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State-to-state dynamics of H + HX collisions. I. The H + HX -+ H2 + X 
(X = CI,Br,l) abstraction reactions at 1.6 eV collision energy 

Pamela M. Aker, Geoffrey J. Germann, and James J. Valentini 
Department of Chemistry, UnilJersityofCalifornia, Irvine, California 92717 

(Received 28 November 1988; accepted 13 January 1989) 

The rotational and vibrational state distributions of the H2 product from the reactions of 
translationally excited H atoms with HCI, HBr, and HI at 1.6 eV are probed by coherent anti
Stokes Raman scattering spectroscopy after only one collision of the fast H atom. Despite the 
high collision energy, only the very exoergic (t:Jl = - 1.4 eV) hydrogen atom abstraction 
involving HI leads to appreciable Hz product vibrational excitation. For this reaction the H2 
vibrational distribution is strongly inverted and peaks in v' = I, with 25% of the total available 
energy partitioned to vibration. For the mildy exoergic (l1B = - 0.72 eV) reaction with HBr 
and the nearly thermoneutral (l1B = - 0.05 eV) reaction with HCI, very little energy appears 
in H2 vibration, 9% and 2%, respectively, and the vibrational state distributions peak at v' = O. 
However, in all three reactions a significant fraction, 18% to 21 %, of the total energy available 
appears as H2 rotation. All three reactions show a strong propensity to conserve the 
translational energy, that is the translational energy of the H2 + X products is very nearly the 
same as that of the H + HX reactants. For the reactions with HCI, HBr, and HI the average 
translational energy of the products is 1.3, 1.7, and 1.7 eV, respectively, and the width of the 
translational energy distribution is only about 0.5 eV full width at half maximum. The energy 
disposal in all three reactions is quite specific, despite the fact that this high collision energy is 
well above the barrier to reaction in all three systems and a large number of product quantum 
states are energetically accessible. Only a few of these energetically allowed final states are 
appreciably populated. Although detailed theoretical calculations will be required to account 
completely for the state specifity, quite simple models of the reaction dynamics can explain 
much of the dynamical bias that we observe. 

I. INTRODUCTION 

The dynamics of all chemical reactions are governed by 
the nature of the potential energy surface, that is energy ef
fects, and by kinematics, that is mass-related effects. Com
plete separation of the kinematic and potential energy sur
face constraints on the collision dynamics is not possible, 
even in principle. However, some resolution of the different 
influence of these two factors is desirable, for it should help 
us understand better the collision dynamics. The homolo
gous series of hydrogen atom abstraction reactions 

H' + HX(v, J) .... H'H(v', J') + X (1) 

(where X = F,CI,Br, and l) provides an opportunity for 
such a resolution. Because the Hand H2 masses are much 
smaller than the mass of any of the halogen atoms, X, the 
kinematics of these abstraction reactions are essentially in
dependent of the identity of X. The reduced masses of the 
reactants (products) are 0.95 (1.81), 0.97 (1.89), 0.99 
(1.95), and 0.99 (1.97), for the H + HF, H + HCI, 
H + HBr, and H + HI systems, respectively. Although ef
fectively constant over this homologous series, kinematic ef
fects should still be important in the dynamics of these hy
drogen atom abstraction reactions, because of the extreme 
light-light-heavy mass combination. 

significantly with the identity of the halogen atom. Table I 
summarizes the variation in the thermochemistry over this 
series of reactions, and the influence of that thermoche
mistry on the reaction barrier heights. The latter are taken 
from the DIM-3C potential energy surfaces of Baer and 
Last. I These hydrogen atom abstraction reactions vary from 
highly endoergic with high barrier in the case of H + HF to 
highly exoergic with negligible barrier in the case ofH + HI. 
The large change in barrier height is accompanied by the 
expected large variation in the geometry at the saddle point. 
Table II gives the HHX bond lengths at the collinear saddle 
point, and the differences between these bond lengths and 
the equilibrium bond lengths in HX and H2. While the mini
mum energy path for the abstraction channel is predicted to 
occur for collinear geometries for all HX, the bend potentials 
are quite different. The bend potential for HHF is quite steep 

While the kinematics in this series of reactions do not 
depend on the identity of the halogen, quite the opposite is 
true for the potential energy surface. The large change in 
bond energy over this series of hydrogen halides dictates that 
the thermochemistry and the potential energy surfaces vary 

TABLE I. Energetics of the H' + HX - H'H + X reactions. All energies 
are given in eV. 

Hydrogen halide AH E. «(J = IS00)" (E. «(J)sin (J}b 

HF 1.39 1.42 1.96 
HCI -0.05 0.22 0.S6 
HBr -0.72 0.08 0.53 
HI -1.42 0.03 0.30 

• Collinear barrier heights from Ref. 1. 
b Weighted average of the barrier height over the range () 180" to (J = 90', 
data from Ref. 1. 
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TABLE II. Saddle point geometries for the H' + HX .... H'H + X reactions. 
All distances are given in A. 

Hydrogen halide r(H-H)a r(H-x)a ~r(H-H)b ~r(H-X)b 

HF 0.78 1.64 0.04 0.72 
Hel 1.02 1.39 0.28 0.12 
HBr 1.39 1.43 0.65 0.02 
HI 1.70 1.61 0.96 0.00 

a Saddle point bond lengths from Ref. 1. 
b Saddle point bond lengths minus the equilibrium bond length of the dia

tom, using the equilibrium bond lengths from Ref. 2. 

(i.e., reaction is strongly favored for collinear geometry) 
while the bend for HHI is quite shallow (i.e., the barrier 
height increases slowly as the HHI angle is reduced from 
180") . 

A complex interplay of the energetic and kinematic con
straints controls the dynamics of these reactions and deter
mines the resultant v', J I product state distributions, so even 
very detailed state-to-state measurements on a single 
H + HX system might not suffice to resolve the individual 
roles of these factors. An integrated study of the state-to
state dynamics of the homologous series H + HF, HCI, 
HBr, HI would greatly facilitate the elaboration and resolu
tion of these interconnected constraints, and such an inte
grated study is the subject of this report. We describe here an 
experimental study of the dynamics of the 
H + HX-H2 + X reactions at 1.6 eV collision energy, for 
X = CI, Br, and I. The H + HF reaction is omitted from our 
investigation because the barrier for this reaction is very 
high, 1.42 e V in collinear geometry and higher for noncollin
ear approach (Table I), and the location of the barrier far in 
the exit channel makes reactant translation ineffective in 
surmounting this barrier. 

Fast H atoms are generated by pulsed-laser photolysis of 
HI. Vibrational and rotational state distributions are deter
mined for the H2 reaction product by time-resolved coherent 
anti-Stokes Raman scattering (CARS) spectroscopy. The 
conditions of the experiments are such that the product dis
tributions are probed by CARS spectroscopy after only one 
collision of the fast H atom, and before any relaxation of the 
H2 product state distribution can occur. The "universal" 
detection capabilities of CARS spectroscopy also make it 
possible to determine absolute partial and total cross sec
tions for the reactions, since using CARS we can measure 
directly the concentrations of both the reactant and the 
product diatoms, and indirectly the concentration of the H 
atom reactant from the difference of CARS spectra of the H 
atom precursor, HI, with and without photolysis. 

These product state distributions and reaction cross sec
tions reveal H + HX -+ H2 + X reaction dynamics that vary 
systematically in response to the changes in the potential 
energy surface that accompany a change in the identity of 
the halogen X. However, our measurements also show fea
tures that are invariant to the identity of the halogen. These 
reflect the kinematic factors that are invariant in this homo
logous series. The product vibrational state distributions 
change the most with various of X, in response to the chang
ing exoergicity of the reaction. The most exoergic reaction, 

with HI, produces the largest energy, as well as the largest 
fraction ofthe available energy, in product vibration. Reac
tant translation is inefficiently transferred to product vibra
tion in all cases. The product translational distributions are 
nearly independent of the identity of X, and there is a strong 
propensity for converting reactant translation to product 
translation. While the average fraction of the available ener
gy that appears as product rotation is nearly the same for all 
three reactions, the detailed rotational state distributions of 
the H2 product are quite distinctive. 

While the level of detail provided by these experiments 
calls for correspondingly detailed theoretical descriptions 
and computational simulations, we find that a relatively sim
pIe model oftheH + HX-H2 + X reaction can account for 
many of the features we observe in the state-to-state dynam
ics. Both kinematic and potential energy surface factors are 
important constraints on the reaction dynamics, and both 
playa role in determining the product quantum state distri
butions. 

II. EXPERIMENT 

Coherent anti-Stokes Raman scattering spectroscopy is 
used to probe the initial H2 product quantum state distribu
tions created by H + HX (X = Cl,Br,l) .... H2 + X reaction, 
upon generation of monoenergetic H atoms by UV laser pho
tolysis of HI. A schematic of the apparatus is shown in Fig. 
1. The application of CARS to the study of fast H atom 
reactions has been discussed extensively in Refs. 3-6, and 
only a brief description of the experiment is given here. The 
reader is referred to these publications for more details. 

All optical wavelengths used in the experiment are de
rived from a single Nd:YAG laser (Spectra-Physics DCR-
2A). The 1064 nm fundamental of the laser is frequency 
doubled to produce 532 nm light, giving - 350 mJ, 6-ns, 
FWHM pulses at 10 pulses-per-second, with a linewidth of 
about 0.20 cm -\. Two spatially and temporally overlapped 
laser beams are required to excite a Raman transition via 
CARS7 -these are commonly known as the pump (UJ p ) and 
Stokes (UJs ) beams. In the present experiment UJ is derived 
by splitting off a portion of the 532 nm beam and using this 
light directly. The Stokes beam is obtained by using some of 
the 532 nm laser output to pump a tunable dye laser (Spec
tra-Physics PDL-2). The UJp and UJs beams are expanded by 

Dichroic 
Mirrors 

Dichroic (I) as I 
Mirror 

FIG. 1. Schematic diagram of the experimental apparatus used in these ex
periments. 
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telescopes and collinearly combined at a dichroic mirror. 
The resultant spatially overlapped beams are focused into 
the reaction cell. The (J)p and (J)s pulse energies are typically 
25 and 15 mJ, respectively. The photolysis beam «(J)diss) is 
derived by passing a portion of the 532 nm beam through a 
frequency doubler (Spectra-Physics WEX-l). The resultant 
266 nm beam is collinearly combined with the CARS beams 
at a second dichroic mirror and focused directly into the 
reaction cell. The photolysis pulse energy is 5-15 mJ. A 
3.5 ± 0.4 ns delay between the photolysis pulse «(J)diss) and 
the probe pulses «(J)p and (J)s) is set by adjusting an optical 
delay line. 

The beams exiting the reaction cell consist of the photo
lysis and the CARS probe input beams, as well as the anti
Stokes «(J)as) signal beam; (J)as = 2(J)p - (J)s. Appropriate 
bandpass filters are used to reject the (J)diss' (J)p' and (J). fre
quencies so that only the anti-Stokes beam enters the mono
chromator. A photomultiplier tube (RCA IP28) is located 
at the exit slit of the monochromator to detect the anti
Stokes signal. The signal from the PMT is processed by a 
boxcar integrator (SRS SR250) operated with a 10-ns gate 
and a 3-s time constant, and then digitized and stored in a 
microcomputer. 

CARS spectra are recorded by tuning (J)s such that the 
difference frequency, (J)p - (J)., scans through the vibrational 
Q-branch Raman transitions of the H2 reaction product. 
Several quickly scanned spectra are averaged to yield those 
that ultimately are analyzed to obtain quantum state popula
tions. The spectra are corrected for temporal drift in the 
instrument response by periodically rescanning a particular 
product CARS transition that serves as a reference signal. 
Spectra are taken at various (J). and (J)p pulse energies to 
ensure that saturation effects are not present. 

The reaction cell is an open-ended glass tube (0.3 cm Ld. 
by 4.0 cm long) fitted with gas sample inlet and outlet ports. 
This reaction cell is suspended inside a larger tube (7.5 cm 
i.d. by 125 cm long). The ends of the larger tube are closed by 
quartz windows, and are fitted with feedthroughs for deli
vering a buffer gas. The buffer serves to restrict the sample 
gas to the small volume of the reaction cell. For study of the 
H + HI reaction the experiments are performed at a total 
pressure of 10 Torr, consisting of 5 Torr of HI (Ashland 
Scientific Gas Co" 99.8% Technical Grade), which serves 
both as a source offast H atoms and as a reactant, and 5 Torr 
of Ar buffer gas. For the H + HBr and H + HCI experi
ments we use 1.5 to 2.5 Torr of the reactant diatom, while 1 
Torr of HI serves as the photolytic source of the hot H 
atoms. In the H + HI experiments only a relatively small 
fraction of the HI is photolyzed to generate the H atoms, but 
in the H + HBr(HCI) -H2 + Br(Cl) experiments we ef
fect near total (80%) photolysis of the HI in the CARS 
probe volume, in order to eliminate the H + HI .... H2 + I 
reaction as an interference. Gas flows are set at 0.2 
Torr L S-1 to ensure that the reaction cell is swept clean 
between laser pulses. 

Photolysis of HI at 266 nm creates H atoms with labora
tory velocities of 1. 75 X 106 and 1.13 X 106 cm s -1 for pro
ductionofIeP3/2) and IePlf2 ),respectively, with quantum 
yields of 0.66 and 0.34, respectively,S For collision with the 

heavy HX target the center-of-mass collision velocities are 
nearly identical to the H atom laboratory velocities, giving 
collision energies of 1.6 and 0.68 eV. The very high H + HX 
collision velocities imply correspondingly high collision fre
quencies. For example, if the hard-sphere collision diameter 
for H + HI is assumed to be equivalent to that for H + Xe, 
0.23 nm, [dH-Xe = dxJ2 + dH/4,dxe = 0.34 nm,9 dH, 

0.23 nm (Ref. 9) J then under the experimental condi
tions described above the mean time between H + HI elastic 
collisions is 3.0 ns for the 1.6 e V H atoms and 4.7 ns for those 
at 0.68 eV. Consequently, we set the delay between the pho
tolysis and probe beams to be very short, 3.5 ± 0.4 ns, to 
ensure that the measured H2 product quantum state distri
butions are those resulting from a single collision of the H 
atom with HX. Therefore, the reaction products we observe 
are those produced only by H atom collisions with HX at the 
relative energies of 1.6 and 0.68 eV. Reaction ofless energet
ic H atoms, produced by collisional cooling, is not significant 
on our experimental time scale. Even though the experi
ments are carried out under single-collision conditions, the 
presence of H atoms giving two different collision energies 
introduces some ambiguity into the interpretation of the re
sults. As discussed in Sec. IV, this ambiguity is largely re
moved by the small quantum yield for the slower H atoms 
and their small contribution to product formation, relative 
to that of the faster H atoms. 

Collisional deactivation of the quantum state distribu
tions of the H2 products is expected to be highly unlikely on 
the experimental time scale used here, since the mean time 
between energy redistributing collisions of the products with 
any other molecules is much longer than the time scale of our 
experiments. For the H2 product the probability of a hard
sphere elastic collision with the Ar buffer gas or the unreact
ed HX is not negligible, but the probability of an energy 
redistributing collision is insignificant. For example, if all 
the available energy in the H + HI reaction were channeled 
into product translation, the mean times for collision of the 
H2 product with room temperature Ar and HI would 1.7 and 
2.0 ns, respectively, using hard-sphere collision diameters of 
0.26 nm for H2 + Ar [dH,-Ar = (dH, + dAr )/2, 
dAr = 0.29 nm,9 dH, = 0.23 nm (Ref. 9)] and 0.29 nm for 
H2 + HI [dH,-HI -;:;;;;dH,-xe = (dH, + dxe )/2, 
dxe-xe = 0.34 nm (Ref. 9)]. These collision times are 
shorter than the delay time between photolysis and probe 
pulses used in our experiment. It is unlikely, however, that 
the measured H2 vibrational or rotational distributions have 
suffered collisional deactivation, as the cross sections for re
laxation by Ar and HX are expected to be much, much 
smaller than gas kinetic. 

We know of no measurements of state-to-state vibra
tional or rotational relaxation of H2 by either Ar or HCI, 
HBr, and HI. However, the available experimental results 
for H2-H2 relaxation rates, which should be much greater 
than the relaxation rates for H2-Ar or H2-HX, indicate that 
in our experiments relaxation is highly improbable. For ex
ample, the cross section for V ..... V energy transfer in 
HD + HD collisions is only about 10-2 A2 for the v 2 
level and falls with increasing v, while the cross section for 
HD + HD V -+ T energy transfer is less than 10-4 A2 for 
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V<4.IO These cross sections imply that under the conditions 
of our experiments the mean time between V -+ V relaxing 
collisions should be greater than 4 000 ns and between V -+ T 
relaxing collisions greater than 400 000 ns, that is infinitely 
long on the 3.5 ns time scale for our measurements. The cross 
sections for rotational relaxation are certainly larger than 
the cross section for V -+ V energy transfer, but even these 
rotation-relaxing collisions are unimportant on our time 
scale. For example, the recent HD-HD state-to-state rota
tional energy transfer measurements of Chandler and Far
rowll indicate that for HD J = 6 the cross section for 
!:J = - 2isO.5 A2 and for !:J = - 4itisO.03 A2. (ForH2, 
!:J = ± 2 are the smallest J changes that nuclear exchange 
symmetry allow.) Using these cross sections as an upper 
limit on the cross sections for H2-Ar and H2-HX rotational 
relaxation we find that for our experiments the mean time 
between collisions giving !:J = - 2 is greater than 80 ns and 
for !:J = - 4 greater than 1 300 ns. 

The strongest evidence for the absence of reactant H 
atom thermalization or H2 product relaxation in the experi
ments described here comes from our previous measure
ments of the time-dependence of measured H2 product pop
ulation distributions in hot atom experiments. For example, 
for the HD product of H + D2 collisions,3-6 we found no 
measurable change in the product state distributions at time 
delays less than 10 ns for the experimental conditions used 
here. 

H + HCI -> He + CI 

0,1 0,3 0,5 

0.7 0.9 0.11 

1.1 1,3 1,5 

FIG. 2. CARS spectrum ofH2 from the H + HCI reaction at 1.6 eV. The 
measured Q-branch peaks for the H2 product are shown. The v'.J' quantum 
numbers identifying the transition are given to the right of each peak. 

III. RESULTS 
A. Spectra and analysiS 

Portions of the vibrational Q-branch CARS spectra of 
the H2 product of the H + HCI, H + HBr, and H + HI re
actions are shown in Figs. 2-4. The highest energetically 
accessible H2 vibrational state is v' = 3 for H + HCI, v' = 5 
for H + HBr, and v' = 7 for H + HI. However, the highest 
observed vibrational states are only v' = I, Vi = 3, and 
Vi = 4, for these three reactions. A careful inspection of Fig. 
4 shows that the phase of the dispersive line shape for the 
peaks associated with lower J I of Vi = 0 for the H2 product 
from H + HI is opposite the phase of those for Vi = 1,2, and 
3 and for higher J' in Vi = O. This behavior, which is ex
plained in detail below, is indicative of a vibrational popula
tion inversion between the low J I states of Vi = 0 and 1. This 
phase difference disappears for the rotational states with 
J I > II indicating that the population inversion is rotational 
state dependent. For the H2 product of the H + HBr and 
H + HCI reactions the phase of the dispersive CARS line 
shape indicates that no population inversions are produced. 

The magnitUde of the CARS signal is given by7 

S(was ) = jg(W;Was )F2Ii3)1 2 dw, (2) 

where g(w;was ) is the CARS laser line shape function, F2 a 
factor determined by the CARS laser frequencies and focus
ing conditions (F2 = 4r/[I + (2wp + ws ) 

j(2wp - ws )] 2), and X(3) is the third-order susceptibility of 
the medium being probed. X(3) consists of three terms, 

X(3) = X NR + X' + iX" . (3) 

The first term in this equation is the frequency-independent 
nonresonant part of i 3

). The second and third terms are the 
frequency-dependent Raman resonance functions, which 

H + HSr -> He + Sr 

FIG. 3. CARS spectrum of H2 from the H + HBr reaction at 1.6 eV. The 
measured Q-branch peaks for the H2 product are shown. The v'.J' quantum 
numbers identifying the transitions are given to the right of each peak. 
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H + HI -> H2 + I 

FIG. 4. CARS spectrum of H2 from the H + HI - H2 + I reaction at 1.6 
eV. The measured Q-branch peaks for the H2 product are shown. The v',J' 
quantum numbers identifying the transitions are given to the right of each 
peak. 

are related to the population difference, 
IlN(v, J) - N(v + 1, J) between the upper, v + 1,J, and 
lower, v, J states connected by the Raman Q-branch transi
tion, 

(4) 

and 

" = [llNc4

] [dU] 
X /iv)4 dfl 

s 

x [ 2 2 2 2 2' (5) 
wR - (wp - ws ) ] + r R (wp - ws ) 

In the above equations, wR,r R' and du/dfl are the frequen
cy, linewidth, and cross section of the vibrational Q-branch 
Raman transition. 

The magnitude of the Raman Q-branch cross section is a 
function of the vibrational and rotational quantum 
numbers3

-
7

: 

Here v is the vibrational quantum number, m is the reduced 
mass, a and r are the mean value and anisotropy of the po
larizability derivative, and b J,J is the Placzek-Teller coeffi
cient, given by [J(J + 1) ]I[2J - 1)(2J + 3)]. Equation 
(6) is only approximate, but its use introduces only small 
errors in the analysis. 12 For example, for H2 the accurately 
calculated 13 Raman cross section dependence on v differs 
from the v + 1 dependence of Eq. (6) by less than 5% for 
v<4, and the exact J dependence gives cross sections that 
differ from Eq. (6) by less than 5% for J<25. 

Equations (2)-(5) can be combined to give 

S(w .. ) = [~rr [:~r fg(W;Was)F2[f'2+IH2]dW 

2[IlNc
4

] [dU] NR + /iv)4 dfl X 
• 

(7) 

where 

f' = W R [w~ - (wp -ws )2] 

[w~ - (wp -ws )2]2 + r~(wp -ws )2 

and 

I" = WRrR(Wp -ws ) 

[w~ - (wp - Ws )2p + r~ (wp ws )2 

Equation (7) is solved to find IlN for each observed CARS 
transition. S(was ) is computed for a range of IlN values by 
numerical integration ofEq. (7), and comparison of the cal
culated S(was ) values to the experimentally measured 
S(was ) determines the correct value of 1lN. Quantum state 
populations N( v', J') are extracted from the 1lN( v', J ') us
ing the boundary conditions N(v;, J') = 0, where v; is the 
lowest vibrational state for which the population is zero. The 
identity of v; is determined either by energy conservation or 
by direct experimental observation. 

The experimentally meausured peaks are dispersive in 
character because the CARS signal contains a contribution 
from the nonresonant part of the third order susceptibility. 
As Eq. < 2) shows, the signal is proportional to the square of 
the modulus of the susceptibility: 

IX(3)1 2 = (X')2 + (X")2 + <XNR
)2 + 2X'XNR

• (8) 

When the cross term 2X'XNR is small, 
Ix(3)12:::::: (XIt)2 + (X,)2 + (XNR)2 and the CARS signal is 
positive for all wp - Ws and symmetric about WR. However, 
when XNR ~ X" ,X', the cross term becomes dominant and 
li3)1 2::::::2X'X

NR + (XNR )2. Since X' is dispersive about WR' 
with phase determined by the sign of IlN, the resultant 
CARS signal is a dispersive one on a large frequency-inde
pendent background. Since the reaction product densities 
are low in these single collision experiments, XNR >X', X" 
and the dispersive character is always present in the CARS 
signals. 

B. ABSOLUTE REACTION CROSS SECTIONS 

The absolute partial and total cross sections for the 
H + HX .... H2 + X reactions are calculated using 
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and 

Utotal = L u(v', JI) , (10) 
v'. J' 

where [ ] denotes the concentration in particles cm -3, vrel 

is the collision velocity (1.75 X 106 cm s - I ), and Il.t is the 
time delay between the photolysis and probe lasers 
(3.5 ± 0.4 ns). [HXJo and [H]o are the concentrations of 
HX and H immediately after the photolysis pulse but before 
reaction. The HX concentration is directly determined by 
CARS spectroscopy. The H concentration is also deter
mined by CARS spectroscopy, but indirectly, from spectra 
of the HI precursor with and without the UV photolysis 
beam. Calibration of the CARS spectra to allow absolute 
number densities to be extracted from the CARS signal in
tensities is carried out by referencing the HX reactant spec
tra and the H2 rection product spectra to CARS spectra of 
these species measured under conditions for which the mo
lecular density is known independently. Using Eqs. (9) and 
( 10) we find that the total reaction cross section for the 
H + HX H atom abstraction reactions are 2 ± 1 A 2, 3 ± 1 

O 2 O 2 A, and 2 ± 1 A for X = CI, Br, and I, respectively. 
We use a single relative velocity in Eq. (9) to determine 

the absolulte cross sections, the relative velocity of H + HX 
collisions for the fast (1.6 eV relative energy) H atoms. In 
our experiments there are slower H atoms (0.68 eV relative 
energy), from HI photolysis to give H + 1(2Pl/2), that also 
may contribute to the H2 product yields. Our neglect of this 
contribution, by our use of the relative velocity appropriate 
for the faster H atoms, introduces some additional uncer
tainty into the cross section calculations. However, the 
quantum-yield-weighted average of the relative velocities of 
the fast and slow H atoms is only 9% smaller than the rela
tive velocity of the fast H atoms, so this uncertainty is a small 
one. 
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FIG. 5. Rotational state distribution for the H2 product of the H + Hel 
reaction at 1.6 eV. The symbols with error bars give the measured distribu
tion. The solid lines are the linear rotational surprisal best fits to the data, 
with the surprisal parameters given. 
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FIG. 6. Rotational state distribution for the H2 product of the H + HBr 
reaction at 1.6 e V. The symbols with error bars give the measured distribu
tion. The solid lines are the linear rotational surprisal best fits to the data, 
with the surprisaJ parameters given. 

c. ROTATIONAL AND VIBRATIONAL STATE 
DISTRIBUTIONS FOR H+HX-H2+X 

The rotational distributions measured for the H2 prod
uct of the H + HCI reaction are shown in Fig. 5, while for 
the H2 product of the H + HBr and H + HI reactions the 
rotational distributions are given in Figs. 6 and 7, respective
ly. Since we have made absolute cross section measurements, 
these relative populations can be converted to absolute cross 
sections. Rather than present additional plots of the data, we 
merely note that "10" in the arbitrary units of Fig. 5 corre
sponds to a cross section of 0.017 ± 0.002 A2, while for Fig. 
6 this scale factor is "10" = 0.066 ± 0.007 A2. and for Fig. 7 
"10" = 0.034 ± 0.004 A2. Most of the product population 
appears in the odd J' states of H2• This is due not to some 
dynamical restriction on the reaction, but rather to the nu
clear spin degeneracy of H2• which is 3 for odd J' and 1 for 
even J '. Since the dependence of the CARS signal on the 
population difference is between linear and quadratic [see 
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FIG. 7. Rotationalstate distribution for the H2 product of the H + HI reac
tion at 1.6 eV. The symbols with error bars give the measured distributions. 
The solid lines are simple smooth lines hand drawn through the data. 

J. Chern. Phys., Vol. 90, No.9, 1 May 1989 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

131.170.6.51 On: Wed, 03 Sep 2014 11:56:43



Aker, Germann, and Valentini: Dynamics of H + HX collisions. I 4801 

Eq. (7) J, the spin degeneracy difference makes the CARS 
signals for odd J' states a factor of 3 to 9 times greater than 
the CARS signals arising from even J' states of Hz. Although 
CARS signals for the even J' states of the H2 product were 
observed, the lower signal-to-noise ratio made signal averag
ing more difficult, and we did not record many of the even J' 
signals. The rotational distributions are broad enough that 
the incompleteness of the even J' data is of little conse
quence. 

Since we use HI as the H atom precursor in all three 
reactions, the H2 from the H + HI ...... Hz + I reaction in an 
interference in our measurements of the H2 from the 
H + HBr and H + HCI reactions. We minimize this inter
ference by using high enough photolysis pulse energy to dis
sociate essentially all the HI in the CARS probe volume, 
::::; 10-4 cm3

• What residual contribution the H + HI reac
tion makes to H2 product formation can be easily subtracted 
from the H2 product of the H + HBr or H + HCI reactions, 
because the three reactions have such different rotational 
and vibrational state distributions as a consequence of their 
significantly different energetics. 

The H2 product rotational distributions in the three re
actions are indeed quite different. It is not at all surprising 
that the Hz state distributions shift to higher J' along the 
series H + HCI, H + HBr, H + HI, since the energy avail
able to the products almost doubles along this series, 1.6 e V 
for reaction with HCI, 2.3 eV for reaction with HBr, and 3.0 
eV for reaction with HI. For H + HCI ..... Hz + CI the rota
tional distribution peaks at very low J', 5 and 3 in v' = 0 and 
1, respectively. Even though these are states of quite small 
angular momentum, they are not ofsmall rotational energy, 
since the rotational constants of H2 is so large, ::::; 60 cm - I. 

To illustrate this point, we note that a 300 K Boltzmann 
rotational distribution for H2 has appreciable population 
only for J,3, and the most probable J is 1. In fact for the 
H + HCI .... H2 + CI reaction the fraction of the available en
ergy appearing in product rotation, I;, is significant, 
0.21 ± 0.01. The Hz product of the substantially exoergic 
H + HBr and H + HI reactions peak at higher J', for exam
ple J' = 7 and 13, respectively for VI 0, but the fraction of 
the available energy in product rotation is essentially the 
same for these reactions as for the nearly thermoneutral 
H + HCI reaction. For H + HBr and H + HI the /; is 
0.19 ± 0.02 and 0.18 ± 0.03, respectively. 

While the average fractional energy disposal in rotation 
is essentially invariant in this homologous series of 
H + HX .... H2 + X reactions, the detailed form of the rota
tional state distributions is quite characteristic of the identity 
of the halogen. In the next section we discuss how these 
rotational state distributions reflect the details of the differ
ences in the potential energy surfaces for the reactions, spe
cifically differences in the HHX bending potential. Here, we 
simply point out one measure of the these differences, by 
reference to a linear surprisal analysis. Using a nonlinear 
least-squares analysis we attempt to fit the distributions 
within each vibrational level to a linear rotational surpris
al: 14 

P(JI) pO(J')exp[ - 0o - ORgR (JI)] , (11) 

wherepo(J') is the prior distribution, gR (J') is the fraction 

of the available energy in rotation for stateJ ', and OR is the 
rotatital surprisal parameter. For the H2 product of the 
reacti n with HCI this works well. The best-fit linear sur
prisal istributions are plotted as solid lines in Fig. 5, and 
these clearly provide adequate representations of the actual 
measurements, with OR values of3.7 ± 2.1 and 7.4 ± 4.0 for 
the v' = 0 and 1 levels, respectively. The large uncertainty in 
the populations in Vi = 1 leads to large uncertainty in the 
linear rotational surprisal for that state, and in fact a single 
OR value around 4.0 adequately describes the H2 rotational 
distribution in both vibrational levels. For the H2 product of 
the H + HBr reaction we find OR 1.6 ± 1.6, 5.1 ± 2.5, 
and 9.4 ± 3.4, for Vi = 0 through 2, and the distributions 
given by these parameters are plotted as solid lines in Fig. 6. 
While the surprisal function reproduces the distributions ac
tually measured for most J I, it gives significant population 
aboveJ' 13 in v' = 0 and aboveJ' 5 in Vi = 3, where we 
find the population so small as to be immeasurable. More
over, a single surprisal parameter is clearly not adequate to 
represent the H2 rotational state distribution in all Vi. For the 
H2 product of the H + HI reaction no linear surprisal func
tion can adequately represent the observed rotational distri
bution. For this reaction the measured distributions in the 
v' = 3 and 4 levels somewhat match those given by surprisals 
with OR 4.2 ± 1.5 and 3.5 ± 3.5, respectively, within the 
signal-to-noise of the experiment, but this is not the case for 
the Vi = 0, 1 and 2 levels. For these three levels the best-fit 
linear surprisal distributions, characterized by 
OR = 3.6 ± 3.4, 2.3 ± 1.3, and 4.1 ± 1.4, respectively, 
are considerably broader than the measured distributions, 
and the peaks of the calculated distributions do not match 
the peaks of the measured distributions. In all cases the "best 
fits" of the linear surprisal function are quite poor. The rota
tional state distributions are simply too sharply peaked at· 
too high J I for them to be represented by the temperaturelike 
parameter OR . The inadequacy of a linear surprisal function 
description of the Hz product rotational state distributions 
for the H + HBr reaction and even more the H + HI reac
tion implies dynamical constraints that cannot be accounted 
for by the simple energetic statistical constraints incorporat
ed in the surprisal approach; other constraints must be at 
least as important. For the HCI reaction the adequacy ofthe 
surprisal description indicates that energetic statistical con
straints predominate in determining the rotational state dis
tributions. 

Applications of the surprisal analysis also yields some 
interesting observations about the vibrational state distribu
tions in these abstraction reactions. The H2 product vibra
tional distributions, obtained by summing the rotational 
populations in each vibrational level, are shown in Figs. 8-
10. For the HCI and HBr reactions the H2 product is very 
cold. We can quantify this using a linear surprisal descrip
tion, 14 

P(v') = PO(v')exp[ - Ao - A.fv (Vi)] , (12) 

where, as in the rotational surprisal description, p O ( Vi) is the 
prior distribution, Iv (Vi) is the fraction of the available ener
gy in vibration for state v', and A v is the vibrational surprisal 
parameter. The vibrational distributions described by· this 
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linear surprisal function are given by the solid lines in Fig. 8 
and 9. For H + HCI-Hz + Cl Av is 6.0 ± 1.8, and for 
H + HBr - H2 + Br it is 4.0 ± 2.4. Since the vibrational dis
tribution for H2 from H + HI is inverted, it cannot be fit to a 
linear surprisal function. It is surprising not only in the infor-
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FIG. to. Vibrational state distribution for H2 from the H + HI reaction at 
1.6 eV. The symbols with error bars give the measured distribution. The 
solid line simply connects the data points. 

mation theoretical sense, but also in the common sense of the 
word, that the 0.72 eV exoergic (cf. Table I) H + HBr reac
tion gives such a cold H2 product vibrational distribution, 
particularly since the vibrational distribution in the 1.4 eV 
exoergic H + HI -- H2 + I reaction is so strongly inverted. 
However, the vibrational state distribution in the H + HBr 
reaction, P(v' ) = 0.65 ± 0.08, 0.30 ± 0.03, and 0.05 ± 0.01 
in v' = 0, 1, and 2, respectively, is almost exactly the same as 
the mean of the vibrational state distributions in the 
H + HC} and H + HI reactions, P(v') = 0.60 ± 0.08, 
0.27 ± 0.07, and 0.11 ± 0.05 in Vi = 0, 1, and 2. Note that in 
terms either of exoergicity or total available energy the 
H + HBr reaction has energies that are nearly identical to 
the mean of the H + HCl and H + HI reaction energies. 
Viewed in this way the H + HBr reaction does not appear 
anomalous. 

Despite the product vibrational population inversion in 
the H + HI reaction, the average fraction of energy parti
tioned to vibration, f~, is modest, 0.25 ± 0.05. The cold H2 
vibrational distributions in the H + HBr and H + HCI reac
tion yield very smallf~ values, 0.09 ± 0.01 and 0.02 ± 0.01. 

For ease of comparison we summarize important pa
rameters of the H2 product vibrational and rotational state 
distributions for all three reactions in Table III. Comparison 
of the Hz vibrational state distributions of Figs. 8-10 and the 
data in Table III reveals that for all three reactions there are 
several H2 product vibrational states that are energetically 
accessible but in which we observe no product. In H + HCI 
these are v' = 2 and 3, in H + HBr v' = 3, 4, and 5, and in 
H + HI v' = 5, 6, and 7. Our failure to observe products in 
these states allows us only to set an upper limit on the relative 
populations in them. For v'>5 in H + HI this upper limit is 

J. Chem. Phys., Vol. 90, No.9, 1 May 1989 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

131.170.6.51 On: Wed, 03 Sep 2014 11:56:43



Aker, Germann, and Valentini: Dynamics of H+HX collisions. I 4803 

TABLE III. Parameters of the product quantum state distributions in the H' + HX-H'H + X reactions at 
1.6 eV collision energy. 

HCI HBr HI 

E;", (eV) 1.6 2.3 3.0 

f~ 0.02±0.01 0.09 ±O.ot 0.2S±0.OS 

f; 0.21 ± 0.01 0.19±0.02 0.lS±0.03 
/: a 0.77 ±0.01 0.72 ±0.02 0.S7 ± 0.06 
(rIO. (A2) 2±1 3±1 2±1 
(v') O.OS 0.40 1.10 
[v;" .. ]b 3 S 7 
(J')(v' = O)C 5.5 7.9 13.1 
[J:....(V'=O)]d 15 19 23 

a Determined by f;,f~ and energy conservation. 
bThe maximum energetically accessible product vibrational state. 
C The average rotational quantum number for product in the ground vibrational state. 
d The highest energetically accessible product rotational state for product in the ground vibrational state. 

0.004, that is less than 0.4% of the products can be in anyone 
of these vibrational states. The limit is the same for Vi> 3 in 
H + HBr, while for H + HCI no more than 1 % of the prod
ucts can be in Vi = 2 or 3. 

Included in Table III are values fori:, the fraction of the 
available energy that appears in product translation. This 
value is determined by our direct measurements of I; and/~ 
and the application of energy conservation. Our detailed 
Vi, J I product distributions actually allow us to derive the 
detailed product translational energy distributions. These 
are shown in Figs. 11-13. In all three reactions the Hz + X 
translational energy distribution is narrow, full width at half 
maximum (FWHM) of about 0.5 eV, and peaks near the 1.6 
eV reactant translational energy. The most probable (aver
age) product translational energy is 1.4 (1.3) eV, 1.6 (1.7) 
eV, and 1.7 (1.7) eV for H2 + CI, H2 + Br, and H2 + I, re
spectively. 

The surprisal parameters, the/:, and/; values in Table 
III, and the product translational energy distributions in 
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FIG. 11. Product center-of-mass translational energy distribution for the 
reaction H + HCl_ H2 + CI. The distribution is obtained by inverting the 
measured H2 quantum state distribution. 

Figs. 11-13 all require specification of the total energy for 
their determination. Since there are two H + HX collision 
energies in our experiments, 1.6 eV and 0.68 eV, associated 
with the two HI photolysis channels, H + Iep3/2) and 
H + IeP1/2)' respectively, there is in principle some ambi
guity in the values of these parameters that describe the 
product energy disposal. In practice, however, this ambigu
ity is not very important. First, the quantum yieldS for the 
H + Iep3/2 ) channel is almost twice that of the 
H + Iepl/2) channel. Second, in our signal-collision ex
periments the 1.6 eV H atoms, by virtue of their greater ve
locity, are much more likely to undergo a collision than the 
0.68 eV H atoms. Together, these two factors imply that if 
the abstraction reaction cross sections are energy-indepen
dent the 1.6 eV collisions contribute 75% of the product and 
the 0.68 eV collision only 25%. However, the contribution of 
the 0.68 eV collisions is probably significantly less than this, 
since the H + HX --H2 + X cross sections are probably 
larger at 1.6 eV collision energy than at 0.68 eV. Although 
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FIG. 12. Product center-of-mass translational energy distribution for the 
reaction H + HBr-H2 + Br. The distribution is obtained by inverting the 
measured H2 quantum state distributions. 
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FIG. 13. Product center-of-mass translational energy distributions for the 
reaction H + HI .... H2 + I. The distribution is obtained by inverting the 
measured H2 quantum state distributions. 

both collision energies are greater than the collinear barrier 
height for all three abstraction reactions, the increasing bar
rier height with decreasing HHX angle (cf. Table I) much 
more significantly restricts the range of reactive geometries 
at 0.68 eV than at 1.6 eV collision energy. Using the depen
dence of the barrier height on HHX angle from the Baer and 
Last potential energy surfaces! and the simple line-of
centers model14 cross section dependence on barrier height, 
O'totaf[I-Eb(O)/Ered (sin 0) dO, it is clear that all the 
H + HX abstraction reaction cross sections should be signif
icantiy larger at 1.6 eV collision energh than at 0.68 eV. The 
ratio O'tot (1.6 eV)/O'tot (0.68 eV) is 2.7, 1.7, and 1.4 for the 
HCl, HBr, and HI reactions, respectively. Such a cross sec
tion energy dependence would reduce the contribution of the 
0.68 eVH atoms to 11%-19% of the total H2 product yield. 

Note that trajectory calculations carried out by Thomp
son et al. 15 give results that are consistent with these expecta
tions. They computed O'(E) for D + DCI ..... D 2 + CI and 
D + HCI ..... HD + CI for collision energies up to 2.4 eV. 
They used an approximate potential energy surface with a 
collinear barrier height of 0.17 eV, rising to 1.1 eVat 0 = 90·. 
This closely resembles the H + HBr surface of Baer and 
Last, described in Tables I and 11.14 Thompson et al. 15 found 
0'(1.6 eV) = 0.5...\2 and 0'( 1.6 eV)/0'(0.68 eV) = 1.3. 

IV. DISCUSSION 
A. Total reaction cross sections 

Comparison of our measurements on the 
H + HX ..... H 2 + X reactions for X = Cl, Br, and I reveals 
some surprising similarities as well as some surprising differ
ences. Among the similarities is the near equivalence of the 
total reaction cross sections show in Table III. The uncer- -
tainty in these measured total cross sections is significant, 
± 33%-50%, but even taking this into consideration, the 
cross sections are remarkably similar. Since both the collin
ear barrier heights and the HHX-angle-averaged barrier 
heights (cf. Table I) increase in the order H + HI, 

H + HBr, H + HCI, one expects the cross sections to de
crease in this order. This expectation of a dependence of O'tot 
on the identity of X must be put in quantitative terms in 
order to compare our expectations with the experimental 
observations. We can do so by incorporating the angIe-de
pendent barrier heights of the Baer and Last HHX surfaces 
into a simple line-of-centers model as described in the pre
vious section. Ifwe make the reasonable assumption that the 
variation of the H + HX ..... H 2 + X cross sections with iden
tity of X is due only to differences in barrier heights, we find 
that at 1.6 eV relative energy the cross sections are in the 
ratio 1.9:2.6:3.1 for HCl, HBr, and HI, respectively. This 
ratio agrees with our measurements within experimental un
certainty. 

For the H + HI-+H2 + I reaction our 1.6 eV collision 
energy is large enough that Ere! is significantly greater than 
Eb (0) for HHX angles 0 as small as 90· [Eb (90·) = 1.0 
e V]. In the context of the line-of-centers model and to the 
extent that the Baer and Last surface accurately describes 
this reaction this means that at 1.6 eV we are approaching 
the maximum possible value of O'tOI' specifically 82% of the 
limiting cross section. For H + HCI and H + HBr the line
of-centers model and the Baer and Last surface indicate that 
we are at only 51 % and 72% of the limiting cross sections. 
These differences are not significant in a comparison of total 
cross sections measured for the reactions, because of the lim
ited accuracy of the measurements, but, they are very impor
tant when comparing the H2 rotational state distributions 
for the different reactions. However, before we can take up 
this issue we must consider the H2 vibrational state distribu
tions. 

B. Product vibrational and rotational state distributions 

The product vibrational state distributions of the 
H + HX -+ H2 + X reaction, shown in Figs. 8-10 display the 
most obvious differences among this homologous series ofH 
atom abstraction reactions. However, it is the similarities in 
the P( Vi) for these three reactions that provides the clue to 
understanding the differences among them. In all three cases 
the only appreciably populated [P( v') > 0.1 ] H2 vibrational 
states are those accessible as a result ofthe reaction exoergi
city alone. For the HI reaction those states are Vi <2, while 
for the HBr reaction those states are v' < 1, and for the nearly 
thermoneutral HCI reaction only v' = O. In each reaction the 
1.6 eV collision energy opens several additional product vi
brational channels (cf. Table III), but only 6-8% of the 
products appear in them. In the H + HI .... H2 + I reaction 
the energy added by the H + HI reactant translational mo
tion more than triples the number of vibrational states acces
sible, opening Vi = 3, 4, 5, 6, and 7, yet only 6% of the H2 
products appear in these states, and then only in Vi = 3 and 4. 
In H + HBr the reactant translational energy opens Vi = 2, 
3,4, and 5, but of these only Vi = 2 is actually produced in the 
reaction, and only 6% of the products are in this vibrational 
state. In H + HCI the reactant translational energy adds 
Vi = 1, 2, and 3, but only Vi = 1 is actually produced, and 
with only 8% of the product. Apparently, the transfer of 
reactant translational energy to product vibration in the 
H + HX reactions is inefficient in the extreme. In fact, the 
vibrational distributionis we observe imply that at most one-
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half of the collision energy is available to product vibration, 
for the highest vibrational state that we observe in each reac
tion is the highest vibrational state for which the energy does 
not exceed the reaction exoergicity plus 0.8 eV. 

A consideration of the potential energy surfaces and the 
kinematics of these reactions can explain the behavior. To 
incorporate both the energetic and kinematic features of 
these reactions we plot the Baer and Last collinear potential
energy surfaces for the three H + HX -+ H2 + X reactions in 
mass-scaled coordinates14 in Figs. 14-16. For the light
light-heavy mass combination of these reactions the skew 
angle,14 y, is approximately 45° for all X. For such a small 
skew angle reactant translation will not couple very effec
tively to product vibration, for two reasons. First, a simple 
projection of reactant translation onto product vibration, 
given by sin2 y, is only 0.5. Second, for a collision at high 
energy to "turn the corner" from the reactant valley into the 
product valley requires that the trajectory be sharply 
"steered" into the exit valley by the curvature of the inner 
corner of the potential energy surface. This further reduces 
the projection of the reactant translation onto product vibra
tion, strongly coupling reactant and product translation. 
The latter effect is impossible to quantify without running 
trajectory calculations. The skew angle influence, on the oth
er hand is easy to quantify, and should in fact provide a 
reasonable upper limit on the contribution of reactant trans
lation to product vibration. Since sin2 y, is 0.5, this upper 
limit is 0.8 eV in our experiments, precisely as we have ob
served. 

For noncollinear trajectories rotational excitation of the 
H2 product must also be considered, and the generalization 
of this restriction should preclude states for which the total 
internal energy is more than the sum ofthe exoergicity plus 
one-half the collision energy. In fact, we do observe a restric
tion on the populated rotational states to those for which the 
sum of EVib + ETot does not exceed the reaction exoergicity 
plus 0.8 eV. For the H + HI reaction the 1.4 eV exoergicity 
plus 0.8 eV of translational energy allows J' = 19 in v' = 0, 
J' = 17 in v' = 1, J' = 14 in v' = 2, J' = 11 in v' = 3, and 

COLLINEAR H + HCI -> He + CI 

O.O'-~ __ -L ____ ~ __ ~ __ ~ ____ ~_ 

4.0 

FIG. 14. Collinear potential energy surface for the H + HCl-H2 + Cl re
action, plotted in mass-scaled coordinates, from the DIM-3C calculations 
ofBaer and Last, Ref. 1. The contours are given every 6 kcaI mol- I with the 
outermost contour at 42 kcal mol- I, with energies measured relative to the 
bottom of the asymptotic H + HCl well. 

J' = 7 in v' = 4. The highest observed rotational states are 
J' = 17,17,15,11, and 5 inv' = 0,1,2,3, and 4, respectively. 
For the less exoergic H + HBr reaction the states accessible 
as a result of the exoergicity plus one-half the collision ener
gyareJ' = 15,12, and 9inv' = 0, l,and2, while the highest 
J' observed are 13, 11, and 5, respectively. For H + HCI we 
should be able to get up to J' = 11 and 7 in v' = 0 and 1, 
respectively, while we observe up to J' = 11 and 7. 

Assuming that the same kind of restriction applies to the 
product state distributions of these reactions at 0.68 eV, we 
can estimate what H2 quantum states contain contributions 
from reaction of the slower photolytically generated H 
atoms in our experiments. For H + HI these are J' ,;;;; 17, 14, 
11,7, in v' = 0,1,2, and 3. For H + HBrthesestatesareJ',;;;; 
12,9, and 3 in v' = 0, 1, and 2, while for H + HCI we expect 
population in J' ,;;;; 7 in v' = O. Thus, there are many states for 
which both the 0.68 eV and 1.6 eV H atoms can be expected 
to contribute. We expect then that while the product state 
distributions we measure have a 10-20 % contribution (see 
Sec. III) from the 0.68 eV collisions, this contribution will 
not shift the distributions much from the true 1.6 eV colli
sion energy values, probably only 1 to 3 fz lower in J', and 
only very slightly to lower v'. However, only the experimen
tal measurements at lower collision energy can determine 
this unambiguously. 

The H + HX -+ H2 + X potential energy surfaces de
picted in Figs. 14-16 suggest that for high H + HX transla
tional energy the turning point in reactive encounters will 
occur near the inner corner of the surface, where both rHH 

and rHX are small and the reactant translational energy has 
been spent climbing the repulsive inner wall of the surface. 
The HHX will then move rapidly into the product channel, 
driven by the large gradient of the potential energy at the 
turning point. From this turning point into the product 
channel the gradient of the potential along rHH is much 
greater than that along rHX , a situation that should make the 
product separation vibrationally adiabatic but rotationally 
impulsive. That is, the H2 product vibrational state would be 
determined by the value of rHH at the turning point, where 

COLLINEAR H + HBr -> He + Br 

O.O'-__ ~ ____ ~ __ ~ __ ~ ____ L--

2.0 3.0 4.0 

RH- 8r (.1.) 

FIG. 15. Collinear potential energy surface for the H + HBr-H2 + Br re
action, plotted in mass-scaled coordinates, from the DIM-3C calculations 
ofBaer and Last, Ref. I. The contours are given every 6 kcal mol- 1 with the 
outer most contour at 42 kcal mol- 1, with energies measured relative to the 
bottom of the asymptotic H + HBr well. 
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COLLINEAR H + HI -> He + ( 

2.0 3.0 

R
H

_
1 

(A) 

FIG. 16. Collinear potential energy surface for the H + HI-H2 + I reac
tion, plotted in mass-scaled coordinates. from the DIM-3C calculations of 
Baer and Last, Ref. 1. The contours are given every 6 kcal mol- 1 with the 
outermost contour at 42 kcal mol-I, with energies measured relative to the 
bottom of the asymptotic H + HI well. 

the transition from H + HX to Hz + X occurs. This is sim
ply a modification of the Franck-Condon model of reac
tions. 16 

As used previously to describe the F + Hz --+ HF + H 
and H + Clz --+ HCI + Cl reactions, this Franck-Condon 
model assumes that the transition from reactants to prod
ucts is sudden (with respect to the nuclear motions), occur
ring in a small region of coordinate space, which is generally 
taken to be located at the saddle point. Thus it is the geome
try of the saddle point (in particular the internuclear dis
tances) that determines the vibrational distribution in the 
product, and as the products separate this vibrational distri
bution is preserved. Thus, the Franck-Condon model as
sumes vibrationally adiabatic exit channel dynamics. In 
these applications of the Franck-Condon model it has been 
assumed that the velocity of the reacting system at the saddle 
point is small. For the F + Hz and H + Clz systems this is a 
reasonable assumption because the reactions were studied 
only for the case where the collision energy was comparable 
to the barrier height, 16 and thus the system expends its kinet
ic energy climbing the barrier to reaction. We invoke a 
Franck-Condon description of these H + HX reactions at 
our high collision energy with a turning point not at the 
saddle point, but rather at small H-H separation, where all 
the collision energy has been expended in climbing the repul
sive inner wall of the potential energy surface. At this H-H 
separation a Franck-Condon-like transition from H + HX 
to Hz + X that is sudden with respect to Hz + X separation 
would occur. 

For the H + HI reaction the potential energy surface is 
such that the H-H separation at this turning point can be 
much smaller than the eqUilibrium Hz bond distance for 
collisions at 1.6 e V, so one expects the H2 will be formed with 
considerable vibrational excitation. For the H + HBr and 
H + Hel reactions what appear to be only slight differences 
in the potential energy surface move the turning point out to 
sufficiently larger rHH that product vibrational excitation is 
much less likely. We could quantitatively apply this Franck
Condon description using the Baer and Last surface to cal
culate P( Vi ), but uncertainties in the surfaces at these high 
energies make such a detailed calculation of dubious value. 

It does not take detailed calculations to explain, at least 
semiquantitatively, the rotational distributions that we ob
serve. In the context of the Franck-Condon model, these are 
simply determined by rotationally impulsive energy release 
in the half-collision of Hz (Vi) + X separation. The rota
tional state of the Hz is determined by the HHX geometry, 
specifically the HHX angle, 0, and the energy available to 
the H2(V' ) and X, Eavl' 11 

E rot = (mHmxEavl sin2 0)1 

[(mH + mH )(mH + m x ) - mHmX COS
2 0] . (13) 

We have previously applied this model to describe the energy 
disposal in the A + BC half-collision accompanying ABC 
photofragmentation. 11 For photodissociation Eq. (13) is 
easy to implement, since ABC is stable and its geometry 
(range of 0) well determined. For a transition state like 
HHX the geometry is not well determined. However, the 
possible values of 0 are restricted both by the HHX bending 
potential (cf. Table I), and by simple geometric constraints 
imposed by the size differential between X and H. 

We have carried out a simple calculation to predict the 
rotational state distribution assuming that the energy release 
is rotationally impulsive, incorporating the effect of the 
bending potential in terms of a simple line-of-centers model, 
and interpreting the size differential as restricting reaction to 
those encounters in which the attacking H atom strikes the 
H ofHX with zero H-H impact parameter. This gives a one
to-one correlation between the H-HX impact parameter, b, 
and the HHX angle, 0, specifically 

O=sin-I[(blrHx)(mx +mH)lmX] ' (14) 

where mj is the mass of particle i, and rHX the HX bond 
length. For a given angle 0 there must be reaction taking 
place with impact parameters both larger and smaller than 
this, so the model should yield a rotational distribution that 
is narrower than the actual one. Note that in the context of 
this model the maximum value of b is 
rHX [mx/(mx + mH )]. The model conserves angular mo
mentum, and in fact the reactant orbital angular momentum 
transforms completely into product orbital angular momen
tum. For a given b, Eq. (14) specifies 0, and Eq. (13) gives 
Erot for a particular H2 (Vi). The probability of this Erot is 
determined by the probability of reaction at impact param
eter b, given by 

P(Erot ) = P(O) = P(b) = 21Tb X [1 - Eb (O)IErel ] , 
(15) 

where the last factor is the line-of-centers reaction probabili
ty,14 with E rel = 1.6 eV and Eb (0) taken from the Baer and 
Last potential surfaces. 1 Thus Eqs. (13 )-( 15) specify the H2 
product rotational distribution. The results of these model 

. calculations are compared with the rotational distributions 
actually observed in Figs. 17-19. As expected, the calculated 
distributions are narrower than those actually observed, but 
the peaks in the distributions are reproduced quite well, as 
are the general shapes of the distributions. Not much more 
should or could be expected of the model. The results do, 
however, confirm the physical reasonableness of the model, 
and suggest that more detailed calculations be carried out to 
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FIG. 17. Comparison of rotational state distributions for the H2 product of 
the H + HCI reaction. The symbols with error bars are the experimental 
results, while the solid lines give the distributions predicted by a rotationally 
impulsive model. See the text for details. 

explore further the description of the reaction in terms of a 
Franck-Condon model with rotationally impulsive energy 
release, 

The model also helps explain why a linear surprisal 
function cannot adequately describe the rotational distribu
tions of the H2 product of the H + HI and H + HBr reac
tions, but can do so for the H2 product of the H + HCl reac
tion. This surprisal description invokes a prior distribution 
that is constrained by energy conservation, but not by angu
lar momentum conservation. It works well as long as the 
dynamical bias in a reaction is not based simply on total 
angular momentum conservation, but rather on some fea
ture of the potential energy surface. The model calculations 
show that in the H + HCI reaction the product rotational 
distribution is restricted to relatively low J I by the steep rise 
in the HHCl bending potential, which restricts reaction to 
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H + HBr -> H2 + Br 
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FIG. 18. Comparison of rotational state distributions for the H2 product of 
the H + HBr reaction. The symbols with error bars are the experimental 
results, while the solid lines give the distributions predicted by a rotationally 
impulsive model. See text for details. 
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FIG. 19. Comparison of rotational state distributions for the H2 product of 
the H + HI reaction. The symbols with error bars are the experimental re
sults, while the solid lines give the distributions predicted by a rotationally 
impulsive model. See the text for details. 

small 0, and therefore small H2 rotational energy. For the 
H + HBr reaction and even more for the H + HI reaction, 
the high collision energy of the experiments allows the reac
tion probability to be near unity for almost the entire range 
180· to 90·, so the H2 rotational distribution is restricted 
significantly (HBr) or almost completely (HI) by total an
gular momentum conservation. 

In each of the H + HX ..... H2 + X reactions there is 
enough energy to form the halogen atom X in the excited 
spin-orbit state, 2P1/2' which lies 0.1 I, 0.46, and 0.94 eV 
above the ground 2P3/2 state for Cl, Br, and I, respectively. 
Infrared chemiluminescence studies of the H + HI-H2 + I 
reaction, 18 carried out with a room-temperature thermal dis
tribution of collision energies, show that 2 % of the reactive 
events lead to the formation of 1( 2P I /2), but the collision 
energy dependence of the branching ratio is not known. Sim
ilar studies l9 of the thermal H + HBr ..... H2 + Br reaction 
showed BrePI /2) production, but the branching ratio was 
not determined. There is no way to tell from our measure
ments the extent of production of excited spin-orbit states 
XePI/2 )· 

In a previous CARS experiment2° H2 from the 
H + HBr reaction at a nominal collision energy of 2.6 eV 
was detected and found to be rotationally excited in the 
v' = I and 2 states. Our measurements are not inconsistent 
with these previous observations, but a direct comparison 
with them cannot be made, in part because of the difference 
in collision energy, but also because the previous experi
ments were done under conditions that allow many 
H + HBr and H2 + HBr collisions. Deconvolution of the 
measured state distributions to remove the effects of these 
multiple collisions is not feasible. 

V. CONCLUSION 

Reaction of translationally excited H atoms with HX 
(X = CI,Br, and I) at 1.6eVproducesH2 withquitecharac
teristic rotational and vibrational state distributions that 
vary significantly with the identity of the halogen. These 
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differences reflect the dramatic changes in thermochemistry 
and hence potential energy surface that accompany changes 
in the identity of the halogen. However, there are also persis
tent similarities in the H2 product state distributions, which 
reflect the extreme light-light-heavy kinematics of the reac
tions, and the near independence of the kinematics from 
identity of X. It appears that a simple model of the reaction 
that has vibrationally adiabatic, rotationally impulsive exit 
channel energy release with Franck-Condon factors deter
mining the H2 vibrational distribution can account for the 
observed product state distributions. 
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