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Vibrational population inversion in hydrogen iodide from H +I,—>HI +I

J. B. Anderson and R. T. V. Kung*
Department of Engineering and A pplied Science, Yale University, New Haven, Connecticut 06520
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A classical trajectory analysis for the reaction H+I:—HI4-I at 600°K, using trajectories sampled within
the transition region, shows vibrational excitation of the HI product molecules, mainly to the »=3 to
9=35 levels. The calculated thermal rate is in approximate agreement with measurements by Sullivan.
The product angular distribution is peaked at 110-120° relative to the incident atoms as measured for
the reaction of D atoms by McDonald, LeBreton, and Herschbach. The translational energy distribution
of the products is also similar to that found by McDonald et al. for the deuterium analog.

We report here a classical phase space-trdjectory
study of the reaction H4-I,—»HI--I which leads to a
prediction of vibrational population inversion for the
HI molecules formed and the possibility of constructing
an HI chemical laser utilizing the reaction. Population
inversions of the hydrogen halide products from reaction
of H atoms with Fs,! Cls,2 and Br, ® have been predicted
and observed previously, and from the expected simi-
larity with these systems,* the reaction of H atoms
with I» may also be expected to yield inversions. Evi-
dence for internal excitation (~32 kcal/mole) of DI
from reaction of D with I in crossed molecular beams
has been obtained by McDonald et ¢l.5 Although the
energy released in forming HI is less than that for the
other hydrogen halides, the energy released plus the
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Fic. 1. Distribution of energy among reaction products at
600°K. Each point represents the result for a single trajectory.
Vibrational energy levels are indicated at right. Approximate
translational energies (kcal/mole) are indicated by the dashed
diagonal lines.

average energy of reactants at room temperature is
sufficient to produce HI in the 6th vibrational level,

The potential energy surface used for the calculations
is that obtained by Raff et al.% using the London expres-
sion with semiempirical evaluation of the ground state
I3 potentials for the HI and I, pairs. Reaction is as-
sumed to occur on this single potential energy surface
without the possibility of an intersystem crossing to
form I atoms in the 2 Py state, 21.7 kcal/mole above the
lowest state 2P;p. The surface is similar in character
to those for the other hydrogen-halogen systems in
that the elevated entrance valley intersects the side
of exit valley for the linear configuration. The barrier
to reaction is located in the entrance valley with a
height of 0.49 kcal/mole (relative to the minimum for
separated H and I,) for the linear configuration (far=
180°). The barrier height is insensitive to 6gyr for
180° < O < 90°, decreasing with decreasing angle to a
minimum of 0.47 at furr=120° then increasing to 0.56
kcal/mole at 8arr=90°. The net potential energy de-
crease in passing from reactants to products is 37.8
kcal/mole.

The classical phase space-trajectory techniques for
computation were identical to those applied by Jaffe,
Henry, and Anderson? to study of the reaction F+Hy—
HF4H. In the 18-dimensional phase space of the
momenta and coordinates of the three atoms the flux
of points across a surface dividing reactant and product
states was determined for equilibrium at 600°K. Sam-
pling of the flux crossing the surface provided the
starting points for trajectory calculations forward and
backward in time to determine the overall ““conversion”
coefficient and reactant and product energy distribu-
tions.® With the dividing surface located at an atom—
diatom distance Ri,1,=4.3 A, 547 starting points were
examined for reaction at 600°K. Calculations were
terminated in the forward and backward directions
when one of the interatomic distances exceeded 10 A.
Computation time required was a total of about 2.5 h
on the IBM 7094 system used.

The equilibrium rate constant k. for the forward
reaction with reactants and products in equilibrium at
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F1c. 2. Reactive scattering distributions as calculated for
HI[H(600°K )+T:(600°K)] and as measured for DI{H(~350°K)+
I5(~350°K) ] by McDonald ef al.® The direction of the incident
atoms is 0°. The experimental distribution is indicated by X’s
and is normalized to a value of 10 at 120°,

180°

600°K was calculated to be 8.85X 10 cm?® mole™'-sec™.
Values of the integrals I, and I. (defined in Ref. 7) were
L;=1.12X 102 cm?® and I,=1.59X 102 cm?® The con-
version coefficient ¢ determined from the trajectory
calculations was 0.074+0.011. The calculated thermal
rate constant k=& k,= (6.541) X 10" cm?® mole~*-sec™®
is in approximate agreement with that determined
experimentally by Sullivan,!® 1.4X 10 cm® mole™'-sec™,
independent of temperature in the range 667-800°K.

The procedure for sampling the flux across the phase
space dividing surface gave trajectories with equal
statistical weights for reactants in thermal equilibrium
at the specified temperature. Reactant and product
energy distributions were obtained by summations of
the results for individual trajectories leading to reaction
using the definitions of vibrational and rotational energy
given in Ref. 6. Results for the product HI energy dis-
tribution are shown by Fig. 1 in which each point repre-
sents the outcome of a single trajectory. The distribu-
tion is peaked toward the higher vibrational energies
and gives relative rate constants k(v’) for production of
HIin the intervalo'—1/2tov'+41/2:k(0") =0, k(1)) =0,
E(2) =1, k(3") =11, k(4")=26, k(5')=5, k(6)=0. The
average vibrational energy E,’=26.8 kcal/mole; rota-
tional energy Egz'=2.2 kcal/mole; and translational
energy Er’=13.2 kcal/mole.

The computed fraction of total available energy
released to vibration is 64%. For the reactions H+Cly
and H+Br: Anlauf et al.%® reported trajectory calcula-
tions for LEPS surfaces predicting 56%-59% and
489,-65%, of the energy released to vibration. Experi-
mental measurements by the same authors of the infra-
red chemiluminescence of reaction products gave values
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of 459, and 559, respectively. In trajectory calcula-
tions with an LEPS surface adjusted to give results
matching those of experiments, Jonathan e al.’® were
able to obtain the experimental value of ~599, of the
available energy released to vibration.

Comparison of the calculated distributions in angle
and translational energy of the HI formed with those
obtained by McDonald et a3 for DI in the crossed
beam reaction of D atoms (~350°K) with I (~350°K)
indicates approximate agreement. For the DI experi-
ments Ep’ was ~9 kcal/mole and the peak of the
angular distribution was found at ~120° with respect
to the incident D atoms. The corresponding values
from the calculations are 13.2 kcal/mole and 110°-120°.
The widths of the distributions for both angle and trans-
lational energy are similar. Figure 2 shows both angular
distributions for comparison.

The energy distribution of reactants (undergoing
reaction) showed the reactivity of the I, molecules to
be insensitive to small changes in vibrational or rota-
tional excitation. The average vibrational, rotational,
and translational energies of the reactants were found
to be I/,= 1.1 kcal/mole, Er=0.8 kcal/mole, and Er=
2.5 kcal/mole.

The complexity of collisions leading to reaction was
similar to that observed by Kuntz ef al.'* for reactions
of light atoms with heavy diatomic molecules. The
duration of collisions leading to reaction was in the
range 5X 1078 sec to 7X10~® sec. Of the 504 non-
reactive trajectories examined, most recrossed the divid-
ing surface in about 107¥ sec, but five required more
than 102 sec. The potential energy surface has a
well in the exit valley lying 2.8 kcal/mole below the
minimum for separated HI+I which together with the
masses of the I atoms accounts for the duration of the
collisions.

On the basis of the results obtained in this study,
which show vibrational population inversions for the
HI produced in reaction of H with I, and the success
of similar methods in duplicating the energy distribu-
tions of products in reactions of H with the other
halogen molecules, we predict that laser action can be
obtained in a system utilizing the reaction H+I,—
HI+I.
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Erratum: Vibrational population inversion in hydrogen

iodide from H +1, > HI +|

[J. Chem. Phys. 58, 2477 (1973)]
J. B. Anderson and R. T. V. Kung
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The agreement between the calculated rate constant
and the experimental rate constant at 600 °K is improved
by correction of errors in reporting each, The reported
values for I, k,, and » were low by a factor of 2, 88 due
to omission of a factor of 2 and an integration error.
‘The reported value of the experimental % was low by a
factor of T'/2 omitted from the modified Arrhenius equa-~
tion. The corrected values for & are: (18.6+3)x10%
cm’® mole™ .« sec™!, calculated; (34 +20)x 10" cm?®
mole™ . sec!, experimental.! Professor J. D. McDonald
has kindly pointed out that the uncertainty in the calcu-
lated distribution of Scattering angles is very large for
angles near 0° and 180° and that the observed agreemenf

with experiment may well be fortuitous. ?

LI, H, Sulltvan, J, Chem, Phys, 36, 1925 (1962).
‘Additional calculations by J. D, McDonald [J, Chem, Phya,

(to be published)] and by J. C. Polanyi and J, L, Schreiber
i[Chem. Soc., Faraday Disc. 55 (2973), Comment following
Paper D22] show backward scattering for similar potential
energy surfaces. R, N, Porter, D, L. Thompson, L, M,
Raff, and 4, M, White (private communication) using a stan-
dard quasiclassical trajectory analysis have found backward
scattering and a rate constant at 600 °K of (21, 4 0. 9§ x10'

3 1y g nn”
cm mole™ *sec™ for the same potential energy surface usec
in our calculations,
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