with equilibrated reactants, H2 + 
I2) the calculated rate constant is 1.59 cm3/(mol s), a fac
tor of 18 lower than the experimentally measured constant, 
29.3 cm3/(mol s). 

The calculated termolecular constant for the specific ele
mentary reaction H2 + I + I — HI + HI is 5.5 X 109 

cm6/(mol2 s) at 700 K. This may be compared with Sulli
van's19 rate data for the same overall reaction extrapolated 
from 418-520 to 700 K giving a rate constant of 1470 X 
109 cm6/(mol2 s). Sullivan's experiments do not distinguish 
between reactions R2' (H2 + I + I — HI + HI) and R5' 
and R4' (reaction via H2I), but since the present results in
dicate the direct termolecular reaction (R2') is preferred to 
the routes involving H2I as an intermediate, the measured 
rate appears to be that of reaction R2'. 

The calculated rates are in agreement with the experi
mental rates within the uncertainty introduced by incom
plete knowledge of the true potential energy surface. Rais
ing the barrier for the trapezoidal configuration by ~5 kcal/ 
mol or more and lowering the barrier for the linear configu
ration by ~6 kcal/mol would produce good agreement for 
the overall rate constants and might give accord with Sulli
van's measurements for reactions of I atoms. The rate con
stant for each surface section could also be altered by vary
ing the "widths" of each saddle region without changing 
barrier heights. A combination of changes in barrier heights 
and shapes is probably necessary to achieve exact agree
ment with the experimental activation energy and frequen
cy factor. 

Conclusions regarding the necessity for vibrational exci
tation of HI reactants apply to reactions producing the full 
range of iodine products. The observation of substantial vi
brational excitation of HI molecules (averaging 15 to 25 
kcal/mol each) undergoing reaction is in accord with the 
conclusion of Jaffe and Anderson21 that little or no reaction 

occurs without internal excitation. This result is due to the 
masses of the atoms and the general features of the poten
tial energy surface for each of the reaction paths and we ex
pect that minor variations of the surface would have little 
effect. 

C. Comparison with Results of Raff et al. In their investi
gation of the reactions of the hydrogen-iodine system by 
trajectory analysis, Raff et al.27 used the same potential en
ergy surface used in the present study. Although the conclu
sions of the two studies are in agreement on several points, 
the major conclusions of our study contradict those of Raff 
et al. Regardless of the agreement or disagreement with ex
perimental measurements the two studies should be in 
agreement with each other. We find the overall reaction H2 
+ I 2 -* 2HI at 700 K proceeds primarily through the reac
tions H2 + I2 — 2HI and H2 + I + I — 2HI. Raff et al. 
find these reactions to be slow and conclude that reaction 
occurs primarily through the H2I intermediate by H2 + I2

d 

•=s H2Ib + I, H2Ib + I -» 2HI. We find the direct reaction 
H2 + I2 -» 2HI to occur at a rate within a factor of 20 of 
Sullivan's measured rates. Raff et al. state, "The overall 
rate of such processes is predicted to be five orders of mag
nitude lower than the experimental values reported by Sulli
van." 

Using the standard trajectory method Raff et al. investi
gated the following processes to determine reaction cross 
sections at several translational energies: 

H2 (v 

H2 (v 

H2(V 

Hi(v 

H2(V 

H2(V 

H2(v 

= 0) + l2(v = O)-HI + HI 

= 1) + I2 (y = 0) — HI+ HI 

= 2) + l2(v = 0) — HI+ HI 

= 3) + l2(v = O ) - H I + HI 

= 0) + I2 (v > 0) — HI + HI . 

= 1) +I2(U > O ) - H I + HI 

= 2) + I2 (v > 0) — HI + HI 

(Pl) 

(P2) 

(P3) 

(P4) 

(P5) 

(P6) 

(P7) 

For processes Pl, P2, P3, and P4 they found translational 
energy thresholds of about 52, 38, 36, and 27 kcal/mol with 
rotational states averaged at 738 K. These correspond to 
total energy thresholds (including 2 kcal/mol rotational en
ergy and zero-point energy of 6.5 kcal/mol) of 60, 59, 67, 
and 69 kcal/mol, respectively. Comparisons of the calculat
ed rate constants for (Pl), (P2), (P3), and (P4) with the ex
perimental data showed these processes to be a factor of 105 

too slow to account for the measured reaction rates. Since 
we find no I2 with vibrational excitation as low as v = 0 
(0.31 kcal/mol) and only a small fraction with v < 10 as a 
product of HI decomposition (or as a reactant in HI pro
duction), there is no disagreement for processes Pl to P4. 

Raff et al. were prevented by excessive computer time re
quirements from complete statistical investigations of pro
cesses P5, P6, and P7, but they determined energy thresh
olds for reaction of H2 (v = 0), H2 (v = 1), and H2 (v = 2) 
with I2 having vibrational excitation of 33.8, 30.2, and 18.9 
kcal/mol, respectively. Total energy thresholds of 73-77 
kcal/mol (67-71 kcal/mol excluding zero-point energies) 
for process P5 and 59-63 kcal/mol (53-57 kcal/mol ex
cluding zero-point energies) for processes P6 and P7 were 
reported and it was concluded these processes could make 
only a small contribution to the rate of HI production. Our 
results for process P5 differ markedly. As shown in Table X 
we find a total energy threshold of 45 kcal/mol for process 
P5, about 25 kcal/mol lower than Raff et al. For processes 
P6 and P7 we find little contribution to the overall rate and 
a total energy threshold of 53 kcal/mol for H2 (v > 0.9), 
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6-10 kcal/mol lower than Raff et al., but in approximate 
agreement. 

Raff et al. investigated more than 2500 collisions of the 
type H2 + l2d ~* products and found no hydrogen iodide 
produced except when statistically improbable linear or 
nearly linear trajectories were specified. We find l2d to be a 
product of HI decomposition (and contributor to HI forma
tion) in small but significant amounts. 

On the basis of further calculations Raff et al. found that 
H2I13 is formed rapidly in mixtures of H2 and I2 and can be 
assumed to be present in essentially equilibrium concentra
tions. Although no reaction of H2lb with I atoms to produce 
HI + HI was observed for statistically chosen collisions, 
they found that the reaction could occur in collinear colli
sions with a total energy threshold sufficiently low to ac
count for the production of hydrogen iodide in thermal sys
tems. Raff et al. predict the major fraction of HI from the 
overall reaction of H2 with I2 is produced via the intermedi
ate H2lb. We find no H2lb contributing to HI production. 

The dividing surface was located such that (H2I + I), 
(H2 + I2), and (H2 + 21) occurred on one side and (HI + 
HI) on the other. Thus, the exchanges between (H2I + I), 
(H2 + I2), and (H2 + 21) examined by Raff et al. were not 
investigated in the present study. 

The major points of disagreement are in regard to (a) the 
total energy threshold and rate for process P5, the reaction 
of H2 (v = 0) with I2 (v > 0), and (b) the rate of reaction of 
H2lb with I atoms to produce HI. In both cases the conclu
sions of Raff et al. were made on the basis of incomplete 
statistical investigations and are thus subject to further in
quiry. 

We have computed a large number of trajectories for the 
process P5 using the conventional Monte Carlo trajectory 
method. Reaction was observed for total energies well 
below the threshold reported by Raff et al. and our estimate 
of reaction cross section gives values consistent with the 
overall rate determined by the combined phase-space/tra
jectory analysis. Details are reported in Appendix B. 

D. The Combined Phase-Space/Trajectory Method. With 
this study we have demonstrated the feasibility of a com
plete statistical trajectory study of a complex four-body re
action using the combined classical phase-space/trajectory 
method. A total of 693 reactive trajectories with approxi
mately equal statistical weights for thermal reactions were 
obtained without the necessity of extensive calculations of 
unreactive trajectories. As noted previously the computa
tion effort required to obtain these results by a standard 
trajectory analysis is prohibitive and has heretofore pre
vented such an analysis. 

We note that the trajectory study of the same reaction 
system by Raff et al.27 produced no reactive trajectories 
with statistical significance for the hydrogen-iodine ex
change reactions. The excessive cost of the standard method 
led to an incomplete investigation of several important reac
tion processes which apparently resulted in erroneous con
clusions regarding the primary mechanism for reaction. 

The accuracy of the method in treating real systems h, of 
course, limited by the accuracy of the potential energy sur
faces available and by the use of classical mechanics. In the 
present case the results show the necessity for a more accu
rate surface in determining the barrier heights for two dif
ferent transition configurations. Thus far, the comparisons 
between classical and quantum treatments for much sim
pler systems are encouraging in that the classical treat
ments appear to be adequate for predicting the major reac
tion attributes. 
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Appendix A. Effect of Degenerate Electronic States 
In treating the H2, I2 reaction system it is necessary to 

consider all the potential energy surfaces on which reaction 
can occur and the possibility of electronic transitions be
tween surfaces. In the present study the trajectories were 
calculated for electronically adiabatic collisions occurring 
on the ground-state potential-energy surface. Although the 
ground states of the reactants HI + HI and the products H2 
+ I2 are nondegenerate and connect directly with the 
ground-state potential-energy surface used, the ground 
state of I is fourfold degenerate and the ground state of the 
system H2 + I + I does not necessarily connect with that of 
the potential energy surface. 

The ground state of HI is the nondegenerate 1S state. 
The next higher state 2II lies 7.7 eV higher and may be ne
glected for reaction at 700 K. Similarly, the ground states 
of H2 and I2 molecules are both ! 2 and are separated by 
11.4 and 1.47 eV from the next higher states. The lowest 
electronic configuration for atomic iodine is the 2P state 
which is split by spin-orbit coupling into a fourfold degen
erate 2P3/2 state and a doubly degenerate 2Pi/2 state. The 
2P3/2 state is the ground state and the 2Pi/2 state lies about 
1 eV higher. For other halogens the separation is considera
bly less and reactions of the 2Pj/2 state must be considered 
(e.g., F + H2), but for iodine it is assumed that the 2Pi/2 
state may be neglected. 

In the recombination of ground-state iodine atoms the 
fourfold degeneracy of each atom leads to a 16-fold degen
eracy for the I + I pair. Since the ground state I2 molecule 
is nondegenerate, only one of the 16 states of I + I can lead 
to I2 by an adiabatic process. The possibility of nonadiaba-
tic behavior has been considered by several workers. Wig-
ner40 noted that weakly bound excited states might be 
formed and subsequently lead to the 1S ground state by 
radiative decay. If the four mildly attractive 3II states lead 
to the 1S state by rapid transitions, spontaneous or induced 
by the presence of a third body, the statistical degeneracy 
factor would be 5/i6- Bunker41 argues that the degeneracy 
factor must be close to '/i6, possibly as large as about %. 

Appendix B. Limited Standard Trajectory Analysis of H2 + 
I2 — HI + HI 

We have previously reported42 the results of a limited 
standard trajectory analysis of the reaction H2 (v = 0, J = 
1) + I2 (v = 40, J = 80) -» HI + HI. This combination 
places 6.2 kcal/mol in H2 vibration, 0.2 kcal/mol in H2 
rotation, 21.2 kcal/mol in I2 vibration, and 0.6 kcal/mol in 
I2 rotation. Because of the high moment of inertia of I2 the 
value J = 80 does not indicate significant rotational excita
tion. Reaction was found to occur with a translational ener
gy as low as 20.2 kcal/mol corresponding to a total energy 
of 48.4 kcal/mol (including zero-point energies). This is 
25-29 kcal/mol below the threshold estimated by Raff et 
al. for their reaction (M4), H2 (v = 0) + I2 (v > 0) — HI 
+ HI. 

Calculations similar to those reported in ref 42 were car
ried out for the combination H2 (v = 0, J = 1) + I2 (v = 
20, J = 80). In these we also found reaction to occur at a 
total energy as low as 48.4 kcal/mol. 

The overall rate constant may be estimated from stan
dard trajectory calculations with the I2 vibrational energy 
Evibih) and the translational energy £ t r chosen according 
to an importance sampling method making use of informa
tion supplied by the combined phase-space/trajectory 
study, i.e., the energy for reaction is supplied mainly by the 
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Table XIV. Results for H2 (v = 0, J = 1) + I2 (v > 0) at 700 K 

Traj no. 
(reactive) 

106 
137 
427 
453 
637 
683 
738 
878 
900 

1008 
1092 
1110 
1119 
1129 
1138 
1159 
1209 
1466 
1874 
1897 
1933 
1951 
2028 
2122 
2157 

W 

31.72 
36.34 
32.55 
34.84 
35.73 
35.05 
31.64 
33.21 
34.97 
31.90 
33.68 
33.76 
35.13 
33.51 
35.73 
31.85 
31.27 
34.30 
34.57 
34.64 
33.73 
32.96 
31.75 
35.62 
36.40 

/ 
0.82 
0.88 
0.61 
0.75 
0.83 
0.87 
0.74 
0.58 
0.79 
0.58 
0.62 
0.81 
0.85 
0.52 
0.74 
0.54 
0.82 
0.83 
0.79 
0.52 
0.80 
0.81 
0.69 
0.88 
0.84 

^vibUi). £tr , 
kcal/mol kcal/mol 

7.9 
6.1 

17.6 
12.1 

8.4 
6.3 

11.4 
19.4 
10.2 
18.6 
17.8 

8.9 
7.3 

22.4 
12.9 
20.4 

7.3 
8.1 

10.1 
23.1 

9.4 
8.7 

13.7 
5.9 
8.1 

36.2 
44.5 
27.6 
36.3 
41.2 
42.4 
32.5 
26.8 
38.4 
25.7 
29.0 
38.0 
41.5 
24.2 
36.8 
23.9 
35.6 
39.6 
38.0 
25.0 
37.5 
37.1 
30.5 
43.6 
42.5 

1 0 " ( H 

167.6 
1.7 

73.1 
7.4 
3.0 
6.0 

181.5 
37.8 

6.5 
140.0 
23.6 
21.8 

5.5 
28.0 

3.0 
147.1 
262.8 

12.7 
9.7 
9.0 

22.5 
48.5 

162.6 
3.4 
1.6 

indicated ranges of A2, W3, and/2, is k ^ 1.9 ± 0.8 (mol/ 
cm3)"1 s"1 which may be compared with the value k = 1.59 
(mol/crn3)-1 S-1 given by the combined phase-space/tra
jectory study. 
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sum of EVib(h) and £ t r . Approximating the distribution 
function for E^b(I2) by exp(-£vib(l2)//tr) we obtain: 

^ /8JC7V/2 r C -Evib(l2)/kTe-Etr/kTx 

kT kT kT K ' 

or 

where W = (£ t r + Evib(I2))/kT and / = (Eit/kT)/W. 
Since the vibration of I2 is anharmonic the contribution of 
the higher vibrational states to the rate is underestimated 
by eq 27. 

To estimate the rate constant given by eq 27 for the over
all reaction at 700 K the third set of standard trajectories 
was computed with starting points selected as suggested by 
eq 27. The impact parameter was chosen as b2 in the range 
0 to 0.25 A2, the term W3 in the range corresponding to 
(41.0)3 to (51.O)3 (kcal/mol)3, and/ 2 in the range of (%)2 

to (%)2. The H2 molecule was specified as H2(0, 1). Other 
initial conditions were selected from the distribution at 700 
K. Of the 2200 trajectories calculated 25 led to reaction. 
Details of the reactive trajectories are listed in Table XIV. 
The rate constant estimated from eq 27, integrated over the 
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