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Laser photolysis of H2S at 248 nm and at 193 nm was used to generate nonequilibrium distributions of
translationally energetic hydrogen atoms at high dilution in a flowing moderator gas (N2 or Ar). The pulsed
laser photolysis/laser-induced fluorescence “pump-and-probe” method allowed the measurement of the line
shapes of the moderated H atom Doppler profiles as well as the concentrations of D atoms produced in the
reactive collisions between the H atoms and D2 or D2O reagents. H and D atoms were detected with sub-
Doppler resolution via (2p2P r 1s2S) laser-induced fluorescence. The measured H atom Doppler profiles
were used to describe the evolution of the initially generated nascent nonequilibrium H atom speed distribution
toward its equilibrium Maxwell-Blotzmann form. In this way the excitation function and reaction threshold
for the reactions H+ D2 f HD + D and H+ D2O f HOD + D could be determined for the first time from
the measured nonequilibrium D atom formation rates and single-collision absolute reaction cross sections
measured at higher collision energies.

I. Introduction

Soon after Born and Oppenheimer1 in 1927 formulated in a
precise manner the possibility of separating the electron from
the nuclear motions, London,2 in 1928, interpreted for the first
time the elementary process of the exchange between a hydrogen
atom and a hydrogen molecule in terms of a potential energy
surface (PES). On the basis of the London approximation,3

Eyring and Polanyi provided the first PES for the H+ H2 f H
+ H2 chemical reaction.4 This PES was later used for the first
classical trajectory study5 which, as early as in 1936, revealed
the femtosecond nature of bimolecular reactive collisions, about
50 years before an experimental real-time study of a bimolecular
reaction was reported by Bernstein, Zewail, and co-workers.6

Since then the H+ H2 reaction has become “the prototype
test system” for the development of rigorous quantum mechan-
ical atom-diatom scattering methods.7,8 In the case of the H
+ H2 reaction, it is the high accuracy of the available global
PES representation9 that ensures that comparison of the dynami-
cal results with experiment indeed tests the theoretical method
rather than the PES. About half a century after the first kinetics
experiment carried out by Farkas,10 experimental and theoretical
results for the H+ H2 reaction were reviewed by Levine.11More
recent reviews can be found in refs 12-14. The most recent
advances in studying the reaction dynamics of the H+ H2

system include measurements of quantum state-specific dif-
ferential cross sections15-17 which allow for a very detailed
comparison with quantum mechanical scattering calculations
(QMS),18 including those in which geometric phase effects were
taken into account.19

In recent years, the H+ H2O h OH + H2 reactions, as one
of the “simplest” four-atom systems, have played an important
role in the development of four-atom quantum reactive scattering
methods.20 For the reaction H+ H2O h H2 + OH, absolute
reaction cross sections were determined at different collision
energies21,22allowing comparison with quasiclassical trajectory
(QCT)23 and with approximate24,25 and accurate 6D-QMS
calculations26 on the Schatz-Elgersma (SE) PES.27 References
28 and 29 provide an overview over the current experimental
and theoretical status of the H+ H2O h H2 + OH reactions.
Measurement of absolute reaction cross sections for the HD

+ OD and D2 + OH product channels30 of the partially
isotopically substituted H+ D2O system at different collision
energies confirmed that the reaction H+ H2O f H2 + OH
proceeds almost exclusively by a direct abstraction mechanism
via a planar H-HOH transition state, rather than via the
formation of a H3O intermediate.31 Only recently were dynam-
ics studies of the exchange reaction H+ D2O f D + HOD
carried out in our group,32 in which it was found that at a
collision energy ofEc.m. ) 2.2 eV, the reactive cross section
for hydrogen exchange is considerably higher than the cross
section for the hydrogen abstraction channel H+ D2O f HD
+ OD.30b

In the present article, we describe a moderated “hot” H atom
pulsed laser “pump/probe” method which uses the photochemi-
cal technique of Kuppermann33 for preparing energetic H atoms
with known translational energies. This method is based on a
combination of single collision reaction cross section,34aH atom
moderation,34b and nonequilibrium D atom formation rate
measurements. It allowed the determination of the reaction
threshold and a global representation of the rotationally averaged

* To whom correspondence should be addressed.
X Abstract published inAdVance ACS Abstracts,July 1, 1997.

6448 J. Phys. Chem. A1997,101,6448-6454

S1089-5639(97)00816-5 CCC: $14.00 © 1997 American Chemical Society



excitation functionσR(Ec.m.) for both the three-atom H+ D2 f
D + HD and the four-atom H+ D2O f D + HOD exchange
reactions. For the H+ D2 reaction, the experimental results
can be directly compared with recent 3D-QMS calculations on
the Liu-Siegbahn-Truhlar-Horowitz (LSTH) PES by Charutz,
Last, and Baer35 which explicitly take into account the fact that
the experimental results represent rotationally averaged quanti-
ties (averaged over the room temperature Boltzmann distribution
of the D2 rotational states). On the theoretical side, no
dynamical study has so far been reported for the H+ D2O f
D + HOD reaction. Only the H′ + H2O f H + H′OH
hydrogen exchange reaction was investigated by Kudla and
Schatz, who carried out QCT calculations on the SE-PES.23b

II. Experimental Section

The present experiments were carried out using the pulsed
laser photolysis/laser-induced fluorescence “pump-and-probe”
technique in a flow reactor system at room temperature. The
apparatus and experimental method used in this study have been
described in detail previously.36,37 Hence, only details specific
to the present investigation will be given in the following.
A. Experimental Setup and Conditions. The measure-

ments were carried out in a flow reactor made of stainless steel,
through which HX/D2 (Messer Griesheim-MG,>99.7%) and
HX/D2O (Merck, D >99.95%) as H atom precursor/reagent
mixtures together with a bath gas of N2 (MG, 99.996%) or Ar
(MG, 99.998%) could be continuously pumped through the
reactor, with a flow rate high enough to ensure renewal of the
gas mixture in the cell between successive photolysis (“pump”)
laser shots. H2S (UCAR, electronic grade) and HCl (MG,>
99.999%) were used as H atom precursor compounds. The flow
rates of H2S, HCl, and D2 were regulated by calibrated mass
flow controllers; the D2O flow was regulated using a glass valve.
The cell pressure was measured by a MKS Baratron.
In the single collision absolute reaction cross section meas-

urements, no bath gas was used. Typical values for the [HX]:
[D2] and [HX]:[D2O] ratios were between 1:5 and 1:30. The
experiments were carried out at low total pressure ofptot ) 50-
100 mTorr and at short pump-probe delay times of∆t ) 80-
180 ns so as to avoid translational relaxation of the hot H atoms.
The moderated hot H atom experiments were carried out for
both reactions in an excess of N2 and Ar buffer gas. In these
experiments, the total pressure was typically 1-5 Torr with a
HX/reagent partial pressure between 50 and 150 mTorr. H2S,
HCl, and D2 partial pressures were determined from the flow
rates while the D2O partial pressure was measured using a
photolytic calibration method similar to that used in ref 37. A
number of test measurements were performed in order to find,
for each reaction, suitable experimental conditions (such as type
of moderator gas, HX/reagent ratios, and total pressure) in order
to minimize such effects as secondary reaction of D atom
products or fly-out of H atom reagents which might influence
the results.
B. Generation of “Hot” H Atoms. Translationally “hot”

H atoms with a nonequilibrium velocity distribution were
generated by pulsed laser photolysis (with a laser pulse duration
of about 15 ns) of the H atom precursors H2S and HCl at
different excimer laser wavelengths (248, 222, 193 nm). An
aperture was used to skim off a homogeneous part of the
rectangular excimer laser profile to provide a photolysis beam
of about 3-7 mJ/pulse, which was slightly focused (focal length
1 m) and directed through the flow cell. At the photolysis laser
intensities used in the present study, a linear dependence of the
photolytically produced H atom concentrations on the intensity
of the photolysis laser was observed and no secondary “high-

energy” H atoms due to SH photolysis38 were detectable. The
248 and 193 nm photodissociation laser (Lambda Physik, LPX
200) was operated without polarizing elements, and the analysis
of the H atom Doppler profiles generated confirmed that the
nascent velocity distributions were essentially spatially isotropic.
The 222 nm photolysis laser (Lambda Physik, EMG 102 MSC)
used in the single collision absolute reaction cross section
measurements showed a preferential polarization. Due to the
polarization of the photolysis laser beam, the H atom Doppler
profile observed in the H2S photolysis at 222 nm (see Figure
1b) exhibits a line shape characteristic of a perpendicular
transition. The anisotropy of the H atom velocity distribution,
however, does not affect the measurements of the total reaction
cross section.
C. H Atom and D Atom Detection. H and D atoms were

detected with sub-Doppler resolution via (2p2Pr 1s2S) laser-
induced fluorescence using narrow-band (∆νVUV ) 0.4 cm-1)
VUV laser radiation generated using Wallenstein’s method.39

Laser radiation, tunable around the H (121.567 nm) and D
(121.534 nm) atom Lyman-R transitions, was obtained by
resonant third-order sum-difference frequency conversion (ωVUV

) 2ωR - ωT) of pulsed dye laser radiation(pulse duration∼15
ns) in a phase-matched Kr-Ar mixture. The frequencyωR (λR
) 212.55 nm) was resonant with the Kr 4p-5p (1/2,0) two-
photon transition whileωT could be tuned from 844 to 848 nm
to cover the H and D atom Lyman-R transitions. The generated
Lyman-R light was carefully separated from the unconverted
laser radiation by a lens monochromator. The VUV probe beam
was aligned to overlap the photolysis beam at right angles in
the viewing region of a laser-induced fluorescence (LIF)
detector. The delay time between the photolysis and probe
pulses was controlled by a pulse generator. The H and D LIF
signal was measured through a band pass filter by a solar blind
photomultiplier positioned at right angles to both photolysis and
probe laser. Details of the background subtraction method used
to remove small D atom signal contributions originating from
D2O photolysis by the probe laser are given in ref 32. The
VUV-probe beam intensity was monitored after passing through
the reaction cell with an additional solar blind photomultiplier.
The LIF signal, VUV-probe beam intensity and the photolysis
laser intensity were recorded with a boxcar system and
transferred to a microcomputer where the LIF signal was
normalized to both photolysis and probe laser intensities. In
order to obtain a satisfactory signal to noise (S/N) ratio, each
point of the H and D atom Doppler profiles (Figure 1) was
averaged over 30 laser shots. Measurements were carried out
at a repetition rate of 6 Hz.

III. Results

A. Single Collision Absolute Reaction Cross Sections.
Absolute reaction cross sections at single collision energies were
obtained using a pulsed laser pump/probe method as introduced
by Bersohn and co-workers to measure absolute reaction cross
sections for the H+ D2/HD hydrogen exchange reactions.34a

Following ref 34a, the determination of the absolute reactive
cross sectionσR for the H + D2 f D + HD reaction, for
example, is based on the following expression:

Vrel is the relative velocity,Ec.m. ) 1/2µVrel2 stands for the
corresponding average center-of-mass collision energy of the
reactants, andµ is the reduced mass of the H-D2 collision pair.
Ec.m., and henceVrel, can be calculated from the photolysis laser
wavelength, the H-X bond dissociation energy of the hot H

σR(Ec.m.) ) SD/(SHVrel [D2] ∆t) (1)
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atom precursor molecule, and the internal state distribution of
the X fragment, as described in detail in ref 40.∆t is the time
delay between pump and probe laser pulses, which was
determined by measuring the time difference between photolysis
and probe scattered light pulses observed on a fast oscilloscope.
[D2] denotes the concentration of the D2 reagent present in
excess, which is therefore essentially constant.SD andSH are
the integrated areas of the corresponding Doppler profiles (see
Figure 1), which are a measure of the relative concentrations
of the photolytically produced H atom reagent [H]∆t)0 and the
D atom reaction products [D]∆t. A more detailed description
of the single collision reactive cross section measurement
method can be found in ref 34a.
Figure 1a shows H atom and D atom profiles observed when

a room-temperature mixture of HCl and D2 was irradiated by
laser light with a wavelength of 193 nm. H and D atom profiles
observed after irradiation of a room-temperature mixture of H2S
and D2O laser light with a wavelength of 222 nm are depicted
in Figure 1b. For the reactions H+ D2 and H+ D2O, the
average collision energies are 1.6 and 1.5 eV, respectively. In
the latter measurements, a small D atom background was
observed, originating from the direct photolysis of D2S/HDS
believed to be formed by fast heterogenous isotope exchange
between H2S and D2O at the walls of the flow system. The D
atom profile shown in Figure 1b has been corrected for this
background and therefore represents D atoms solely produced
by the gas phase reaction of H atoms with D2O. Details of the
experimental background correction procedure for the measure-
ments of absolute reaction cross section for the H+ D2O
hydrogen exchange are given in ref 32. When HCl/D2 or H2S/
D2 mixtures were flowing through the cell, no such photolytic
D atom background was observed. This D atom background
was also absent when flowing mixtures of H2S and D2O diluted
in a large excess of buffer gas were photolyzed, as described in
the next section.
For the H+ D2 f D + HD reaction, the following absolute

reaction cross sections were measured

and found to be in excellent agreement with the earlier results
by Bersohn and co-workers (see ref 34a, Table 1). H atoms
with collision energies of 0.9 and 2.0 eV were generated by
the photolysis of H2S at a wavelength of 248 and 193 nm,
respectively.
For the H+ D2O f D + HOD reaction, for which an

absolute reactive cross section ofσR(2.2 eV)) 0.36( 0.15 Å2

was recently measured,32 the following value was obtained at a
collision energy ofEc.m. ) 1.5 eV:

B. Moderated Hot H Atom Experiments. Principle.
When translationally hot H atoms are generated by pulsed laser
photolysis of HX-type precursor molecules in a large excess of
a moderator gas, the initially present nascent nonequilibrium H
atom velocity distribution40 evolves toward the thermal equi-
librium distribution determined by the temperature of the
moderator gas, which under these conditions acts as a heat bath.
In this case the velocity distribution of the H atoms in the
laboratory frame has to be described by a time-dependent
distribution functionf(Vrel,t) for which the time evolution is given
by a linearized Boltzmann equation.34b When, in addition, a
reagent is present, reactive collisions occur in competition with
the translational relaxation. The nonequilibrium kineticssfor
example the formation of D atoms in the moderated hot H atom
reaction H+ D2 f D + HDsare then described by the
following rate equation:

Here it has been assumed that D2 is present in excess over H
atoms so that the D2 concentration remains constant in time.
The term in braces represents the reaction rate constant which,
under the translationally nonequilibrium conditions of the
present experiments, is time-dependent. After [H]t is replaced
by [H]t)0 - [D] t and the new variableøD(t) ) [D] t/[H] t)0 is
introducedsrepresenting the fractional yield of D atoms
producedsthe following expression

can be obtained as a solution of eq 2 for the initial condition
øD(t)0)) 0. The delay time∆t between the pump laser pulse,
which generates the H atom reagents, and the probe laser pulse,
which detects the D atom products, corresponds to the reaction
time. In order to perform the integration in eq 3, one has to
know the excitation function, i.e., the reaction cross sectionσR
as a function of the relative velocity, as well as the time
dependence of the relative velocity distribution functionf(Vrel,t).
On the other hand, whenøD(∆t) and f(Vrel,t) can be measured,
information about the actual form of the excitation function can
be obtained.
Experimental Realization and Data Analysis. The experi-

mental method used in the present studies allowed the direct
determination of both the D atom product yieldøD(∆t) and the
time dependent relative velocity distribution functionf(Vrel,t).

Figure 1. H atom reagent and D atom product Doppler profiles as
obtained in the single collision reaction cross section studies: (a) The
H + D2 f D + HD reaction atEc.m.) 1.6 eV. H atoms are generated
via HCl photolysis at 193 nm in the presence of 55 mTorr D2. (b) The
H + D2O f D + HOD reaction atEc.m. ) 1.5 eV. H atoms are
generated via H2S photolysis at 222 nm in the presence of 63 mTorr
D2O. In both cases D atom products are probed at a delay time of 130
ns. The centers of the LIF spectra correspond to the Lyman-R transition
of the H (82 259.1 cm-1) and D atom (82 281.4 cm-1), respectively.

σR(0.9 eV)) 0.97( 0.11 Å2

σR(1.6 eV)) 1.23( 0.32 Å2

σR(2.0 eV)) 1.28( 0.28 Å2

σR(1.5 eV)) 0.26( 0.06 Å2

d[D]t
dt

) {∫0∞ σR(Vrel)Vrelf(Vrel,t) dVrel}[H] t[D2] (2)

øD(∆t) )

[D2] ∫0∆t {∫0∞σR(Vrel)Vrelf(Vrel,t) dVrel}(1- øD(t)) dt (3)
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øD(∆t) was obtained by calculating the ratio of the integrated
areas of the D atom product measured at reaction time∆t (see,
e.g., Figure 2) and the nascent H atom reagent Doppler profile
measured at a reaction time close to zero (before significant
reaction could occur).

If, as in the case of the present experiments, collisional and
radiative lifetime broadening are negligible, an H atom Doppler
profile measured at a given timet (see Figure 2a) directly
reflects, via the linear Doppler shiftν - ν0 ) Vzν0/c, the
laboratory frame distributionf(Vz,t) of the velocity component
Vz of the absorbing atoms along the propagation direction of
the probe laser beam. Therefore the evaluation of H atom
Doppler line shapes measured at different pump/probe delay
times allows the time evolution of theVz velocity component
f(Vz,t) to be derived. In the present study a symmetric double
sigmoidal function, eq 4,

was used as a fitting function to evaluate the measured Doppler
line shape, as it well describes the Doppler line shapes at both
short and long pump-probe delay times (see Figure 2a). In eq
4, A0 is a normalization factor, while the two variablesω1 and
ω2 are a measure for the width of the profile and the steepness
of its wings, respectively. In order to derive an empirical
representation off(Vz,t), ω1, andω2 were parameterized by the
following time-dependent expressions:

In Figure 3, the solid lines represent the results of a least-squares
fit of the measured data which was used to determine the
functional form ofω1(t) andω2(t) under the conditions of the
moderated hot H atom experiments. If the H atom velocity
distribution function is known to be isotropic,f(Vrel,t) can be
easily obtained, by differentiation off(Vz,t) followed by a
laboratory to center-of-mass transformation, as described in
detail in refs 34b and 40. It has been shown34b that in the present
case of moderation of H atoms by Ar, any initial anisotropy of
the H atom velocity distribution created by the laser photolysis
of H2S41 decays rapidly (within a few collisions) compared to
the H atom kinetic energy. In the present experiments, the H
atom velocity distribution was found to be isotropic even at
the shortest reaction times∆t.
In Figure 2a, H atom Doppler profiles (represented by the

solid lines), simulated using eq 4 as the empirical representation
of f(Vz,t), are depicted and compared to the experimental ones
(solid circles). In Figure 2b, the corresponding time-dependent
distribution functionf(Vrel,t) obtained fromf(Vz,t) is depicted.
Doppler profiles of the D atoms produced are shown in Figure
2c. The reaction time at which the H and D atoms were detected
are given in the figure.
Typical examples of measured D atom fractional yields,

øD(∆t), are shown in Figure 4 for the reactions H+ D2 f D +
HD and H+ D2O f D + HOD. The experimental data were
analyzed by assuming a suitable form for the excitation function
σR(Vrel)ssuch as the simple “line-of-centers” (LOC) function42s
containing parameters (such as the threshold energyE0 for
reaction) to be optimized. Using the time-dependent param-

Figure 2. (a) H atom Doppler profiles measured at different pump/probe delay times between 100 and 900 ns after 193 nm photolysis of H2S in
a flowing mixture of 120 mTorr D2O and 1.4 Torr Ar. Solid lines are results of a fit to the time evolution of H atom laboratory velocity distribution
f(Vz,t) as described in the text. (b) Evolution of the corresponding time-dependent distribution functionf(Vrel,t) of the relative velocity of the
H-D2O reagents. The arrows mark the threshold for the H+ D2O f D + HOD reaction. (c) Doppler profiles of D atoms produced in the
reaction. The D atom signal after 900 ns corresponds to a D atom product yield oføD(900 ns)) [D]900ns/[H] t)0 ) 0.054.

ω1(t) ) a1 + b1 exp(-c1t) (5)

ω2(t) ) a2 + b2 exp{-(t - c2
d2 )2} (6)

f(Vz,t) ) A0[ 1

1+ exp{-
(Vz + ω1/2)

ω2
}]

[1- 1

1+ exp{-
(Vz - ω1/2)

ω2
}] (4)

Isotope Exchange Reactions J. Phys. Chem. A, Vol. 101, No. 36, 19976451



eterization of the H atom speed distributionf(Vrel,t) determined
for each set of experimental conditions, D atom fractional yields
predicted by the model excitation function could be calculated
(e.g., dashed and solid lines in Figure 4), via eq 3, for the
conditions corresponding to each measured data pointøD(∆t).
The integration overt in eq 3 was performed numerically, using
a fourth-order Runge-Kutta algorithm incorporating error and
adaptive step-size control.43 A measure of the quality of a given
set of excitation function parameters was obtained by computing
the global mean squared deviation of both the nonequilibrium
kinetics data sets and the single collision cross sections from
the corresponding values calculated from the trial excitation
function. Optimization of the excitation function parameters
was performed by a nonlinear least-squares fit to minimize the
sum of these two mean squared deviations.
H + D2 f D + HD. For both the H+ D2 and H+ D2O

reaction, the LOC excitation function was tried as an initial

model function. In the case of the reaction H+ D2, however,
it proved not possible to find a set of parameters in the
framework of a LOC model which provided a good description
of both the nonequilibrium kinetics and the single-collision data
sets. As the excitation function at high collision energies (1.6
eV e Ec.m. e 2.7 eV) is already reasonably well-characterized
by the single collision cross section measured in the present
work and in ref 34b, the excitation function given by eq 7 was
tested.

This form of the excitation function is arbitrary but ensures that
the cross section reaches asymptotically a constant value of
σjR ) 1.26 Å2 for Ec.m. g 1.6 eV. σjR represents the average
value of the single collision cross sections measured in the
present work and in ref 34b at collision energies ofEc.m.) 1.6,
2.0, and 2.7 eV. The model parametersε andη determine the
position of the reaction threshold energy and the steepness of
the rise of the function below 1.6 eV. The aim of this approach
was to obtain information about the reaction cross section in
the less well-characterized region belowEc.m. ) 1.6 eV. The
two parameters were optimized as described above to yield the
excitation function shown in Figure 5a, which corresponds to a
reaction threshold energy ofE0 ) 0.40( 0.14 eV (1σ). The
statistical uncertainty in each of the model parametersε andη
allows the confidence region (1σ) of the excitation function to
be estimated43 and is shown as the shaded area in Figure 5a.
H + D2O f D + HOD. In the case of the H+ D2O f D

+ HOD reaction, the LOC model was able to reproduce
adequately both the nonequilibrium kinetic and the single
collision measurements of the present work atEc.m. ) 1.5 eV
and of ref 32 atEc.m. ) 2.2 eV. No systematic deviation
between measured and simulated data was observed that would
justify the use of a more flexible or sophisticated excitation
function. The optimized parameters for the LOC excitation
function

areE0 ) 0.88( 0.11 eV andσ0 ) 0.62( 0.09 Å2 (both errors
1σ). This function, together with the 1σ confidence region, is
depicted in Figure 5b.

IV. Discussion

H + D2 f D + HD. In Figure 5a, the global excitation
function derived in the present study is depicted. Single
collision reaction cross sections obtained in the present study
and by Bersohn and co-workers,34a who used an identical
experimental method and comparable experimental conditions,
are also shown. The experimental uncertainties of the present
experiment are comparable (see section III.A) to those of ref
34a and are for reasons of clarity not depicted in Figure 5a.
The single collision reaction cross sectionsσR (1.6 eV) andσR
(2.0 eV) measured in the present study are in excellent
agreement with the earlier Bersohn values34aand clearly confirm
the results of the early QCT calculations by Schechter, Kosloff
and Levine44 on the LSTH-PES, who found that the excitation
function shows a broad maximum of∼1.3 Å2 aroundEc.m.≈ 2

Figure 3. Measured time-dependence of the H atom line shape
parametersω1 andω2 (solid circles): (a) 248 nm H2S photolysis in a
flowing mixture of 100 mTorr D2 and 1.1 Torr N2; (b) 193 nm H2S
photolysis in a flowing mixture of 120 mTorr D2 and 1.4 Torr Ar.
Solid lines are the results of a least-squares fit procedure used to derive
a continuous analytical representation for the two parametersω1(t) and
ω2(t).

Figure 4. Plots of D atom product yieldsøD versus reaction time.
Symbols (O) and (b) represent experimental results. The dashed and
solid lines are results of simulations of the experimental moderation
conditions using the excitation functionsσR(Ec.m.) shown in Figure 5a
and Figure 5b for the H+ D2 f D + HD and H+ D2O f D + HOD
reaction, respectively, and the measured velocity distributionsf(Vrel,t).

σR(Ec.m.) )

{ 1.52

1+ exp{-
(Ec.m.- ε)

η }
- 0.25

for Ec.m.g E0

0 for Ec.m.< E0

(7)

σR(Ec.m.) ) {σ0(1-
E0
Ec.m.) for Ec.m.g E0

0 for Ec.m.< E0

(8)
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eV. The assumptionσR(Ec.m.) ) σjR ) 1.26 Å2 for 1.6 eVe
Ec.m.e 2.7 eV made in the construction of the global excitation
function (eq 7) for the H+ D2 reaction is therefore definitely
justified. A discussion of the validity of previous cross section
measurements at collision energies around 2 eV,45which yielded
considerably higher values, is given in ref 12.
Absolute reaction cross sections by Valentini and co-

workers12 are also included in Figure 5a as filled squares. These
reaction cross sections were determined by summation over
partial cross sections for HD(V,J) formation, measured using
coherent anti-Stokes Raman scattering (CARS) spectroscopy.
While the values obtained atEc.m. ) 1 and 1.3 eV are in line
with the present results, the cross section atEc.m. ) 1.1 eV is
considerably lower. The dispute concerning the suggestion12

that the appearance of this rather low value might originate from
a dynamical resonance46 in the excitation function has finally
been settled against this suggestion.47 It seems that the scatter
of this value simply reflects the higher experimental uncertainty
in the CARS measurements, originating from the fact that the
HD product to be detected is formed with an internal state
distribution covering a number of vibrational and a wide range
of rotational states.12,48

In Figure 5a, comparison is made between the global
excitation function obtained in the present study and QCT49 and

3D-QMS35 reaction cross sections calculated using the LSTH-
PES. The theoretical reaction cross sections represent rotation-
ally averaged quantities; in order to account explicitly for the
experimental conditions the reactive cross sections were aver-
aged over a room temperature Boltzmann distribution of the
D2 rotational states. So both the quasiclassical and the quantum
mechanical cross sections can be directly compared with the
experimental results. Therefore any difference regarding the
agreement with experiment can be attributed directly to the type
of theoretical concept used in the calculations. The fact that
the QMS results show in general a somewhat better agreement
with experiment clearly favorsseven at collision energies as
high as 2 eVsthe quantum mechanical reactive scattering
approach over the classical one.
H + D2O f D + HOD. In Figure 5b, the LOC excitation

function as determined in the present study for the H+ D2O
f D + HOD reaction is depicted together with the two available
single collision reaction cross sections. The experimental
uncertainty of the single collision reaction cross section
measured atEc.m. ) 2.2 eV issfor reasons described in detail
in ref 32smarkedly higher than in the corresponging H+ D2

experiments. A comparison can be made between the present
study and an earlier experiment by Bibler and Firestone50 who
determined hydrogen exchange yields after irradiating gaseous
TOD-D2O-H2mixtures withâ-particles. In ref 50, a probable
activation energy of 19.1( 0.5 kcal/mol (0.83( 0.02 eV) was
suggested for the H+ D2O f D + HOD reaction, which is
consistent with the room temperature average reaction threshold
energy of 0.88( 0.11 eV as obtained in the present work.
So far only one theoretical dynamical study has been reported

by Kudla and Schatz23b who carried out QCT calculations on
the SE-PES to determine an absolute reaction cross section (see
Figure 5b) for the exchange reaction H′ + H2O f H + H′OH
at a collision energy ofEc.m. ) 2.2 eV. In comparison with
experimental results it should be noted that the transition state
for the hydrogen exchange reaction might be represented in the
SE-PES with only minor accuracy, because none of its properties
were actually optimized in developing the global fit. Therefore
the significantly higher QCT cross section either could originate
from the presence of a real isotope effect or could be due to
the inaccuracy of the PES employed. The latter explanation
might be favored byab initio calculations of low-lying H3O
states31 in which a classical barrier height of 0.93 eV for the H′
+ H2O f H + H′OH hydrogen exchange reaction was
determined. This value is considerably higher than that of the
corresponding barrier of about 0.41 eV on the SE-PES. For an
assessment of the global accuracy of both the SE-PES and the
newly developed Kliesch-Werner-Clary-PES,29b extended
QCT studies of the H+ D2O f D + HOD reaction covering
the energy range of the present study would be helpful.
However, the most rigorous comparison between theory and
experiment definitely requires the application of QMS methods
to the H+ D2O multichannel reaction system.

V. Summary

A new experimental method was applied to determine
rotationally averaged reaction thresholds and information about
the excitation functions of the H+ D2 f D + HD triatomic
and the H+ D2O f D + HOD tetraatomic isotope exchange
reactions from a combination of single collision cross section
measurements and moderated hot H atom experiments. The
global representations of the excitation functions derived in the
present study best describe the currently available experimental
reaction cross section data over a wide range of collision
energies. For the H+ D2 archetypes system a very good

Figure 5. Comparison between theoretical and experimental reaction
cross sections. All experimental results represent rotationally averaged
values (averaged over the room temperature D2/D2O reagent rotational
state distribution). The solid lines are the excitation functionsσR(Ec.m.)
as derived in the present study. The shaded area reflects the statistical
uncertainty (1σ) of the global least-squares fit procedure used to
determine the optimum excitation function (for details see text). In
(a) the symbols (9), (2), and (b) are experimental single collision
reaction cross sections from refs 12 and 34a and from the present study,
respectively. (O) and (4) are rotationally averaged cross sections
obtained in QCT (ref 49) and in recent 3D-QMS (ref 35) calculations
on the LSTH-PES. In (b) the symbols (b) and (1) are experimental
single collision reaction cross sections from our previous study (ref
32) and from the present study. (0) is the result of a QCT calculation
(ref 23b) for the H′ + H2O f H + H′OH exchange reaction carried
out on the SE-PES. The width of the boxes drawn around the single
collision cross sections represents the spread (fwhm) in the collision
energy distribution and the height of the boxes represents the
experimental uncertainties in the measurements.
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agreement between the experimental excitation function and the
most recent 3D-QMS reaction cross section calculations on the
LSTH-PES was obtained. The present results represent the first
measurement of the reaction threshold and the excitation
function for the exchange reaction H+ D2Of D + HOD. For
this reaction, much less theoretical dynamical information is
available so far. The experimental data presented in this study
can serve as a reference in the development of a more accurate
global PES as well as in the development of approximate and
accurate quantum mechanical methods for the treatment of four-
atom multichannel reactions.
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