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The potential energy surface for the Hz-I2 system was determined in analytic variational elec- 
tronic structure calculations with single- and double-substitution configuration interactions for 
the 16 valence electrons and with effective potentials for the iodine core electrons. The favored 
pathway for the overall reaction H,+I,d HI + HI was found to pass through the region of the 
collinear configuration I-H-H-I. The pathway is accessible to bound and unbound iodine atom 
pairs and it allows the bimolecular and termolecular reactions, H,+ Iz-+ HI +HI and H,+I 
+I+HI +HI, both proposed by Bodenstein 100 years ago. 

One hundred years ago Max Bodenstein published his 
landmark paper’ describing his measurements of the chem- 
ical kinetics of the hydrogen-iodine reaction, H2+I,-*HI 
+HI. He reported rate measurements of the forward and 
reverse reactions and observed that below about 700 K 
these reactions follow overall second order kinetics as ex- 
pected for elementary bimolecular reactions. The reactions 
became “textbook” examples of bimolecular reactions. 
Bodenstein discussed other possible reaction mechanisms 
and noted that the termolecular reaction involving “the 
combination of existing iodine atoms with hydrogen would 
have to be looked (at): 21+Hz-+2HI... .” ’ It is now be- 
lieved that below abut 600 K3” reaction occurs by both 
bimolecular and termolecular mechanisms, as summarized 
in Table I, and that above about 750 K a chain mechanism, 
at least partly anticipated by Bodenstein,’ becomes domi- 
nant.%’ 

We report here the results of modern electronic struc- 
ture calculations which predict the energetically favored 
reaction pathway passes through a collinear configuration 
I-H-H-I with the iodine atoms separated by about 6 A. 
Reaction on the calculated potential energy surface occurs 
by insertion of H, between two I atoms which may be those 
of a bound or quasibound Iz molecule stretched nearly to 
dissociation (bimolecular mechanism)4 or may be two un- 
bound I atoms passing near each other (termolecular 
mechanism). 

The earliest calculations of the potential energy surface 
for the Hz-I2 system were semiempirical London-Eyring- 
Polanyi (LEP) calculations by Wheeler, Topley, and Ey- 
ring’ which predicted reaction to occur through a trape- 
zoidal transition state. Much later, Hoffmann’ presented 
arguments based on orbital symmetry suggesting the trap- 
ezoidal geometry to be energetically unlikely, and Cusachs, 
Kreiger, and McCurdy” reported 16-electron semiempir- 
ical molecular-orbital calculations suggesting the activa- 
tion barrier to be lower for a collinear geometry than for a 
trapezoidal geometry. Raff et al. *’ used a semiempirical 
four-electron valence bond formalism to obtain a complete 
potential energy expression of the London-Eyring- 
Polanyi-Sato (LEPS) type. Their surface allows reaction 
through both3 the trapezoidal configuration (barrier 42.0 

kcal/mole above the minimum for separated Hz and 12) 
and the collinear configuration (barrier 45.6 kcal/mole). 
In similar four-electron valence bond calculations Minn 
and Hanratty I2 found the trap ezoidal barrier slightly 
higher than the collinear, but both barriers were about 
50% higher than the experimental activation energy of 
40.6 kcal/mole.2’13-‘5 

Our calculations for the system were analytic varia- 
tional calculations with single and double substitution con- 
figuration interactions for the 16 valence-shell electrons. 
An effective core potential was used to replace the 46 elec- 
trons corresponding to the Kr (4d) lo inner-shell electrons 
of each iodine atom. A 3s3p Gaussian basis contracted to 
2s2p was used to treat the 5s and 5p valence orbitals of 
iodine. The basis set and pseudopotentials were those de- 
veloped by Hay and Wadti6 which have been incorporated 
into GAUSSIAN 92 programs under the name LANLIDZ. 
The calculations were run as standard GAUSSIAN pro- 
grams. l7 

We tested the accuracy of the calculations by compar- 
ing results for known properties of the H2-I2 system. 
Potential energy curves calculated for the diatomics H2, 
HI, and I, were found to be at least qualitatively correct 
in comparisons with the known curves (known values 
in parentheses): H2, 0,=98.0( 109.5) kcal/mole, R, 
=0.75(0.74) A; HI, 0,=64.4(73.7) kcal/mole, R, 
=1.65( 1.60) A; 12, 0,=25.7(35.8) kcal/mole, R, 
= 2.92 (2.67) A. The calculated collinear barrier height for 
the reaction H+ I,+HI+I was 0.4 kcal/mole, a value 
close to the measured activation energy of 0.0 kcal/mole,‘4 
and the calculated collinear barrier height for the reaction 
H +HI+H2+ I was 2.7 kcal/mole, a value reasonably 
close to the measured activation energy of 0.5 kcal/mole.7 
Each of these properties is qualitatively correct and this 
suggests we may expect predictions for the H,-I2 reaction 
to be qualitatively correct. 

In exploratory calculations of a variety of pathways for 
the hydrogen-iodine reaction we found the potential en- 
ergy surface to be similar in form to the semiempirical 
LEPS surface obtained by Raff et al. l1 and to our own 
ad hoc modification of that surface with higher energies in 
the trapezoidal regione4 As we observed in earlier work3s4 
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TABLE I. Bimolecular and termolecular mechanisms for the overall re- 
action H,+I,+HI+HI. Mechanisms 3 and 4 are more specific state- 
ments of mechanisms 1 and 2. 

Bimolecular 

Termolecular 

Bimolecular 

Termolecular 

H,+I,-+HI+HI 

I,+M=I+I+M 
H,+I+I+HI+HI 

I,+M+(hi u)+M 
H,+I,(hi u) -+HI+HI 

I,+M*Iz(hi U) +M 
I,(hi u)f-Mz=I+I+M 
H,+I+I-+HI+HI 

(1) 

(2) 

(3) 

(4) 

with these surfaces the lowest-energy reaction pathways 
occur for symmetric configurations with all four atoms in a 
plane as shown in Fig. 1. Variations from the symmetry 
shown were found to increase the potential energies for 
configurations along reaction pathways. The low-energy 
configurations of interest in considering reactions are thus 
limited to those with the geometry of Fig. 1 with only three 
remaining variables, the distances RH,H, Ri,I, and R,,,,,. 
Low-energy reaction pathways may then be traced in the 
three-dimensional space illustrated in Fig. 2. 

In calculations for a large number of configurations the 
lowest-energy reaction path was found to pass through a 
symmetric ctllinear configuration with a saddle point at 
R H,H=0.75 A, RI 1=5.95 h;, having an energy 35.1 kcal/ 
mole above the r&mum for separated H2 and 12. This 
minimum in the barrier occurs for RH,,IZ=O, i.e., in the 
first plane from the left in Fig. 2. The minimum in the 
barrier rises slowly with increasing RHZ,IZ from 35.1 kcal/ 
mole for RHz,Iz=O to 36.0 kcal/mole for RH,,12= 1.0 A and 
increases more rapidly thereafter to 57.5 kcal/mole at 
R Hz,12=1.75 A. No saddle point corresponding to a trap- 
ezoidal configuration is observed. As shown in Fig. 3 the 
minimum in the barrier rises monotonically as the config- 
uration of the saddle point is deformed to a trapezoidal 
configuration. 

FIG. 2. Calculated potential energy surface in (RaH ,&J ,QJJ space. 
The curves are potential energy contours 5.0 kcal/mole above the energy 
of the saddle point. Angles are as shown in Fig. 1. The configuration 
(H,+I+ I) lies in the broad rising channel, (H,+I,) lies in the cul-de- 
sac channel at the lower right, and (HI+HI) lies in the channel exiting 
toward the viewer. 

The reaction channel is not severely restricted to the 
collinear pathway. The 0.9 k&/mole increase in the bar- 
rier height Eb for distortion from collinear to RH2,12 = 1 .O A 
reduces the exponential factor exp( -EdkT) for 600 K to 
about one half of its value at the collinear saddle point. 
Since the configuration space available for passage through 
the regon vanes as Rh2,12, trajectories may be expected to 
cross the barrier with RH,,I, distributed in the range of 0 to 
1.5 A. 

The calculated surface is most similar to the ad hoc 
LEPS surface, modified to favor the collinear pathway, for 
which we observed both bimolecular and termolecular re- 
actions in classical trajectory calculations.4 As noted pre- 
viously, slight variations in the potential energy surface 
might favor either bimolecular or termolecular reaction. 

FIG. 1. Symmetric trapezoidal and collinear configurations lying on pro- 
spective pathways for the hydrogen-iodine reaction. Distortion of any of 
the angles increases the potential energy for most configurations similar to 
those shown. 
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FIG. 3. Minimumin the barrier to reaction with constraint to fixed values . 
of RH~,~*. The overall minimum occurs for the collinear configuration 
(RHZ,12=O). 
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The question of bimolecular vs termolecular reaction 
was not resolved by Sullivan’s” experimental measure- 
ments of the kinetics of the overall reaction H,+I+I+ HI 
+HI. We have argued4 that if relaxation of vibrationally 
excited I,(hi U) formed in recombination is slow, I,(hi v) 
may exist nearly in equilibrium with I atoms and the bi- 
molecular and termolecular reactions may be kinetically 
indistinguishable in Sullivan’s experiments. Recent mea- 
surements by Nowlin and Heavenlg have shown vibra- 
tional relaxation of 12( u=43) to be slow for collisions with 
He and O2 and immeasurably slow for collisions with Ar 
and I*. The elimination of the trapezoidal pathway for 
reaction is consistent with these observations. Trajectories 
following the trapezoidal pathway on the surface of Raff 
et al. ‘* were found to originate from reactant I, molecules 
at low levels of vibrational excitation inconsistent with Sul- 
livan’s measurements. 

The potential energy surface calculated by modem 
quantum mechanical methods appears adequate to explain, 
at least qualitatively, all available experimental observa- 
tions for the hydrogen-iodine reaction. These include re- 
action rate, kinetics first order in H2 and in I2 for thermal 
systems, vibrational excitation of the HI products, as well 
as rate, kinetics, and excitation of reactants20’21 for the 
reverse reaction. Determination of the correct mechanism 
for reaction-bimolecular or termolecular or both- 
requires a potential energy surface more accurate than the 
one we have calculated. We hope that the required accu- 
racy as well as a definitive experiment will soon be avail- 
able. At present, although both bimolecular and termolec- 
ular reactions4 are most likely, the question of bimolecular 
vs termolecular is not completely resolved 100 years after 
Max Bodenstein raised it. 
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