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The detailed energy partitioning in the reaction of a metastable oxygen atom O('D) with D,O proceeding to
two OD molecules has been studied. In order to distinguish the product state distribution between the two
chemically identical product molecules OD, the oxygen atom in the heavy water molecule was labeled
isotopically. The use of spectroscopic methods allows a complete analysis of the products’ state distribution
including such fine details as the distribution of the different A components and of the electron spin. The
vibrational energy is almost exclusively channeled into the new ('*OD) bond, whereas the original (**OD) bond
is produced (> 90%) in the ground vibrational state. Both OD radicals show a broad rotational excitation and
the rotational energy is equally partitioned among the two bonds. The energy distribution over the
rovibrational levels strongly reflects the influence of coincident product molecules emerging from this
chemical reaction. The reaction is very direct and must proceed on a time scale which does not allow for

efficient energy transfer into all the available phase space.

INTRODUCTION

The ideal of the chemical dynamicist is to character-
ize the elementary bimolecular process

A(P4, *F) + B(Pp, °f )~ C(P, °f) + D(Pp, °f) ,  (1.1)

where P represents the momentum and f stands for all
internal quantum states of the molecule. If we obtain
the probability function which characterizes process
(1.1), then all less resolved kinematic data, like the
reaction rate or its dependence on temperature, can be
calculated by proper statistical methods.

So far, this ideal experiment has not been performed,
but present technology does allow a reasonable approx-
imation to the characterization of such a process.

Previous examples of the atom exchange reactions
A+BC(Ppg, "°f)~ AB(P4s, **f) + C (1.2)

have been studied in detail.! The energy partitioning in
the internal quantum states 4%f were investigated mainly
by the infrared chemiluminescence method, *~* while
velocity and angular distributions have been performed
by the use of molecular beam techniques. For process
(1.2), it suffices in principle, to measure the molecu-
lar distributions, since the coincident atomic product

is determined by conservation of energy and momentum
(for given initial conditions).

It has been recently demonstrated that photon dissoci-
ation of selected polyatomic molecules provides a con-
venient source of atomic, diatomic, and triatomic radi-
cals for the study of elementary bimolecular reactions.
Reactants can be produced in a collisionless manner
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within a single laser pulse (IR, VIS, UV). The rate of
removal of a given rovibronic state of these reactant
species is most conveniently probed using tunable dye
lasers. For carefully chosen reactants, both products
[C and D in process (1.1)] can be probed with spectro-
scopic methods. One of the most detailed studied re-
actions is the reactive collision of metastable oxygen
atoms with water molecules®~1°

O('D) +H,0~ OH + OH . (1.3)

This reaction offers an opportunity for a detailed study
of the more challenging case of four-body dynamics

A +BCD - AB(*Bf) + CD(°Pf) . (1.9

Both product molecules can exhibit internal excitation
(87, °P5) in contrast to reaction (1.2). Indeed, both
product molecules of process (1.3) are chemically iden-
tical, but with the use of the isotopic labeling technique
it is possible to determine exactly the origin of a given
hydroxyl molecule. In a model of a direct reaction (in
contrast to complex formation), it it possible to char-
acterize the original OH bond in a reactant H,O molecule
as well as the newly formed OH product partner.

Due to the very detailed experimental data obtained
from a previous study of the products’ internal distribu-
tions® it was possible to calculate for the first time,
microscopic reaction probabilities for two coincident
product molecules emerging from a chemical reaction,
We have now extended this study of four-body dynamics
to the reaction

*0('D) + D, **0~ *OD(*%f) + **OD(*¥f) . (1.5)

One result of the reaction of O+H,0 is that the process
is very direct and can be described by a simple abstrac-
tion mechanism, The mass of the “jumping” hydrogen
atom is doubled in process (1.5) so that the dynamical
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restriction for the stripped atom can be studied and the
reactant mass dependence on the energy partitioning of
the products can be ascertained. Furthermore, more
internal quantum states of the OD molecule can be pop-
ulated than for the OH radical because of the smaller
vibrational quantum frequency. This factor should have
an influence on the microscopic reaction probability

for two coincident product molecules, since for a given
molecule the coincident partner molecule is in principle
more free to populate different internal quantum states.

EXPERIMENTAL

The detailed study of the energy partitioning in an
elementary reactive collision requires that the products
be observed in their nascent distribution, i.e,, under
collision free conditions. In the case of very reactive
species such as reaction (1.5), the pump and probe
technique is a practicable procedure, if the production
of O('D) and the ohservation of the OD product mole-
cules occur on a time scale which is not longer than the
collision time of the species. The use of the pump and
probe technique in contrast to molecular beams has the
advantage that, besides the simpler experimental ar-
rangement, the observed number density N(f) in a spe-
cific quantum state f is directly proportional to the pro-
duction probability P(f), assuming that all product mol-
ecules N(f) in the gquantum state f are observed. In the
case of molecular beams, the probability P(f) depends
additionally on the translational energy Er(f) of the
product molecules. However, it is usually difficult,
if not impossible, to obtain the translational energy

EL(f) in each individual elementary reactive collision. n

Our experimental setup shown in Fig. 1 consists of
the pump and probe laser system, the gas handling sys-
tem, and the detection system. The O(*D) atoms are
formed by pulse photolysis of ozone in a D, *0-%0,
mixture with the fourth harmonic of a Nd: YAG laser
(DCR of quanta ray) at 266 nm, near the absorption
maximum of ozone. The dissociation process;

180, + k(266 nm)—~'20(* D) + %0,('a,) (2.1)

has been previously analyzed in detail'*™'” and has a
quantum yield of ®[O('D)]=0.9.'%"'" The other disso-
ciation channel yields an oxygen atom in the ground state
and #[O(*P)]~0.1. The O('D) atoms are formed with a
high excess of translational energy, as shown by the
molecular beam study of Lee and co-workers,'® The
O(1D) atoms react very fast!® with the isctopically la-
beled D, *0 molecules to form *0OD(*®f) and *OD(**f)

in each reactive collision:

80('D) + D, *0~ *0D(*%f) + 1*OD(*%f) . (2.2)

The number densities, i.e., the reaction probabilities
P(1%f) and P(1%) are probed by a tunable pulsed dye laser
(quantel TDL III). The radiation of the second harmonic
of the Nd: YAD laser is used to pump this dye laser. In
order to correlate the O(!D) production time exactly with
the OD(f) probe time, the fourth harmonic photolysis
pulse as well as the second harmonic pump pulse of the
dye laser, are extracted from the same laser system
simultaneously, 'The radiation of the second harmonic
of the YAG laser is optically delayed relative to the
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FIG. 1. Schematic diagrams of the experimental setup to study
the reaction 80(!D) + D, *0 + 0D +®0OD. The O('D} atoms are
produced by photolyzing ozone with radiation of the fourth har-
monic (FHG) of a Nd: YAG laser (DCR YAG) at 266 nm. Both
product molecules are probed with a tunable freguency doubled
dye laser (TDL III DYE), which is pumped by the radiation of the
second harmonic (SHG) of the Nd: YAG laser at 532 nm, The
gases, 1603 and DZIBO are flowing through the sample cell.
Pressure and flow rates are controlled by capacity manometers
and needle valves.

fourth harmonic at a delay time of 10 ns to allow the
O('D) atom to react with D,0. Hence the two laser
pulses are exactly correlated to each other in time and
jitter free operation was obtained, even below 10 ns.

The gases were pumped through the reaction cell at
constant pressures of 2 Torr for ozone and 10 Torr for
D, %0 at room temperature. The flow rates were ad-
justed by needle valves, and the pressures were con-
trolled by means of capacitance manometers (MKB)-
Water samples were 99% pure D,*0. The ozone was
prepared by flowing gaseous O, through an electrical
discharge and trapped into a U trap filled with silica gel
cooled at —60°C. For a typical experimental run, the
O, was distilled from the U trap into a large (~ 6 £) bulb
from which it was flowed via a needle valve into the
mixing chamber (MC).

The detection of the nascent OD radicals was per-
formed by resonance absorption of the A?% - X% tran-
sition in the region above 300 nm.'*"?! The fundamental
wavelength region above 600 nm (Rd B) was frequency
doubled by an INRAD “auto tracking system” (ATS).
This ATS automatically tunes the crystal for second
harmonic generation as a function of the incoming ra-
diation. Beam displacement was compensated auto-
matically by a quartz flat. The probe dye laser beam
is split into two beams, with one of them bypassing the
cell to compensate for intensity fluctuation. The other
beam, which passes through the cell, is directed to a
special dielectric mirror, which has a high transmis-
sion for radiation above 300 nm but a high reflection
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(> 99%) for the photolyzing radiation of the fourth har-
monic of the YAG laser at 266 nm. With the aid of this
mirror, both beams, the probe beam of the dye laser
and the pump beam of the YAG laser, could be perfectly
collinearly aligned to each other so that the dye beam
always probed a homogeneous reaction region. The
signals were monitored by UV diodes, stored and aver-
aged by a boxcar integrator (PAR, model 162), and dis-
played on a recorder. The probe dye laser has two
gratings, which in turn reduced the bandwidth to <3 GHz
(determined with the aid of an external etalon), The
Doppler width of the OD transitions at room temperature
is ~3 GHz, thus, the absorption line profiles of the (hot)
OD species produced in the reaction were measured and
the temperature of the velocity distribution of the prod-
ucts can be determined.

The locations of the absorption lines, as well as the
transition probabilities for determining P(f) were taken
from the literature.?*?? The values for the energy lev-
els for °OD were taken from Ref, 20. In this analysis
we used for 0D the same energy levels as for *0D,
because the small energy difference does not cause any
serious effect. The spectroscopic terminology and no-
tation of Dieke and Crosswhite is used.'® An additional
result of the treatment of the spectroscopic data is a set
of molecular constants and energy levels for the upper
and lower electronic states of the *OD molecule. 2!

If we compare the reaction of O('D) with D,O and the
reaction of O(*D) with H,0, then it is obvious that more
quantum states of OD will be populated in contrast to the
OH molecule for the same excess energy. As a conse-
quence, the relative population number of one OD quan-
tum state will be less and the absorption will decrease.
Therefore, the measured peak heights of a scan over the
individual absorption lines show an uncertainty of 25%.

: Reaction of 1°0(1D)+ D, 20
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In unfavorable cases, i.e., for extremely small ab-
sorptions and isolated lines between vibrational bands,
the uncertainty can be ~40%. However, the values are
derived from several experimental data and therefore
the standard error is distinctly smaller.

The observed reaction probabilities are presented in
their original form, without smoothing or any numerical
reduction of the relaxation phenomena.? Only the data
which represent the same quantum state (e.g., the R
and P lines) were averaged to reduce the standard er-
ror,

RESULTS

The total excess energy E which is available to the
product molecules is determined by the translational
energy E,(O, D,0) of the reactants, the internal reactant
energy E,,(D,0), and the ground-state to ground-state
exoergicity AE:

E =E4(0, D,0) + E(D,0) + AE , 3.1)
D, 80 and O, are at thermal equilibrium, 7'=300 K,
E(D,0) = E;,(D;0) + E,1(D,0)~ 3.7 kImol™ , (3.2)

The translational energy E,(O, D,O) is given by Eq. (3.3)
(see also Appendix A of Ref. 10):

E,=1/2[3R T/ano +3RT/ Moy +2E(O, O,) #o,oa/m%)] )

(3.3)
where p is the reduced mass for the *0-D, *0 sys-
tem. E,(O, O,) and y¢ 0, are the translational energy and
reduced mass of the dissociated °0+%0,, respectively.
The nonthermal distribution of E,(O, O,) has been de-
termined experimentally.'® Inserting the average value
of E,(0, 0,)=54.4 kJmol™ in Eq. (3.3), one obtains for
the translational energy of the reactants:

1

°0('D)+D,%0—
*®oD(x, 27, v=0,J)

FIG. 2. Distribution of produced
80D arising from the reaction %¥0('D)
+D, %0 150D +'¥0ODinthe rotational

1 states of 2113/2,1/2(1; '”=0) for both A
levels. The plot is the logarithm of
the population number N ; which is
proportional to the reaction probability,
divided by the degeneracy g;=2J+1vs
the internal energy so that the slope is
—1/kT,. ThevaluesforT, areshown.
The dashed line is the superposition

1 of the distributions for the T=300K
and T=3200 K. The solid line is
obtained additionally a 7=1100 K
distribution being ineluded. Experi-

] mental conditions: Pp,o=10 Torr,
P°3= 2 Torr delay time 10 ng. The
same conditions obtained for Figs.
3—-6.
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E,(0,D,0)=23.2 kJmol™ , (3.4)

With the value of AE =117 kJ mol™, ?¢ the total excess
energy

E=139.9 kJmol™ (3.9)

is available to the reactants.

Rotational distributions

The rotational state distribution P(!%J) and P(*%J) for
180D and '®0OD in the different vibrational manifolds is
quite broad. The experimental results for '*OD(*%f)
(which in the case of a direct reaction, represents the
original bond which existed in D **0-D) are shown in
Fig. 2. Here, !°f represents ®f=(8y=0, 18y, 84, 18Q),
A stands for the different lambda components, and Q for
the two spin states, The x axis represents the internal
energy E;=E_, + E_, in wave numbers of the product
molecule and the y axis represents the natural logarithm
of the observed population in a quantum state divided by
the degeneracy g, =2J +1 of this state. It should be
noted that the population shown is proportional to the
reaction probability N, ~P(J,Q, A, v=0). Thus, no
averaging procedure has been done for the different
lambda or spin components.

In this figure are also included straight lines, which
represent Boltzmann-like distributions. These distri-
butions are characterized by a temperature parameter
T,. The value of T, is also included in Fig. 2. For
higher rotational energies the state distribution can be
described by a single line. Figure 3 shows the distri-
bution of ¥OD(*s), ®r=(v=0,J, A, 9). The plot is also
In[N,/(2J +1)] vs the internal energy so that the slope
is = 1/k7T,. For high rotational energies this distribu-
tion is characterized by T,.~* 4100 K.

In order to obtain a better view over the relative per-
centage of both product molecules in each J level, Fig.
4 shows the relative fraction of ¥0OD(®I, »”, J'’) radi-
cals in different rotational levels of the same vibrational
manifold (filled circles for v'' =0). It is seen that the
fractional contribution &(E,|v'’ =0) of *0OD(*N, J"’, »"’
=0) is higher in lower rotational states ($>0.8) and
decreases for higher ones. However, even in the very
high rotational levels, the percentage is not less than
50%.

The rotational distribution for '®OD in the first vibra-
tional level is shown in Fig. 5. As before, we can de-
scribe this distribution by a parameter T,., =2000 K but
the value is reduced in comparison with the vibrationless
state. No temperature distribution for °0D is specified,
because the total amount of *0D decreases drastically
in this vibrational state. As we can see from Fig. 4
{filled squares) the fraction ®(E,|v’’ =1) of *0D in »"’
=1 for each rotational state is reduced in contrast to
v''=0. Only 25% of all molecules produced in v''=1
are '®0OD radicals,

In even higher vibrational states it is difficult to de-
tect the distribution of all product molecules due to the
reduced transition probabilities and the smaller amount
of radicals which populate these levels. The data ob-
tained for higher rovibrational levels are insufficient to
justify the plot of a rotational distribution, but we can
conclude the following: the original bond '®0OD is mainly
produced in »” =0 and only a very small part can be
found in '’ =1, whereas the newly formed bond !*OD is
distributed over the vibrational levels. The rotation
shows a broad distribution for '*OD and '®OD. With in-
creasing vibrational excitation, the rotational distribu-
tion attains a converging limit before reaching the exo-
ergetic limit,
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Vibrational distribution

The vibrational distributions ¥*P(v) and ®*P(v) are ob-
tained by summation of the population of all quantum
states belonging to the same vibrational manifold:

P(v) =};XAZZO: P, A, Q) .

These vibrational distributions vs the vibrational energy
are shown in Fig, 6. The *OD molecules are formed
nearly exclusively (92%) in the vibrationless state. The
remaining fraction of 8% is produced in the first vibra-
tional state.

(3.6)

A quite different distribution is found for *OD (the
newly formed bond) which is distributed over all avail-
able vibrational states. The total vibrational energy is

= “0('D)+D,°0—"%0D+"®0D |
IeOD(X,2-rr, v=0,J)

3000 4000 5000 6000 7000 8000

E, (cm™)—

FIG. 5. Distribution of produced 80D in the rotational states
of 2l3/5 17, ("' =1) for both A levels. The plot is InlV /(27 +1)]
vs the internal energy E; so that the slope is ~1/2T,. The
dashed line is the superposition of the two distribution for T
=300 K and T =2000 K, Experimental conditions are the same
obtained for Fig, 2,

mainly channeled into the new bond, while the original
bond remains vibrationally cold.

The mean vibrational excitation (E,),

(EN=3.2.2.3" P(v,J,A, Q)E, (3.7)
v J A Q
=Y E,P(v) (3.8)
and the mean rotational excitation (E,)
(E,):ZXEZ P(v,d, A, Q)E, (3.9)
v A Q
E [em™]—
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FIG. 6. Distribution of *0D(n,» *') (=. —.) and ¥0OD(D, v’

(—) in the vibrational states of the electronic ground state. The
plot shows the population number, which is proportional to the
reaction probability for the vibrational states, vs the energy

E (cm™) or the quantum number » ’. Experimental conditions
are the same obtained for Fig. 2.
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TABLE 1, Mean vibrational and rotational ex-
citation for the reactions of $0 +D, 0 and
0+H, 0.
160(1D)+D2180 1%0(1D) +H, *0
185 185p 6y 8oy
(Ev) 41.1 2.4 31.4 3.4
(E)) 16,7 15,9 16.0 15,7
(Ep) 76.1 66.5
E 139.9 147.5

(E;) is the mean internal excitation of the product
molecules for the available energy E. All units
are kJ/mol,

are summarized in Table I. Also included in Table I
are the mean vibrational and rotational excitation for
the reaction of ®O(*D) + H,®0. As expected, (°E,)is
quite different from (*®E,), whereas the mean rotational
excitation is the same for *0OD and 80D:

(®E,y~ (*E,) .

The electronic ground state of the OD radical is split
into two spin components which are both A doubled.
Each of these four components can be spectroscopically
resolved with the experimental setup used, and the re-
action probabilities for these states are obtained. The
experimental data show that within the error limits, the
80D and 0D product molecules are distributed statis-
tically between their two A components and between the
two possible spin states. For this reason, all measured
population numbers are included in Figs. 2, 3, and 5,
and no special representation for the spin or A com-
ponents is necessary.

(3.10)

DISCUSSION

The reaction of metastable oxygen atoms in the (!D)
state with D, '®0 proceeds with a gas kinetic rate and a
small activation energy which is expected to have no in-
fluence on the reaction rate as observed for different
O(*D) translational velocities.!® Therefore, the reac-
tion is expected to proceed on a long range attractive
potential surface. Following the simple “rules” of
Polanyi® then early (late) downhill potential energies
lead to vibrationally excited (nonexcited) product mole-
cules. The 0D has a high degree of vibrational exci-
tation and the potential energy surface is probably of the
“early-downhill” character,

With the help of simple mass relations, Smith® has
shown that the maximum of vibrational energy for AB in
the reaction

A+BCD-AB+CD (4.1)
in a colinear arrangement is given by
(APEN,=E - sin’8, (4.2)

where E is the total available energy to the products

and S depends only on the masses of the involved atoms:
tan B=Mmg/m (mo +mp) , (4.3)

and

Guillory, Gericke, and Comes: Reaction of %0(!D) + D, 20

M=m4+m3+mc+mD .

(4.4)

The results for (%E,), and (!3E,), are summarized in
Table II. The analysis of Smith shows an increase of
the mean vibrational excitation when the mass of the
jumping atom is increased. The experimental results
qualitatively confirm this trend while for a quantitative
analysis the consideration of simple mass relations
given in Eqs. (4.2)-(4.4) are too simple.

The vibrational excitation of the 0D radical is even
higher than expected on prior grounds of the information
theory.?" Without special consideration of the origin of
the two product molecules the prior probability P°(!%,
87y is given by

P, By (2100 4 1) (21 + 1) EY/2 (4.5)
where E}/? measures the translational degeneracy.
E;=E - E(*®%) - E(*®y) - E(**J) - E(*%)) . (4.6)

The prior probability P°(*®y) is then given by the sum-
mation over all other quantum states until the maximum
available energy E is reached

P° () ?; ; > (2%7+1) (287 4+1)EV2
J J

18,

(4.7

The results of such an analysis are summarized in the
first column of Table II. As can be seen the OD should
exhibit a broader vibrational excitation than the OH,
which can be verified by the experiment. In a manner
similar to OH, the OD excitation in the vibrational ex-
cited states is much higher than predicted on prior
grounds.

The distribution of 80D over the different vibrational
levels is described by the same prior P°(!®y). (The
small differences in the energy levels for *0OD and '®0D
are negligible.) Thus, the 0D is vibrationally much
colder than on prior grounds. It is like a “spectator”

TABLE II. Vibrational distribution for 0D, 0D and ®OH,
0H assuming a prior distribution P°(v) and a prior distribu-
tion for conicident pairs Py, (v) in comparison with the experi-
mental data (units are percent). Also shown are the average
vibrational excitations (E,) (in kd/mol) for these prior dis-
tributions and (E »'m» Which is predicted for a simple mass
analysis (Ref. 26). If not otherwise noted, the values refer to
both isotopic species.

1804+ D, 0 0D +®0D %0 +H,'*0— ¥0H +!%0H

v 0 1 2 3 0 1 2
P’ @) 58 28 11 3 69 25 6
Py W) 49 29 15 6 59 29 11
8P ptl) 27 29 28 16 46 % 18
BPptle) 92 8 0 0 92 8 0
(E)° 18.3 15.8

(Eep 23.9 21.5

(BE ) 27,7 15.5
e, 0 0
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during the reactive collision, which means that the
original 0D bond in D-'%0-D is conserved. In con-
trast to the quite specific and different distributions of
80D and !'*0D radicals over the vibrational levels is the
rotational excitation of the product molecules.

Before discussing the nascent rotational distribution
in the vibrational levels we must consider the influence
of rotational relaxation. The delay time between the
pump pulse of the fourth harmonic of the Nd: YAG laser
and probe pulse of the doubled dye laser is adjusted to
10 ns for a total pressure of 12 Torr. Thus, on the
average, the observed product molecules should have
undergone less than one gas kinetic collision. Further-
more, the energy spacing between the rotational levels
is relatively large for OH and OD, so that more than
one collision should be necessary to relax the rotational
distribution. However, in a detailed study of the rota-
tional relaxation phenomena of OH, # it was shown that
each collision produced very efficient rotational relaxa-
tion and that the relaxed distribution could be charac-
terized by a Boltzmann distribution with a temperature
parameter of ~300 K. If we take into account such re-
laxation phenomena in this study, then the population
numbers of the observed rotational distribution should
be describable by two straight lines similar in form to
Figs. 2, 3, and 5. The dashed line (---) in these fig-
ures is the sum of both Boltzmann distributions,

As can be seen, this new description is fully valid
for 80D in the first vibrational level, less for 0D in
v"" =0, but absolutely not for *0OD in ¢’’=0. The ro-
tational relaxation should not vary in such a manner
between two vibrational levels. Therefore, we cannot
describe the nascent rotational distribution by one sin-
gle Boltzmann parameter. However, an explanation
for the rotational distribution is straightforward if mi-
croscopic probabilities for two coincident product mol-
ecules are taken into account.

In a previous paper!® for the reaction (1.3), P(1%,1%)
was determined, the join! probability of simultaneously
observing OH(*%f) and *OH('®f). This joint probability
P(*%, *1) provides more detailed information about pro-
cess (1.3) than P(*%f) and P(*%f), because the internal
distribution of one radical is only the sum of P(!%, %)
over all internal quantum states of the other radical.

As an example, the experimental observable probability
P,,(*®v) for detecting *0OD(*®v) in the vibrational level
8y is given by

16,

Pexp(mv) - P(“v, 1ev) , 0< mv <4 (4. 8)
v=0
and similarly for *0D('%):
-18,,
P.,,(wv) - ‘; P(“v, ) , 0s!8y<4, (4.9)
16y=0

For the system 0+ H, !0, the joint vibrational and ro-
tational probabilities were obtained. The important
conclusion from that paper is the following: Either the
newly formed radical '®OH is vibrationally excited in a
reactive collision, or, to a much smaller extent, the
“old” radical '®OH, but not both simultaneously.

From that conclusion, it follows that the observed

distributions for *OH('®v = 0) and ®OH('%» = 0) actually
arise from the superpositions of joint reaction prob-
abilities with the partner molecules each in several vi-
brational levels, respectively. In contrast the |OH(*®%
=1), BOH(*%v=1), and “OH(!%» = 2) are characterized by
single parameters.

If we apply this conclusion to the %0+ D, %0 system,
then the nascent distribution of *0OD(!%» = 1) should be
“clean”, i.e., it should be describable by a single pa-
rameter. Indeed, this is valid, if we neglect the rota-
tional relaxation.

The distributions of ¥*0OD(*®v = 0) and *OD('®» = 0) are
superpositions of joint reaction probabilities. The fact
that '®0D is nearly vibrationally cold only causes the
small amount of *0D(!% =1) to be added to the distribu-
tions of *OD('®y=0). Therefore the distribution of
180p('%» = 0) can be nearly described by a single param-
eter. The data points are located slightly above the
dashed line of Fig. 3 indicating the partner molecule in
18y=1.

The newly formed bond *0D is spread over the vi-
brational levels. Therefore the distribution of *0OD(!%
=0) should show the strongest deviation from the dashed
line shown in Fig. 2. Unfortunately, the observed in-
tensity of the rotational distribution for %= 2 is too
weak to determine exact superposition of different re-
action probabilities. However, a mean rotational dis-
tribution (7'=1100 K) for the vibrational excited states
is assumed, and the total amount of ®0D in these vi-
brational levels is considered. With this additional ro-
tational distribution, the population numbers of *OD('%y
=0) in the vibrationless state can be described as shown
by the pointed line indicated in Fig. 2.

The total angular momentum J,, which is a conserved
quantity for reactants and products, is determined by
the rotational (J) and initial orbital angular momentum
(L)

Jg=J0(1D)+JD20+L1=18J+18J+Lf, (4.10)

Jop) = 2% and Jp,0 > 4% at room temperature T7=300 K.
The average orbital angular momentum L, can be es-
timated classically from the relation

Li=3Lpy=%1vs, (4.11)

with 4, v, and s representing the reduced mass [O(!D)
-D, 0], the average velocity, and the maximum im-
pact parameter of the reactants. For the rate constant
k, we use the relation

k=vo=1vs? (4.12)
and for v the relation
v=V2E,/u . (4.13)

Inserting Eqs. (4.13) and (4. 12) into Eq. (4.11), we
obtain for the orbital angular momentum

B

2 (4.14)

with the data for the reaction O+D,0 we obtain the final
result:
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L,=2.0x10"% Js~28% . (4.15)
The maximum total angular momentum is then

Jy=34n . (4.16)

The final angular momentum L, can be estimated from
the final translational energy (E;)=E - (E,) implied in
Table I. Equation (4.14) gives the value L,=~35%, which
suggests the relation,

Je> Ly . 4.17)

From this model assumption it follows?® when we intro-
duce Eq. (4.17) into Eq. (4.10) both product molecules
have the same rotational orbital momentum, but rotate
with opposite angular velocity. A consequence is that
80D and '®0D have the same average rotational exci-
tation (E,), which is confirmed by the experimental
data [Eq. (3.10)].

An additional consequence of the “constraint” *J =
— 187 is that for the production of coincident hydroxyl
radical pairs, the degeneracy is only (2J+1), which
changes the prior probability for coincident events. Now
the prior probability P_, is given by

PS(%f, f)c(2d + 1) E}/ 2 (4.18)

and a different prediction for the vibrational distribution
is made. As shown in Table II, P;(v) has a broader
vibrational distribution which is a better fit to the ex-
perimental data.

Another interesting point is the dependence of the
orbital angular momentum on translational energy.
The reaction should not be very sensitive to a change
in translational energy if the total reaction rate constant
is not. This is because L; depends only on the fourth
root of E; [Eq. (4.14)]. In a blank study of the influence
of the translational energy on the energy partitioning in
the reaction O(*D) + H,0, it was shown® that transla-
tionally hot and cold O(*D) atoms do not change the in-
ternal state distribution of the product radicals.

CONCLUSIONS

The vibrational energy partitioning of reaction (1.5)
is very specific (Fig. 6) and definitely deviates from
prior expectations, The vibrational excitation is pre-
ferably channeled into the new 20D bond in contrast to
the rotational excitation. Both product radicals rotate
with the same velocity but in opposite directions, The
internal angular momentum distributions of the excited
vibrational manifolds of one product molecule arise
from collisions in which the partner molecule is in its
vibrational ground state. Conversely, the internal dis-
tribution of vibrationally cold radicals arises from re-
active collisions where the partner molecule is excited
over several vibrational levels. Therefore, the dis-
tributions of vibrationally cold product molecules have
to be described by more than one parameter (Fig. 2).
The distribution of the isotopically labeled molecules
reflect a direct type of reaction mechanism, in contrast
to a long-lived collision complex or compound mech-
anism.?® The reaction must proceed on a time scale
which does not allow for efficient energy transfer into

Guillory, Gericke, and Comes: Reaction of ¢0{!D) + D, 20

all available phase space. As a consequence, the reac-
tion time should be determined by the pass-by time of
the ¥Q('D) atom.
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