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The angular and velocity distributions of the IO product from the reaction O(1D) + HI have been obtained
in crossed beam experiments at collision energies,Ec, of 4.7 and 13.6 kcal/mol. The product center-of-mass
angular distribution is found to be nearly backward-forward symmetric, with forward scattering favored.
The forward to backward scattering ratio increases with increasingEc, from which it is deduced that the
reaction occurs via an intermediate complex having a lifetime comparable to its rotational period. Within
the “osculating” model for chemical reactions, the complex lifetime is estimated to be 4 and 1 ps at low and
highEc, respectively. A large fraction (0.55 at lowEc and 0.46 at highEc) of the total available energy was
found to be released into product translational energy. Comparison with the dynamics of the analogous
reactions O(1D) + HCl and O(1D) + HBr is carried out: similarities as well as differences are noted and
discussed in terms of the potential energy surfaces for reaction. From comparison of signal intensities and
the previously estimated lower limits to the branching ratio of the relative cross sections for XO+ H and OH
+ X channels in the O(1D) + HX (X ) Cl, Br) reactions, it is concluded that the H-displacement pathway
accounts for a significant fraction of the overall reaction also in the case of O(1D) + HI.

Introduction

The reactions of atomic oxygen, in both the ground state
O(3P) and the first electronically excited state O(1D), with
halogenated compounds are of interest in determining the impact
of anthropogenic surface release of halogen-containing mol-
ecules on the atmosphere and especially on the ozone natural
balance. They are also of relevance in the combustion chemistry
of halogenated compounds, as for instance in their use as fire
extinguishers. Among these reactions, those with hydrogen
halides are particularly simple and can be considered as
prototypes; indeed, they comprise a class of three-atom reactions
that are amenable to detailed experimental and theoretical
investigation. While the reactions of HCl and HBr with both
O(3P) and O(1D) have been recently studied from both kinetics1-4

and dynamics5-9 standpoints, little information is available on
the reaction of HI with O(3P)3,10,11 and none on the reaction
with O(1D).
In previous work from this laboratory we reported the results

of direct dynamical investigations, using the crossed molecular
beam (CMB) scattering method, on the reactions O(1D) + HCl,5

HBr,7 and CF3Br,12 relative to the XO (X) Cl, Br) formation
channel. Here we extend these studies to the next member of
the O(1D) + HX series, namely, the reaction O(1D) + HI. This
reaction can proceed via two competing pathways:

Heats of reaction were derived from the data of ref 13, with
the exception of∆H°f,0 (IO) (see below). All products of
reaction 1 may be catalytically active species in ozone chemistry.
Recently, a growing concern for the potential role of iodine in
atmospheric chemistry has motivated experimental and theoreti-
cal studies of the likely relevant iodine “active” and “reservoir”
forms and iodine involving reactions. In 1980, Chameides and
Davis14 first pointed out that, while the active forms of chlorine

and bromine contribute tostratospheric ozonedepletion, the
tropospheric ozonebalance may be affected significantly by
iodine compounds. In fact, in the tropospherical environment
the thermal and photochemical stability of the principal inorganic
reservoirs of chlorine and bromine (i.e., HCl, HBr, HOCl, HOBr,
ClONO2, and BrONO2) greatly limits the impact of these
halogens on the ozone budget. On the contrary, iodine reservoir
species are easily photodissociated in the near-UV and visible
region (since the bonds involving iodine are generally weak),
leading to the rapid release of active iodine; the dominant
reaction of the formed iodine atoms seems to be that with O3

while the IO radical returns back to I primarily by photo-
dissociation

or by reaction

The IO radical can also react to form reservoir species through

Of all the inorganic reservoirs, HI is the least photolabile (its
photochemical lifetime is≈1-2 h during the day), and its
reaction with OH radicals

is the main gas-phase HI loss process. Reaction 7 regenerates
the active form of I. Many other reactions, including photo-
dissociation of HOI, were postulated to occur, giving rise to a
net loss of tropospheric ozone. Since most of these reactions
were not studied at that time, the potential role of iodine wasX Abstract published inAdVance ACS Abstracts,July 15, 1997.

O(1D) + HI f IO + H ∆H°0≈ -30 kcal/mol (1a)

f OH+ I ∆H°0 ) -75.8 kcal/mol (1b)

I + O3 f IO + O2 (2)

IO + hν (λ ) 4550 Å)f I + O (3)

IO + NOf I + NO2 (4)

IO + NO2 f IONO2 (5)

IO + HO2 f HOI + O2 (6a)

f HI + O3 (6b)

HI + OHf H2O+ I (7)
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just proposed by the authors,14who made a call for experimental
studies and field measurements in order to assess the model.
Subsequently, most of the reactions involved and the photo-
chemical processes proposed were studied and rate coefficients
determined.15 Lately, there has been a renewed interest in iodine
chemistry stemming from the recent assessment that iodine could
account for the observed depletion of lower stratospheric ozone
(below 20 km, altitudes where chlorine and bromine are not
very effective for ozone destruction in contrast to iodine) at
midlatitudes.16 Studies of convective transport have shown that
vertical transport of iodine-containing molecules can be sig-
nificant, allowing the photochemically short-lived iodine com-
pounds to reach the upper troposphere and even the lower
stratosphere. Due to the instability of its reservoir species, the
efficiency of iodine released in the stratosphere for ozone
depletion near 15-20 km would be more than 1000 times
greater than that of Cl, leading to the conclusion that even a
very small amount of iodine could cause significant O3

destruction.16 Actually, the iodine role in ozone depletion is
thought to be of enhancing the effect of the human-released
chlorine and bromine, through the interhalogen reactions IO+
ClO and IO+ BrO.16 The main source of atmospheric iodine
is natural: methyl iodide, chloroiodomethane, and diiodomethane
are thought to be produced by marine biota, such as phytoplank-
ton, kelp, and macroalgae; in particular, iodocarbons generated
by biomass burning could contribute significantly to the iodine
reaching directly the stratosphere.16

The fraction of stratospheric iodine that is expected to reside
in the form of HI is≈0.5%.16 Even though reaction (1) is not
thought to play a major role either in the tropospheric ozone
budget (where reaction 7 is dominant) or in the stratospheric
one, in both environments O(1D) is significantly present since
it is the product of ozone photodissociation. All the products
of reaction 1 are active forms in ozone depletion, so that reaction
1 could represent an alternative way for iodine to pass from
the reservoir HI to active radicals. Moreover, reaction 1 can
be considered as prototypical of the reactions of O(1D) with
simple iodine-containing molecules, a class of compounds which
is now being considered as a substitute for halon fire
suppressants.16b The rate constant of reaction 1 has never been
determined; recent kinetic studies provided room-temperature
rate constants for the analogous reactions O(1D) + HCl and
O(1D) + HBr (and also O(1D) + HF).4a Comparison with the
rate constants for the reactions O(3P)+ HCl and O(3P)+ HBr
shows that the electronic excitation of the oxygen atom leads
to an increase of 6 and 4 orders of magnitude for HCl and HBr,
respectively. For O(3P)+ HI f OH + I it was found3 k298 )
1.62× 10-12 cm3 molecule-1 s-1, quite larger than 3.8× 10-14

and 1.3× 10-16 cm3 molecule-1 s-1, which are thek298 values
for O(3P)+ HBr and O(3P)+ HCl, respectively.1-3 Therefore,
the rate constant for reaction 1 is expected to be at least
comparable to those of the reactions O(1D) + HCl and O(1D)
+ HBr, especially if one considers that the reactions of O(1D)
with most compounds usually occur with near gas kinetic
frequency due to the fact that they take place on a singlet ground
state potential energy surface (PES) with virtually zero activation
energy. It should be noted that for the O(3P)+ HX (X ) Cl,
Br) reactions the OH+ X channel is exoergic and the H+ XO
channel strongly endoergic. Instead, both channels are exoergic
for O(1D); in particular, kinetic4 and dynamic5,6d,7,9a studies
indicate that the H-displacement channel in the O(1D) + HX
(X ) Cl, Br) reactions accounts for a considerable fraction of
the overall reaction.
Dynamical studies of O(1D) reactions with simple molecules

also address the important issue of the role of electronic

excitation on the reaction dynamics of nonmetal atoms. The
reactions of O(1D) with H-X molecules (where X) H, Cl,
Br, I, OH, SH, CH3) are postulated to proceed through the
formation of a strongly bound complex, HOX, following the
insertion of O(1D) into a bond of the colliding molecule.17

However, the lifetimes of the complexes and the dynamics of
their dissociation are not well-known yet. In particular, the
nonstatistical energy partitioning observed in most of the O(1D)
reactions pointed to a precluded equilibration of the available
energy among the degrees of freedom of the complexes;6f in
other words, the randomization of energy of the complex does
not occur within the time scale required for its decomposition.
For instance, in the case of the reaction O(1D) + CH4, even
though the decay time of the CH3OH formed from the photolysis
of the CH4‚O3 van der Waals adduct was found18 to be 3 ps at
Ec≈ 13 kcal/mol (a value comparable to the lifetime calculated
from Rice-Ramsperger-Kassel-Marcus theory for the dis-
sociation of methanol at the level of excitation of the experi-
ment), the OH product internal energy distribution is not found
to be statistical.19 The results presented below, together with
the information obtained in this laboratory on the related
reactions O(1D) + H2,20O(1D) + HCl,5 O(1D) + HBr,7 O(3P,1D)
+ H2S,21 and O(3P,1D) + CH3I,22 provide a useful database
also for comparison with theory. It should be noted that
reactions involving O(3P,1D) with simple molecules are good
candidates for studies investigating the role of multiple potential
energy surfaces and nonadiabatic effects on chemical reaction
dynamics.
The study reported here has been carried out using the

powerful CMB method pioneered by Professor Y. T. Lee,
together with Professor D. R. Herschbach.23 Also, the method
used for generating intense continuous supersonic beams of
O(1D) atoms, which is crucial for the present studies, has been
originally developed in Lee’s laboratory.24 It is our pleasure
and most appropriate to dedicate this paper to Professor Lee
on the occasion of his 60th birthday.

Experimental Section

The scattering experiments were carried out on the universal
crossed molecular beam apparatus of Perugia, which is an
implementation for reactive scattering studies of the high-
resolution machine previously used for measuring elastic and
total (elastic+ inelastic) differential cross sections for atom-
atom and atom-molecule collisions.25 The apparatus has been
described in detail elsewhere,25,26 and only a brief description
necessary to understand the present experiments is given here.
Two well-collimated supersonic beams of the reactants, after
two stages of differential pumping, are crossed at 90° under
single-collision conditions in a large scattering chamber main-
tained below 5× 10-7 mbar. The reaction products are detected
by an electron bombardment ionization quadrupole mass
spectrometer which can rotate in the plane of the two beams
around their intersection axis (i.e., around the collision region).
The ionizer is mounted on a liquid nitrogen cooled OFHC
copper chamber, which is kept in the 10-11 mbar region by
extensive ion-, turbo-, and cryo-pumping and represents the
innermost region of a triply differentially pumped ultrahigh-
vacuum rotatable chamber.
The seeded supersonic atomic oxygen beams, containing

O(1D) and ground-state O(3P), were generated by a high-
pressure, radio-frequency (rf) discharge nozzle source similar
in design to that described by Sibener et al.24 and which has
been optimized for O(1D) production.5,7,20,21,26 Two O(1D)
beams with different translational energies were produced in
order to vary the relative collision energy of the experiment.
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By discharging 350 mbar of a 5% O2 in helium gas mixture
through a 0.26 mm diameter quartz nozzle at 250 W of rf power,
a beam with peak velocity of 2854 m/s and speed ratio of 7.0
was obtained. By discharging 350 mbar of a 5% O2 in neon
gas mixture through the same quartz nozzle at 290 W of rf
power, a beam with peak velocity of 1661 m/s and speed ratio
of 6.2 was produced. The angular divergence is 2.3° in both
cases. Using the fast and slow beams of O(1D), relative collision
energies,Ec, of 13.6 and 4.7 kcal/mol, respectively, were
obtained (see below). Due to the very efficient coupling of the
rf power to the plasma, high degrees of molecular dissociation
are achieved (>80% and>90% with the helium and neon
mixture, respectively). The oxygen beams contain a very large
fraction of ground-state O(3P), but this species does not interfere
since the collision energies of the present experiments are not
sufficient to overcome the large endoergicity of the reaction
O(3P) + HI f IO + H (∆H°r ≈ 15.4 kcal/mol).
Supersonic beams of HI were generated by expanding pure

HI through a 100µm diameter stainless steel nozzle. For the
experiment atEc ) 13.6 kcal/mol the HI stagnation pressure
was 0.35 bar, and the resulting peak velocity and speed ratio
were 370 m/s and 8.1, respectively; for the experiment atEc )
4.7 kcal/mol slightly different experimental conditions, such as
the HI stagnation pressure which was 0.32 bar, gave a peak
velocity of 369 m/s and a speed ratio of 8.0. The angular
divergence was 2.9° in both cases. Under these expansion
conditions HI clustering was negligible. Because of the
significant rotational cooling during supersonic expansion (a
rotational temperature of about 16 K is estimated, assuming
equilibrium between translational and rotational degrees of
freedom), the HI molecules in the beam are expected to be in
the lowest few rotational states of the ground vibrational level,
and therefore the internal energy of the molecular reactant
contributes negligibly (<0.1 kcal/mol) to the total available
energy.
Angular distributions of the IO product were obtained by

taking at least five scans of 50 s counts at each angle. The HI
beam was modulated at 160 Hz by a tuning-fork chopper for
background subtraction. Velocity analysis of the beams was
carried out by conventional “single-shot” time-of-flight (TOF)
techniques, using a high-speed multichannel scaler and a
CAMAC data acquisition system controlled by a personal
computer. Velocity distributions of products were obtained at
11 different angles atEc ) 13.6 kcal/mol and at 12 different
angles atEc ) 4.7 kcal/mol using the cross-correlation TOF
technique27 with four 127-bit pseudorandom sequences. High
time resolution was achieved by spinning the TOF disk, located
at the entrance of the detector, at 393.7 Hz corresponding to a
dwell time of 5 µs/channel. The flight length was 23.6 cm.
Counting times varied from 15 to 60 min depending upon the
signal intensity.

Results and Analysis

Under the experimental conditions of the present study, we
were able to observe only the IO product from reaction 1a, while
the signal from the kinematically unfavored OH, produced in
the reaction channel 1b, could not be detected. In fact, as stated
by linear momentum conservation, the light OH from the
strongly exothermic channel 1b moves very fast and is spatially
distributed in a very broad laboratory angular range, since its
scattering partner is the heavy I atom; on the contrary, the heavy
IO from the significantly less exothermic channel 1a has a much
lower center-of-mass (c.m.) velocity and is confined in a narrow
lab angular range around the c.m., since its scattering partner
is the light H atom. This leads to a strong enhancement of the

IO number density in the lab frame with respect to that of OH.
From the failure to detect the OH, only an indication about the
ratio of cross sections of channel 1a and 1b could be given (see
below).
The angular distributions of the IO product, detected atm/e

) 143, for the collision energies of 13.6 and 4.7 kcal/mol are
shown in Figure 1. The error bars are also reported when they
exceed the size of the dots. The IO+ signal at the peak of the
angular distribution was 2700 counts/s with a signal-to-noise
ratio (S/N) of 195 (the ionizer emission current was 5 mA) at
Ec ) 13.6 kcal/mol using 50 s counting times; at the lowEc
the peak signal was lower (650 counts/s with S/N) 55) mainly
due to the lower intensity of O(1D) in the Ne seeded beam.
The solid lines in Figure 1 show the calculated best fit (see
below). The product time-of-flight distributions at the two
energies are reported in Figure 2a,b together with the results of
the best-fit calculations (see below); they have been normalized
to the relative intensities at each angle. The angular distribution
atEc ) 13.6 kcal/mol shows some kind of structure around the
c.m. position angle (Θc.m.) 46°), with a pronounced shoulder
at angles smaller thanΘc.m.. The angular distribution at the
lowerEc appears, instead, almost symmetric with respect toΘc.m.

(in this caseΘc.m.) 61° because of the lower O(1D) beam peak
velocity), but again a small preference for scattering at angles
smaller thanΘc.m. can be observed. The TOF spectra at both
Ec display also bimodality at angles close toΘc.m.. This fact
and the large width of the lab angular distributions (especially
considering that IO is a very heavy particle) suggest that the
product translational energy distribution peaks away from zero
and that the fraction of available energy released in translation
is large.
Data at both energies were analyzed by using a forward

convolution trial-and-error fitting procedure where the c.m.
angular and energy distributions are input as trial functions.28,29

The corresponding laboratory angular and TOF distributions are
then calculated and compared to the experimental data. The
experimental resolution broadening, due to the TOF disk and
detector slit sizes, disk velocity and ionizer length, and spread
in beam velocities and angular divergences, is taken into
account. The original trial function is adjusted and the process
repeated until a satisfactory fit is obtained to both the TOF
spectra and the angular distributions. The energy dependence
of the reaction cross section has been taken into account in the
data analysis. For a reaction like this, which is thoughtsby
analogy with the reactions O(1D) + HCl and O(1D) + HBrsto
occur without threshold and dominated by long-range forces in
the entrance channel, the centrifugal barrier model30 predicts a

Figure 1. Laboratory angular distributions of the IO product from the
O(1D) + HI reaction at two different collision energies,Ec. Solid
lines: calculation with best-fit c.m. translational energy and angular
distributions of Figure 3.
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decrease of the cross section with increasing relative collision
energy, and therefore, anEc-1/3 dependence has been used.
The c.m. product flux distribution is assumed to be separable

into the product of a translational energy and an angular part,
Ic.m.(θ,E′T) ) T(θ)P(E′T). The best fit calculations to the
experimental angular and TOF distributions are shown as solid
lines in Figures 1 and 2, respectively. Figure 3 shows the
resultant c.m. angular distributions,T(θ), and translational
energy distributions,P(E′T), for the twoEc. The final result of
the data fitting analysis is a c.m. contour map of product flux
as a function of angle and product recoil energy.29 After a
straightforward transformation to convert the flux distribution
from an energy space to a velocity space, the c.m. contour maps
Ic.m.(θ,u), whereu is the c.m. product velocity, are represented
in polar form in Figure 4. The transformation of the c.m. flux
Ic.m.(θ,u) to laboratory number densityN(Θ) is given29 byN(Θ)
) (V/u2)Ic.m.(θ,u). The effect of the JacobianV/u2 for the
coordinate transformation results in a strong enhancement of
the low-energy products. While the product flux actually peaks
fairly well removed from the c.m. vector on the relative velocity
axis (see Figure 4), the measured lab angular distributions do
not show pronounced dips aroundΘc.m..

The twoP(E′T) distributions are quite broad and peak at about
the same value, which is≈19 kcal/mol (see Figure 3b). The
average product translational energy, defined as〈E′T〉 )
∑P(E′T)E′T/∑P(E′T), was determined to be 20 kcal/mol for the
high-energy experiment and 19 kcal/mol for the low-energy
experiment, that is almost the same despite the difference of

Figure 2. Time-of-flight spectra of the IO product at the indicated
laboratory angles for (a, top)Ec ) 4.7 kcal/mol and (b, bottom)Ec )
13.6 kcal/mol. The time scale is absolute, the ion flight time and
electronic offsets having been taken into account. The distributions are
normalized to the relative intensities at each angle. Solid lines:
calculation with best-fit c.m. translational energy and angular distribu-
tions of Figure 3.

Figure 3. Best-fit center-of mass product angular (a) and translational
energy (b) distributions. Solid lines: c.m. functions atEc ) 13.6 kcal/
mol. Dashed lines: c.m. functions atEc ) 4.7 kcal/mol.

Figure 4. Center-of-mass polar flux (velocity-angle) contour maps
of the IO product atEc ) 4.7 kcal/mol andEc ) 13.6 kcal/mol together
with the most probable Newton diagrams (lab and c.m. velocities and
angles are specified). The circles in the Newton diagrams delimit the
maximum speed achievable by the IO product, assuming that all the
available energy goes into product translation. The shift toward more
forward scattering of the IO product with increasingEc is clearly visible.
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about 9 kcal/mol in the collision energy. Therefore, the
percentage of the total available energy,Etot, released as product
translational energy is somewhat different in the two cases. In
this type of experiment, the total available energy is given by
Etot ) Ec - ∆H°r + Eint, where∆H°r is the enthalpy of reaction
and Eint is the internal energy of the reactants, namely, the
internal energy of HI which can be neglected as we work with
supersonic beams. The enthalpy of reaction is not accurately
known, since the enthalpy of formation of the IO radical has
not been accurately established yet. (See ref 31 for a recent
review on the enthalpies of formation and other properties of
iodine oxides.) The bond dissociation energy of IO, and hence
the enthalpy of formation, have been calculated by many
different techniques (the first estimate32 goes back to 1948),
but the various studies have not improved the reliability of the
dissociation energy; the values reported in the literature range
from ∆H°f,298 ) 25.8 kcal/mol to∆H°f,298 ) 41.1 kcal/mol.
Essentially, the derived values can be grouped in two types: a
first group obtained from the treatment of spectroscopic data
and a second group derived from dynamic and kinetic studies.
The two groups are to some extent contradictory: while
spectroscopic data have supported an enthalpy of formation of
around 40 kcal/mol, molecular beam studies on the O(3P) +
ICl reaction proposed∆H°f,0 ) 32.1( 2.0 kcal/mol33 and∆H°f,0
) 30.6( 3.0 kcal/mol.34 Very recently, Ravishankara and co-
workers35 reported an upper limit of 28.8 kcal/mol and Bed-
janian et al.15h an estimate of 26.7( 0.9 kcal/mol for
∆H°f,298(IO). Quantum mechanical calculations performed by
McGrath and Rowland36 have recently provided a value of
∆H°f,0 ) 31.0 ( 1.0 kcal/mol, while unpublished ab initio
calculations by Johnson and co-workers37 have given∆H°f,0 )
28.7 ( 1.2 kcal/mol. Due to the large uncertainty over the
enthalpy of formation of the IO radical, the∆H°r was treated
as an adjustable parameter during the fitting procedure of the
experimental data. In fact, it is possible, in principle, to
determine the value of∆H°r from the falloff of theP(E′T), since
the translational energy of the products cannot exceed the
maximum total energy, due to the energy conservation relation-
ship (see for instance ref 21b). Unfortunately, in our case crucial
for the fitting of the experimental data were the rise and the
peak position of theP(E′T) in both experiments, while the falloff,
which is not sharp, can have slightly different slope without
compromising the fitting main features. Another cause of
uncertainty in the determination of the exact value ofEtot is
due to the possibility of nonadiabatic coupling of the surfaces
involved in the reaction, leading to the formation of IO also in
the excited spin-orbit state2Π1/2. In a recent work on the
related reaction O(1D) + HCl f ClO + H at Ec ) 8.4 kcal/
mol, Matsumi and Shamsuddin6e have found a population ratio
between ClO(2Π1/2) and ClO(2Π3/2) of 0.6, which is not
statistical but witnesses extensive nonadiabatic coupling. The
spin-orbit splitting of IO(2Π3/2,1/2) has been recently determined
to be 2021 cm-1 (≈6 kcal/mol);38 due to the large atomic weight
of iodine, spin conservation may be less rigid than for lighter
systems, so that we expect nonadiabatic coupling even more
extensive than in the case of O(1D) + HCl. The value of∆H°r
resulting from the best fit of our data is-30 kcal/mol for both
experiments, leading to a∆H°f,0(IO) ) 29 kcal/mol, in
agreement with the value derived by Grice and co-workers,33

Lee and co-workers,34 the very recent estimate of Ravishankara
and co-workers,35 and also the two recent theoretical determina-
tions.36,37 However, due to the low sensitivity of the fitting to
theP(E′T) high-energy tail, we cannot rule out larger (up to 36
kcal/mol) and somewhat lower (up to 25 kcal/mol) values than
29 kcal/mol. Assuming∆H°r ≈ -30 kcal/mol, the fraction of

energy released as translational energy of the products is 55%
and 46% for the low and the high energy experiment, respec-
tively.

Discussion

In Figure 5 we show the energy level and correlation diagram
which is relevant to the following discussion. The energy levels
are known for the reactants, products, and the ground state of
HOI.39 Observations of gaseous HOI have been recently
reported,40 while formation of HOI was already observed in
matrix experiments41 and in aqueous phase;42 the structure of
HOI has been recently estimated by analyzing the spectra of
vibrational hot HOI formed in the reaction of alkyl iodides with
O(3P).40a In the related O(1D) + HX (X ) Cl,Br) systems the
first excited1A′′ PES and the ground X1A′ PES of HXO were
thought to be energetically involved at the energies of the
experiments, as suggested by SCF-CI calculations on the O(1D)
+ HCl system.43 In the case of O(1D) + HI, no information is
available on the first electronically excited singlet surface of
HOI; regarding the possible role of the isomer HIO, in
theoretical studies Marshall and co-workers44 have recently
found the singlet HIO complex to be bound, although about 50
kcal/mol less stable than singlet HOI. In Figure 5 the barrier
on the3A′′ surface has been indicated as equal to the activation
energy of the ground state reaction. The c.m. angular and
translational energy distributions for the IO+ H channel shown
in Figure 3 allow an evaluation of the dynamical influence of
the PES and of kinematic constraints.
Angular Distributions. The best-fit c.m. angular distribu-

tions (Figure 3a) show intensity in the whole angular range,
but they are not perfectly backward-forward symmetric, as one
would expect if the reaction proceeded through a long-lived
complex, i.e., a complex with a lifetime of several rotational
periods.45 The best-fit c.m. angular distribution atEc ) 4.7
kcal/mol is nearly isotropic with a slightly favored forward
scattering with respect to the O atom direction (T(180°)/T(0°)
) 0.9); indeed, a perfectly isotropic distribution would give more
intensity in the backward direction of the calculated lab angular
distribution than that resulting from the experiment. Actually,
the calculated lab angular distribution shows somewhat lower
intensities at angles close to the c.m.; an improvement can be
achieved by using a c.m.T(θ) with a maximum barely visible
at θ ) 90° but with the sameT(180°)/T(0°) ratio. The best-fit
c.m. angular distribution obtained atEc ) 13.6 kcal/mol shows

Figure 5. Energy level and correlation diagram for the O(3P,1D) +
HI system.Ec1 and Ec2 indicate the experimental relative collision
energies. The fine structure states of the products are shown, with the
exception of OH. The first vibrational states of IO are also shown.
The energy barrier on the3A′′ surface (indicated with dashed line) has
been made equal to the activation energy for the triplet reaction.
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a more pronounced preference for forward scattering, being
T(180°)/T(0°) ) 0.75. The asymmetry observed in both cases,
and especially at the higherEc, can be attributed to the fact that
the reaction proceeds through the formation of a complex that
decomposes within few rotational periods. In fact, according
to the osculating complex model for chemical reaction,46 a
forward intensity enhancement is expected when the complex
lifetime is a fraction of, or comparable to, its rotational period.
An estimate of the lifetime for the complexes formed at the
two collision energies can be obtained from the observedT(θ)
asymmetry by means ofT(180°)/T(0°) ) e-τr/2τ, whereτ is the
lifetime of the decomposing complex,τr is its rotational period,
and T(0°) and T(180°) are the values assumed by theT(θ)
function at the two poles.46 The rotational period of the complex
can be estimated from the relationτr ) 2πI/Lmax, whereI is the
moment of inertia of the rotating complex andLmax is the
maximum angular momentum.Lmax is given byµVrelbmax, where
µ is the reduced mass of the reactants,Vrel is the initial relative
velocity, andbmax is the maximum impact parameter. The value
of bmax is not known for this reaction, since the opacity function
has never been calculated. A rough estimate can be done by
using the hard-sphere model,30 bmax ) (σr/π)-1/2. The values
of the reaction cross sectionσr at the two collision energies
have been derived starting from the room-temperature rate
constant, which, actually, has never been measured but can be
inferred from the rate constants of the two analogous reactions
O(1D) + HCl and O(1D) + HBr. In fact, the measured rate
coefficients for the two reactions are 1.50× 10-10 and 1.48×
10-10cm3 molecule-1 s-1, respectively;4a these are quite typical
values of room temperaturek for O(1D) reactions with simple
molecules, so that there is no reason to expect a significant
variation for the rate coefficient of the next member along the
O(1D) + HX series. The estimated values ofσr are 12.2 Å2 at
Ec ) 4.7 kcal/mol and 8.6 Å2 at Ec ) 13.6 kcal/mol, and the
resultingLmax are 7.74× 10-26 and 1.10× 10-25 g cm2 s-1.
Assuming that the complex formed during the reaction following
O(1D) insertion into the H-I bond is HOI and using the
moments of inertia recently determined by Leone and co-
workers,40a the resulting lifetimes are≈4 ps atEc ) 4.7 kcal/
mol and≈1 ps atEc ) 13.6 kcal/mol. The approximations
required to extract complex lifetimes from the experimental data
are numerous, but at least the ratioτ/τr, which is 4.7 and 1.7 in
the two cases, should be regarded as realistic.
In the case of the related O(1D) + HCl and HBr reactions

the c.m. angular distributions were found to be somewhat
backward biased, and they were assumed to arise from the
superposition of a backward-forward symmetric component and
a backward scattered component.5,7 In the case of O(1D) +
HBr it was actually necessary to separate these two contributions
to fit the data: the backward-forward component was related
to the formation of a long-lived complex via an insertion
mechanism, forming the strongly bound HOBr(X1A′) intermedi-
ate; the backward scattered component was attributed to reactive
encounters taking place by nearly collinear collisions of the
oxygen from the Br side of HBr at small impact parameters.7

The direct abstraction of the halogen atom with rebound
dynamics witnessed the role played by H-X-O configurations.
This backward contribution amounts to about 15% in the case
of HBr7 and is presumably similar in the case of HCl, since the
shape of theT(θ) function is also similar in the two systems at
comparableEc. Interestingly, no backward component is instead
observed in the reaction with HI, suggesting that the direct
abstraction of the iodine atom plays a negligible role. In
particular, the formation of an osculating complex in the case
of HI indicates a smallerτ/τr for HOI with respect to HOCl

and HOBr at comparable energies, which may not be surprising
considering that both competitive dissociation channels of the
complex are significantly more exoergic for O(1D) + HI than
for O(1D) + HCl and O(1D) + HBr. The reason for the lack
of backward scattering component in O(1D) + HI f IO + H
may lie in the stronger long-range attractive interaction between
the oxygen atom and the HI molecule, with the O(1D) atom
driven into the deep H-O-I well whatever its attack orientation.
Another possibility is that when O(1D) approach HI from the
halogen side the formed HIO is also a long-lived complex, which
can dissociate directly to IO+ H or isomerize to HOI before
dissociating.
The relative peaking of theT(θ) function at the poles (θ )

0° and 180°) with respect toθ ) 90° provides information about
the disposal of the total angular momentum into product
rotation.45 In the present case a very weak polarization is found
(see Figure 3a), weaker than in the case of O(1D) + HCl5 and
comparable to the case of O(1D) + HBr.7 For this specific mass
combination, angular momentum partitioning arguments predict
very high product rotational excitation. In fact, as a consequence
of the much smaller reduced mass of the products with respect
to that of the reagents, the final orbital angular momentumL ′
is much smaller than the initial oneL , and the final rotational
angular momentumj ′ is about equal toL . (The initial j is very
small with respect toL , in view of the fact that reagent
molecules are formed in a supersonic expansion where consid-
erable rotational cooling occurs, and can be neglected.) In the
absence of a preferred dissociation geometry, high product
rotational excitation leads ultimately to an isotropic c.m. angular
distribution. In fact, one would observe aT(θ) sharply polarized
at θ ) 0° and θ ) 180° only if L ′ and L are parallel or
antiparallel. This situation occurs when the product molecules
are not rotationally excited or when M′ (which is the projection
of the total angular momentumJ ) L + j ) L ′ + j ′ along the
final recoil velocity vectorv′) is null.45 In all the other cases,
i.e., when part of the total angular momentum is removed asj ′
and M′ is not null, L and L ′ are weakly correlated and the
recoil velocity vectorv′ emerges outof the collision plane, and
therefore the condition for sharp polarization at the poles is
removed, while the backward-forward symmetry is maintained.
From the conditionL = J ) L ′ + j ′ in the O+ HX series, one
expects the largestj ′, and then the highest rotational excitation,
for the case of IO since the difference betweenµ′(IO + H) and
µ(O + HI) is the largest; hence,L >> L ′ and most of the total
angular momentum is taken away from the rotation of the
molecules, i.e.,j ′ = L .
Product Energy Distributions. A common feature of the

XO (X ) Cl, Br, I) + H reaction channel is the large fraction
(about 50%) of the total available energy released into product
translation. This fraction is somewhat larger than that predicted
by the RRHO microcanonical prior distribution of Levine and
Bernstein30 for these systems and may be taken as an indication
of the presence of a small potential barrier in the exit valley, as
suggested by classical trajectory studies47 on model surfaces
for the H + HL f HH + L (H ) heavy, L) light) mass
combination. Interestingly, recent ab initio and model calcula-
tions of the PES found a barrier for dissociation of HClO9a,b

and also of HBrO;48 it is reasonable to expect an exit barrier
for dissociation of HIO as well. This suggests that HIO
complexes actually play a role in the O(1D) + HI f IO + H
reaction.
It is interesting to note that bothP(E′T) distributions (Figure

3b) peak at a value of about 19 kcal/mol, which is significantly
lower than the exoergicity of the reaction (∆Hr ) -30 kcal/
mol), while for the reactions with HCl and HBr the correspond-
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ing P(E′T) peaked beyond the reaction exoergicity. However,
while for O(1D) + HBr the 〈E′T〉 fraction did not vary withEc,
for O(1D) + HI it decreases considerably with increasingEc
(from 55% to 46%), which indicates that the extra initial
translational energy is more efficiently channeled into internal
energy. Since a very large fraction of the available energy is
released as product translation and high rotational excitation
also occurs (assumingj ′ ) L , it can be estimated an average
product rotational energy〈E′R〉 of 5.3 and 10.6 kcal/mol at low
and highEc, respectively), little energy remains for electronic
and vibrational excitation of the IO product. Since the spin-
orbit splitting of IO is 6 kcal/mol and the vibrational spacing
about 2 kcal/mol, IO should be mainly formed in the lowest
few vibrational levels of both possible2Π1/2 and2Π3/2 states.
Unfortunately, in the present experiment the relative population
of the fine structure levels of IO could not be disentangled during
the data analysis.
Branching Ratio σ(IO + H)/σ(OH + I). A lower limit for

the ratio between the cross section,σ, for formation of XO and
OH for the analogous O(1D) + HCl5a and O(1D) + HBr7

reactions was estimated to beσ(ClO + H)/σ(OH + Cl) ) 0.34
( 0.10 andσ(BrO+ H)/σ(OH+ Br) ) 0.16( 0.07. For X)
I no estimate was attempted, because the sensitivity to the OH
formation channel decreases as the halogen atom mass increases,
due to the very unfavorable kinematics. Kinematically, it should
be more convenient to detect the I atom than the OH counterpart,
but unfortunately, I+ produced from dissociative ionization,
under electron impact in the detector, of elastically scattered
HI represents a severe complication. However, on the basis of
the relative signal intensities observed (S(IO) ≈ 2.5S(BrO) ≈
7S(ClO) under approximately the same experimental conditions),
it is inferred that the IO formation channel should be as
important as the BrO and ClO formation channels and, therefore,
a significant fraction of the corresponding overall O(1D) + HI
reaction. The findings for X) Cl, Br were in agreement with
bulk estimates.4

Conclusion

The dynamics of the O(1D) + HI reaction relative to the
H-displacement channel is found to resemble those of the
analogous O(1D) + HCl and O(1D) + HBr reactions, but with
the noteworthy difference that no evidence for a direct rebound
mechanism arising from collinear attack of the oxygen atom
on the halogen side of the hydride is observed in this case. IO
formation is found to occur via an osculating complex, whose
lifetime decreases with increasing collision energy. Complex
formation arises likely from an insertion mechanism involving
the ground state PES X1A′ of HOI and/or from an addition
mechanism leading to HIO, which may subsequently isomerize
to HOI or directly dissociate to IO+ H. Interestingly, the
dynamics of the reaction O(1D) + HI f IO + H are very similar
to those of O(1D) + H2Sf HSO+ H, where the absence of a
backward scattered component was also noted and the complex
lifetime was decreasing with increasingEc.
No information is available on the OH forming channel. In

the two other reactions of the series, spectroscopic studies6,7

found OH to be formed highly vibrationally and rotationally
excited. The explanation proposed was that the reactions
proceed through the insertion of O(1D) into the H-X bond on
the 1A′ surface with formation of an internally hot HOX
complex, which fragments within a few bending vibrations into
OH+ X, before the randomization of energy is complete. The
OH forming channel in all the O(1D) reactions studied to date
by using infrared chemiluminescence or laser-induced fluores-
cence has been found to have a nonstatistical product internal

energy distribution, indicating that complete energy randomiza-
tion does not occur within the complex lifetime; however, this
does not necessarily indicate that the complex lifetime is short
in comparison to its average rotational period.6f,19d

Our results on the H-displacement channel examined in this
and in other related systems indicate that the reactions proceed
mainly through the formation of a collision complex living a
few rotational periods. When X changes along the series Cl,
Br, and I, the two possible XO and OH forming channels
become more exoergic, and the complex lifetime decreases with
respect to its rotational period. The present experimental results
complement the dynamical information obtained on the other
members of the O(1D) + HX series and should facilitate
attempts to model the dynamics of these reactions using realistic
PESs. An accurate description of the fate of the presumably
formed HOX/HXO complexes will be possibly given by
quasiclassical trajectory and quantum mechanical dynamics
calculations when they will become available. Theoretical work
along these lines has recently appeared in the literature for the
O(1D) + HCl reaction,9a,b is in progress for O(1D) + HBr,48

and is being planned for O(1D) + HI.49
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