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Laser photolysis of kB 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 \). 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 angdd D,O reagents. H and D atoms were detected with sub-
Doppler resolution via (P < 1s°S) 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 Maxwelt-Blotzmann form. In this way the excitation function and reaction threshold
for the reactions H- D, — HD + D and H+ D,O — 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 In recent years, the H H,O = OH + H, reactions, as one

Soon after Born and Oppenheirhém 1927 formulated in a of th_e “simplest” four-atom systems, have played an importa_mt
precise manner the possibility of separating the electron from role in the development of four-atom quantum reactive scattering
the nuclear motions, Londdtin 1928, interpreted for the first ~ Methods® For the reaction H- H,O = H, + OH, absolute
time the elementary process of the exchange between a hydrogeﬁeaCt'Q” Cross sgctlons were detgrmlned .at d|fferent F:olhsmn
atom and a hydrogen molecule in terms of a potential energy energleélvzzallovymg comparison with quasiclassical trajectory
surface (PES). On the basis of the London approximation, (QCTF® and with approximafé:*> and accurate 6D-QMS
Eyring and Polanyi provided the first PES for thetHH, — H calculationg® on the SchatzElgersma (SE) PEB. References
+ H, chemical reactiod. This PES was later used for the first 28 and 29 provide an overview over the current experimental
classical trajectory studywhich, as early as in 1936, revealed and theoretical status of the H H,O == Hz + OH reactions.
the femtosecond nature of bimolecular reactive collisions, about Measurement of absolute reaction cross sections for the HD
50 years before an experimental real-time study of a bimolecular+ OD and b + OH product channetg of the partially
reaction was reported by Bernstein, Zewail, and co-workers. isotopically substituted H- D,O system at different collision

Since then the H+ H; reaction has become “the prototype energies confirmed that the reaction-HH,O — H, + OH
test system” for the development of rigorous quantum mechan- proceeds almost exclusively by a direct abstraction mechanism
ical atom-diatom scattering methods. In the case of the H  via a planar HHOH transition state, rather than via the
+ H, reaction, it is the high accuracy of the available global formation of a HO intermediaté! Only recently were dynam-
PES representati8ithat ensures that comparison of the dynami- ics studies of the exchange reactiontHD,O — D + HOD
cal results with experiment indeed tests the theoretical methodcarried out in our group? in which it was found that at a
rather than the PES. About half a century after the first kinetics collision energy ofE.m, = 2.2 eV, the reactive cross section
experiment carried out by Fark&#experimental and theoretical  for hydrogen exchange is considerably higher than the cross
results for the H- H, reaction were reviewed by LevidéMore section for the hydrogen abstraction channetHD,O — HD
recent reviews can be found in refs-124. The most recent  + QD 30b
advances in studying the reaction dynamics of thet-H,
system include measurements of quantum state-specific dif-
ferential cross sectio#s1” which allow for a very detailed
comparison with qguantum mechanical scattering calculations
(QMS)®Bincluding those in which geometric phase effects were
taken into account’

In the present article, we describe a moderated “hot” H atom
pulsed laser “pump/probe” method which uses the photochemi-
cal technique of Kuppermaptfor preparing energetic H atoms
with known translational energies. This method is based on a
combination of single collision reaction cross secfititi atom
moderatior?*® and nonequilibrium D atom formation rate
* To whom correspondence should be addressed. measurements. It allowed the determination of the reaction
€ Abstract published irAdvance ACS Abstractguly 1, 1997. threshold and a global representation of the rotationally averaged
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excitation functiorogr(Ecm) for both the three-atom H D, — energy” H atoms due to SH photoly&svere detectable. The

D + HD and the four-atom H- D,O — D + HOD exchange 248 and 193 nm photodissociation laser (Lambda Physik, LPX

reactions. For the H- D, reaction, the experimental results 200) was operated without polarizing elements, and the analysis

can be directly compared with recent 3D-QMS calculations on of the H atom Doppler profiles generated confirmed that the

the Liu—Siegbahr-Truhlar—Horowitz (LSTH) PES by Charutz, = nascent velocity distributions were essentially spatially isotropic.

Last, and BaéP which explicitly take into account the fact that The 222 nm photolysis laser (Lambda Physik, EMG 102 MSC)

the experimental results represent rotationally averaged quanti-used in the single collision absolute reaction cross section

ties (averaged over the room temperature Boltzmann distribution measurements showed a preferential polarization. Due to the

of the D, rotational states). On the theoretical side, no polarization of the photolysis laser beam, the H atom Doppler

dynamical study has so far been reported for the 9,0 — profile observed in the & photolysis at 222 nm (see Figure

D + HOD reaction. Only the H+ H,O — H + H'OH 1b) exhibits a line shape characteristic of a perpendicular

hydrogen exchange reaction was investigated by Kudla andtransition. The anisotropy of the H atom velocity distribution,

Schatz, who carried out QCT calculations on the SE-PES. however, does not affect the measurements of the total reaction
cross section.

Il. Experimental Section C. H Atom and D Atom Detection. H and D atoms were

. . . detected with sub-Doppler resolution via {p— 1°S) laser-

The present experiments were carried oul"[ using the pUISG?induced fluorescence using narrow-bamdnguy = 0.4 cnrl)

laser photolysis/laser-induced fluorescence “pump-and-probe”, yy |aser radiation generated using Wallenstein's meffod.

technique in a flow reactor system at room temperature. The Laser radiation, tunable around the H (121.567 nm) and D

apparatus and experimental method used in this study have beel'(\121_53 4 nm) atom Lyman- transitions, was obtained by

described in detail previousff:3” Hence, only details specific resonant third-order sum-difference frequency conversigoy
to the present investigation will be given in the following. = 2wr — wr) of pulsed dye laser radiation(pulse duratief5

A. Experimental Setup and Conditions. The measure- ) iy 3 phase-matched KAr mixture. The frequencyr (Ar
ments were carried out in a flow reactor made of stainless steel,— 515 55 nm) was resonant with the Kr-46p (1/2,0) two-
through which HX/D (Messer Griesheim-MG3 99.7%) and photon transition whilest could be tuned from 844 to 848 nm
HX/D20 (Merck, D >99.95%) as H atom precursor/reagent 14 cover the H and D atom Lymamiransitions. The generated
mixtures together with a bath gas 0b MG, 99.996%) or Ar | ymanq light was carefully separated from the unconverted
(MG, 99.998%) could be continuously pumped through the |55 radiation by a lens monochromator. The VUV probe beam
reactor, W|th_ a flow rate high enough to ensure ren(_awal of the \yas aligned to overlap the photolysis beam at right angles in
gas mixture in the cell between successive photolysis ("pump”) he viewing region of a laser-induced fluorescence (LIF)
laser shots. b8 (UCAR, electronic grade) and HCI (MG, detector. The delay time between the photolysis and probe
99.999%) were used as H atom precursor compo_unds. The ﬂOWpuIses was controlled by a pulse generator. The H and D LIF
rates of HS, HCI, and D were regulated by calibrated mass  gjgnal was measured through a band pass filter by a solar blind
flow controllers; the RO flow was regulated using a glass valve.  photomultiplier positioned at right angles to both photolysis and
The cell pressure was measured by a MKS Baratron. probe laser. Details of the background subtraction method used

In the single collision absolute reaction cross section meas- 1o remove small D atom signal contributions originating from
urements, no bath gas was used. Typical values for the [HX]: p,0 photolysis by the probe laser are given in ref 32. The
[D2] and [HX][D0] ratios were between 1:5 and 1:30. The vyy-probe beam intensity was monitored after passing through
experiments were carried out at low total pressuna#= 50— the reaction cell with an additional solar blind photomultiplier.
100 mTorr and at short pumiprobe delay times oft = 80— The LIF signal, VUV-probe beam intensity and the photolysis
180 ns so as to avoid translational relaxation of the hot H atoms. |aser intensity were recorded with a boxcar system and
The moderated hot H atom experiments were carried out for yransferred to a microcomputer where the LIF signal was
both reactions in an excess of lnd Ar buffer gas. Inthese  normalized to both photolysis and probe laser intensities. In
experiments, the total pressure was typicatyS1Torr with @ order to obtain a satisfactory signal to noise (S/N) ratio, each
HX/reagent partial pressure between 50 and 150 mTo#S, H point of the H and D atom Doppler profiles (Figure 1) was

HCI, and Dy partial pressures were determined from the flow ayeraged over 30 laser shots. Measurements were carried out
rates while the BO partial pressure was measured using a gat a repetition rate of 6 Hz.

photolytic calibration method similar to that used in ref 37. A

number of test measurements were performed in order to find, |||. Results

for each reaction, suitable experimental conditions (such as type ) . . .

of moderator gas, HX/reagent ratios, and total pressure) in order A Single Collision Absolute Reaction Cross Sections.

to minimize such effects as secondary reaction of D atom Absolute reaction cross sections at single collision energies were

products or fly-out of H atom reagents which might influence obtained using a pulsed laser pump/probe method as in.troduced
the results. by Bersohn and co-workers to measure absolute reaction cross

sections for the H+- Do/HD hydrogen exchange reactiotfs.
Following ref 34a, the determination of the absolute reactive
cross sectioror for the H+ D, — D + HD reaction, for
example, is based on the following expression:

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 precursorsHand HCI at
different excimer laser wavelengths (248, 222, 193 nm). An
aperture was used to skim off a homogeneous part of the Or(Ecm) = $/(S4vrei [D2] AY) 1)
rectangular excimer laser profile to provide a photolysis beam
of about 3-7 mJ/pulse, which was slightly focused (focal length vy is the relative velocity,Ecm, = Youwve? stands for the
1 m) and directed through the flow cell. At the photolysis laser corresponding average center-of-mass collision energy of the
intensities used in the present study, a linear dependence of theeactants, and is the reduced mass of the-HD; collision pair.
photolytically produced H atom concentrations on the intensity Ecm, and hencey, can be calculated from the photolysis laser
of the photolysis laser was observed and no secondary “high-wavelength, the HX bond dissociation energy of the hot H
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— 2
a) H atom D atom (x6) 0:(0.9 eV)= 0974 0.11 &

ox(1.6 eV)=1.23+0.32 K

0x(2.0 eV)=1.28+ 0.28 K

LIF signal in [a. u.]

and found to be in excellent agreement with the earlier results
by Bersohn and co-workers (see ref 34a, Table 1). H atoms
T S S S —— S S S S ——— with collision energies of 0.9 and 2.0 eV were generated by
b) H atom D atom (x 40) the photolysis of HS at a wavelength of 248 and 193 nm,
respectively.
For the H+ D,O — D + HOD reaction, for which an
absolute reactive cross sectionog{2.2 eV)= 0.36+ 0.15 &
was recently measurédthe following value was obtained at a
collision energy ofe. ,, = 1.5 eV:

LIF signalin [a. u.]

0x(1.5 eV)=0.26+ 0.06 &

* 0 ¢ ¢ ° * B. Moderated Hot H Atom Experiments. Principle.
Doppler shift in [cm™] When translationally hot H atoms are generated by pulsed laser
Figure 1. H atom reagent and D atom product Doppler profiles as photolysis of HX-type precursor molecules in a large excess of
obtained in the single collision reaction cross section studies: (a) The a moderator gas, the initially present nascent nonequilibrium H
H+ D, — D + HD reaction akcn. = 1.6 V. H atoms are generated  atom velocity distributioff evolves toward the thermal equi-
via HCI photolysis at 193 nm in the presence of 55 mToyr [b) The librium distribution determined by the temperature of the

H + D,O — D + HOD reaction atEcm, = 1.5 eV. H atoms are . -
generated via b§ photolysis at 222 nmmin the presence of 63 mTorr moderator gas, which under these conditions acts as a heat bath.

D;0. In both cases D atom products are probed at a delay time of 130N this case the velocity distribution of the H atoms in the
ns. The centers of the LIF spectra correspond to the Lyotiansition laboratory frame has to be described by a time-dependent
of the H (82 259.1 cm') and D atom (82 281.4 cm), respectively. distribution functiorf(zye,t) for which the time evolution is given

by a linearized Boltzmann equatiéf. When, in addition, a
reagent is present, reactive collisions occur in competition with
the translational relaxation. The nonequilibrium kinetifsr

atom precursor molecule, and the internal state distribution of
the X fragment, as described in detail in ref 48t is the time
delay between pump and probe laser pulses, which was ) :
determined by measuring the time difference between photolysisexam.ple the formation of D atoms in the moderaFed hot H atom
and probe scattered light pulses observed on a fast osciIIoscopere"’lct'c.’n H+ D, . D_ + HD—are then described by the
[D2] denotes the concentration of the, Deagent present in following rate equation:

excess, which is therefore essentially consta®f.and Sy are d[D]

the integrated areas of the corresponding Doppler profiles (see t— { f 8 Or(Vre) Vrelf (Vrept) Aoyt [H1[D,)] 2)
Figure 1), which are a measure of the relative concentrations dt 0
of the photolytically produced H atom reagent jd} and the

D atom reaction products [R} A more detailed description

of the single collision reactive cross section measurement

m?:t_hOd cin bt? four|1|d Itn ref 3§a[.) i il b dwh under the translationally nonequilibrium conditions of the
\gure 1a shows H atom and L atom profiles observed when present experiments, is time-dependent. After [sifeplaced

a room-temperature mixture of HCl and, Was irradiated by Hl—n — D1 and the new variabl — IDW/IH] e i
laser light with awa\_/el_ength of193nm. HandD atom profiles %rgd]ljcoed—r[egrteieititng tﬁe f;c?it())r?aDl(t)yiel(El ](;ﬁ‘[ II])t Z\tzms
observed after irradiation of a room-temperature mixture & H producee-the following expression

and DO laser light with a wavelength of 222 nm are depicted

in Figure 1b. For the reactions Ht D, and H+ D)0, the ¥o(Al) =

average collision energies are 1.6 and 1.5 eV, respectively. In At oo

the latter measurements, a small D atom background was  [DJ] [ { 3 Or(Vie) ieff(vrent) dired (1 = (D)) dit (3)
observed, originating from the direct photolysis ofSIHDS

believed to be formed by fast heterogenous isotope exchangecan be obtained as a solution of eq 2 for the initial condition
between HS and DO at the walls of the flow system. The D  yp(t=0) = 0. The delay time\t between the pump laser pulse,
atom profile shown in Figure 1b has been corrected for this which generates the H atom reagents, and the probe laser pulse,
background and therefore represents D atoms solely producedwvhich detects the D atom products, corresponds to the reaction
by the gas phase reaction of H atoms witfCD Details of the time. In order to perform the integration in eq 3, one has to
experimental background correction procedure for the measure-know the excitation function, i.e., the reaction cross seation
ments of absolute reaction cross section for thetHD,O as a function of the relative velocity, as well as the time
hydrogen exchange are given in ref 32. When HGBDH,S/ dependence of the relative velocity distribution functi@r,t).

D, mixtures were flowing through the cell, no such photolytic On the other hand, wherp(At) andf(vre,t) can be measured,

D atom background was observed. This D atom background information about the actual form of the excitation function can

Here it has been assumed that iB present in excess over H
atoms so that the Dconcentration remains constant in time.
The term in braces represents the reaction rate constant which,

was also absent when flowing mixtures of34and RO diluted be obtained.
in a large excess of buffer gas were photolyzed, as described in  Experimental Realization and Data Analysis The experi-
the next section. mental method used in the present studies allowed the direct

For the H+ D, — D + HD reaction, the following absolute  determination of both the D atom product yiele(At) and the
reaction cross sections were measured time dependent relative velocity distribution functif(@aye,t).
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Figure 2. (a) H atom Doppler profiles measured at different pump/probe delay times between 100 and 900 ns after 193 nm photefsis of H
a flowing mixture of 120 mTorr BO and 1.4 Torr Ar. Solid lines are results of a fit to the time evolution of H atom laboratory velocity distribution
f(v,t) as described in the text. (b) Evolution of the corresponding time-dependent distribution fuffetigt) of the relative velocity of the
H—D,0 reagents. The arrows mark the threshold for the-HD,O — D + HOD reaction. (c) Doppler profiles of D atoms produced in the
reaction. The D atom signal after 900 ns corresponds D atom product yield ofp(900 ns)= [D]goond[H] =0 = 0.054.
xo(At) was obtained by calculating the ratio of the integrated wy(t) = a; + by exp(=cyt) (5)
areas of the D atom product measured at reaction Ain@gee,
e.g., Figure 2) and the nascent H atom reagent Doppler profile _ p{_(t — CZ)Z}

AR AL w,(t) =a, + b, ex (6)
measured at a reaction time close to zero (before significant d,
reaction could occur).

If, as in the case of the present experiments, collisional and In Figure 3, the solid lines represent the results of a least-squares
radiative lifetime broadening are negligible, an H atom Doppler fit of the measured data which was used to determine the
profile measured at a given time(see Figure 2a) directly  functional form ofwa(t) andwa(t) under the conditions of the
reflects, via the linear Doppler shift — vog = vwd/c, the moderated hot H atom experiments. If the H atom velocity
laboratory frame distributiof(v,,t) of the velocity component  distribution function is known to be isotropiéuret) can be
v, of the absorbing atoms along the propagation direction of easily obtained, by differentiation of{v,t) followed by a
the probe laser beam. Therefore the evaluation of H atom laboratory to center-of-mass transformation, as described in
Doppler line shapes measured at different pump/probe de|aydetai| in refs 34b and 40. It has been shéfRthat in the present
times allows the time evolution of the, velocity component  case of moderation of H atoms by Ar, any initial anisotropy of
f(v,t) to be derived. In the present study a symmetric double the H atom velocity distribution created by the laser photolysis
sigmoidal function, eq 4, of H,S* 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

1
f(v) = A .+ 02) the shortest reaction timest.
14+ ex;{— ;} In Figure 2a, H atom Doppler profiles (represented by the
Wy solid lines), simulated using eq 4 as the empirical representation

1- 1 4 of f(v,t), are depicted and compared to the experimental ones
p{ (v,— wl/z)] Q) (solid circles). In Figure 2b, the corresponding time-dependent
l+exp ————

distribution functionf(vre,t) obtained fromf(v,,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
was used as a fitting function to evaluate the measured Dopplerare given in the figure.

line shape, as it well describes the Doppler line shapes at both  Typical examples of measured D atom fractional yields,
short and long pumpprobe delay times (see Figure 2a). Ineq yp(At), are shown in Figure 4 for the reactionstHD, — D +

4, Aq is a normalization factor, while the two variables and HD and H+ D,O — D + HOD. The experimental data were
w> are a measure for the width of the profile and the steepnessanalyzed by assuming a suitable form for the excitation function
of its wings, respectively. In order to derive an empirical or(vre)—such as the simple “line-of-centers” (LOC) functién
representation di{v,t), w1, andw, were parameterized by the  containing parameters (such as the threshold en&egfor
following time-dependent expressions: reaction) to be optimized. Using the time-dependent param-

2
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model function. In the case of the reactiortHD,, 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 < Ecm < 2.7 eV) is already reasonably well-characterized

by the single collision cross section measured in the present

500 w0 %0 500 7000 work and in ref 34b, the excitation function given by eq 7 was
tin [ns] tin [ns] tested.

LY
L=

N
o
N

N
=]

1(t) in [108 m/s]
3 @

wo(t) in [108 m/s]

s

o

o

O
-~
[N

40 ) " OR(Ec.m) =

1.52 095

E..—¢€ forE. ., = E
1+6XF{—( c.m’.7 )} c.m. 0 (7)

0 for Ec.m. < E0

0 0 o - 00 This form of the excitation function is arbitrary but ensures that

tin [ns] tin [ns] the cross section reaches asymptotically a constant value of
Figure 3. Measured time-dependence of the H atom line shape 0r = 1.26 A2 for Ecm. = 1.6 €V. og represents the average
parametersy; andw; (solid circles): (a) 248 nm 6 photolysis in a value of the single collision cross sections measured in the
flowing mixture of 100 mTorr R and 1.1 Torr N; (b) 193 nm HS present work and in ref 34b at collision energie€gf, = 1.6,

photolysis in a flowing mixture of 120 mTorr Dand 1.4 Torr Ar. 2.0, and 2.7 eV. The model parameterandy determine the
Solid lines are the results of a least-squares fit procedure used to derive " : .

a continuous analytical representation for the two parametgtsand position of the reaction threshold energy and the steepness of

30

20

®1(t) in [103 m/s]
wp(t) in [103 m/s]

o). the rise of th_e fgnction t_)elow 1.6eV. The a_lim of this appr_oac_h
was to obtain information about the reaction cross section in
0.07 the less well-characterized region bel&m = 1.6 eV. The
H + DO — D + HOD two parameters were optimized as described above to yield the
0.06 | ° oo excitation function shown in Figure 5a, which corresponds to a
. o o° reaction threshold energy & = 0.40+ 0.14 eV (b). The
005 L .'...0 oo statistical uncertainty in each of the model parameteandy
N . allows the confidence region ¢} of the excitation function to
3ol */%o be estimatetf and is shown as the shaded area in Figure 5a.
8 o) g O~--4 H + D,O — D + HOD. In the case of the H D,O — D
6 © o © + HOD reaction, the LOC model was able to reproduce
003 F Jo adequately both the nonequilibrium kinetic and the single
o H+Dy—D+HD collision measurements of the present worlegt, = 1.5 eV
0.02 and of ref 32 atE.m. = 2.2 eV. No systematic deviation
between measured and simulated data was observed that would
0.01 | justify the use of a more flexible or sophisticated excitation
function. The optimized parameters for the LOC excitation
0 : ! . function
0 250 500 750 1000
. Atin [r.]s] N 00(1 — E) forE. ., = E,
Figure 4. Plots of D atom product yieldgo versus reaction time. UR(Ec.m) = EC.m (8)
Symbols ©) and @) represent experimental results. The dashed and 0 forE. <E
solid lines are results of simulations of the experimental moderation c.m. 0
conditions using the excitation functiong(Ecm) shown in Figure 5a
and Figure 5b for the H- D, — D + HD and H+ D,O — D + HOD areEy = 0.88+ 0.11 eV andyy = 0.62+ 0.09 A2 (both errors
reaction, respectively, and the measured velocity distribufignst). 10). This function, together with theslconfidence region, is

eterization of the H atom speed distributitfne,t) determined ~ depicted in Figure sb.

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 H + D, — D + HD. In Figure 5a, the global excitation
conditions corresponding to each measured data pei@tt). function derived in the present study is depicted. Single
The integration overin eq 3 was performed numerically, using collision reaction cross sections obtained in the present study
a fourth-order RungeKutta algorithm incorporating error and and by Bersohn and co-worke¥s, who used an identical
adaptive step-size contrl. A measure of the quality of a given  experimental method and comparable experimental conditions,
set of excitation function parameters was obtained by computing are also shown. The experimental uncertainties of the present
the global mean squared deviation of both the nonequilibrium experiment are comparable (see section IIl.A) to those of ref
kinetics data sets and the single collision cross sections from34a and are for reasons of clarity not depicted in Figure 5a.
the corresponding values calculated from the trial excitation The single collision reaction cross sectians(1.6 eV) andogr
function. Optimization of the excitation function parameters (2.0 eV) measured in the present study are in excellent
was performed by a nonlinear least-squares fit to minimize the agreement with the earlier Bersohn vaffeand clearly confirm
sum of these two mean squared deviations. the results of the early QCT calculations by Schechter, Kosloff
H + D, — D + HD. For both the H+ D, and H+ D,O and Leviné* on the LSTH-PES, who found that the excitation
reaction, the LOC excitation function was tried as an initial function shows a broad maximum ofL.3 A2 aroundE¢ 1, ~ 2

IV. Discussion
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3D-QMS?™® 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
D, 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 favorseven at collision energies as
high as 2 eV-the quantum mechanical reactive scattering
approach over the classical one.

H + D,O — D + HOD. In Figure 5b, the LOC excitation
function as determined in the present study for the-HD,O
— 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 aE.,n, = 2.2 eV is—for reasons described in detalil
in ref 32—markedly higher than in the correspongingtHD,
experiments. A comparison can be made between the present
) _ study and an earlier experiment by Bibler and Firestondo
in [eV] determined hydrogen exchange yields after irradiating gaseous

Figure 5. Comparison between theoretical and experimental reaction TOD—D;0—H, mixtures withj3-particles. In ref 50, a probable
cross sections. All experimental results represent rotationally averagedacuvatlon energy of 19.& 0.5 kcal/mol (0.83t 0.02 eV) was

values (averaged over the room temperatuf®gD reagent rotational ~ suggested for the H- D;O — D + HOD reaction, which is
state distribution). The solid lines are the excitation functiog(&..m) consistent with the room temperature average reaction threshold

as derived in the present study. The shaded area reflects the statisticaénergy of 0.8&+ 0.11 eV as obtained in the present work.
uncertainty (&) of the global least-squares fit procedure used to  gq far only one theoretical dynamical study has been reported
determine the optimum excitation function (for details see text). In by Kudla and Scha®#® who carried out QCT calculations on

(a) the symbolsH), (a), and @) are experimental single collision . . .
reaction cross sections from refs 12 and 34a and from the present study!N® SE-PES to determine an absolute reaction cross section (see

respectively. ©) and () are rotationally averaged cross sections Figure 5b) for the exchange reaction #H H,O — H + H'OH
obtained in QCT (ref 49) and in recent 3D-QMS (ref 35) calculations at a collision energy oEcm. = 2.2 eV. In comparison with

on the LSTH-PES. In (b) the symbol®) and (¥) are experimental experimental results it should be noted that the transition state
single collision reaction cross sections from our previous study (ref for the hydrogen exchange reaction might be represented in the
32) and from the present studyd)(is the result of a QCT calculation SE-PES with only minor accuracy, because none of its properties

(ref 23b) for the H + H,O — H + H'OH exchange reaction carried o . : -
out on the SE-PES. The width of the boxes drawn around the single were actually optimized in developing the global fit. Therefore

collision cross sections represents the spread (fwhm) in the collision the significantly higher QCT cross section either could originate
energy distribution and the height of the boxes represents the from the presence of a real isotope effect or could be due to
experimental uncertainties in the measurements. the inaccuracy of the PES employed. The latter explanation
. _ might be favored byab initio calculations of low-lying HO
eV. The assumptionr(Ecm) = 0r = 1.26 A for 1.6 V< gatea1in which a classical barrier height of 0.93 eV for the H
Ecm. = 2.7 €V made in the construction of the global excitation H,O — H + H'OH hydrogen exchange reaction was
function (eq 7) for the Ht- D, reaction is therefore definitely  getermined. This value is considerably higher than that of the
justified. A discussion of the validity of previous cross section corresponding barrier of about 0.41 eV on the SE-PES. For an
measurements at collision energies around 2%ahich yielded  555essment of the global accuracy of both the SE-PES and the
considerably higher values, is given in ref 12.- newly developed KlieschWernerClary-PES?%® extended
Absolute reaction cross sections by Valentini and co- QCT studies of the H- D,O — D + HOD reaction covering
workgrézare also mgluded in Figure 5a.as filled squares. These the energy range of the present study would be helpful.
reaction cross sections were determined by summation overygwever. the most figorous comparison between theory and

partial cross sections for HD{) formation, measured using  experiment definitely requires the application of QMS methods
coherent anti-Stokes Raman scattering (CARS) spectroscopyq the H-+ D,O multichannel reaction system.

While the values obtained & = 1 and 1.3 eV are in line
with the present results, the cross sectiolcah, = 1.1 eV is
considerably lower. The dispute concerning the suggéedtion
that the appearance of this rather low value might originate from A new experimental method was applied to determine
a dynamical resonant&in the excitation function has finally  rotationally averaged reaction thresholds and information about
been settled against this suggestirit seems that the scatter the excitation functions of the H- D, — D + HD triatomic
of this value simply reflects the higher experimental uncertainty and the H+ D,O — D + HOD tetraatomic isotope exchange
in the CARS measurements, originating from the fact that the reactions from a combination of single collision cross section
HD product to be detected is formed with an internal state measurements and moderated hot H atom experiments. The
distribution covering a number of vibrational and a wide range global representations of the excitation functions derived in the
of rotational state&?48 present study best describe the currently available experimental
In Figure 5a, comparison is made between the global reaction cross section data over a wide range of collision
excitation function obtained in the present study and &@md energies. For the H- D, archetypes system a very good

I
a)H+ D, > D+HD

O(Eqrm) In [A2]

EC

.m

V. Summary
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agreement between the experimental excitation function and thel00, 9272. (g) Balakrishnan, N.; Billing, G. DChem Phys 1994 101,
most recent 3D-QMS reaction cross section calculations on the2785;1995 102 1102. (h) Szichman, H.; Baer, hem Phys Lett 1995
LSTH-PES was obtained. The present results represent the first

measurement of the reaction threshold and the excitation

function for the exchange reaction-HD,O — D + HOD. For
this reaction, much less theoretical dynamical information is

(21) Kleinermanns, K.; Wolfrum, Appl. Phys B 1984 34, 5. Kessler,
K.; Kleinermanns, KChem Phys Lett 1992 190, 145.

(22) Jacobs, A.; Volpp, H.-R.; Wolfrum, J4th Symp (Int.) on
CombustionThe Combustion Institute: Pittsburgh, PA, 1992; p 606em

available so far. The experimental data presented in this studypPhys Lett 1992 196 249;1994 218 51;J. Chem Phys 1994 100, 1936.
can serve as a reference in the development of a more accurate (23) (a) Schatz, G. C.; Colton, J. L.; Grant, M. LPhys Chem 1984
global PES as well as in the development of approximate and 88, 2971. (b) Kudla, K.; Schatz, G. Q. Chem Phys 1993 98, 4644.

accurate quantum mechanical methods for the treatment of four-

atom multichannel reactions.
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