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The OH product state distribution from the reaction O('D) + H, (v) - OH(»",J",Q,A) + H
was determined by laser-induced fluorescence (LIF) in the Av = — 3 band for v” = 3 and 4
with resolution of the J ”, Q, and A sublevels. The rotational state population distribution is
inverted strongly in v” = 3, weaker in v” = 4. There is a higher propensity for production of
OH in the [1(A4 ") A-sublevels. Vibrationally excited H, was used for a part of the experiments.
Excitation was achieved by stimulated Raman pumping (SRP). The population ratio of the
vibrational states was determined to be P(v = 3)/P(v = 4) = 3.5 for the reaction with

H, (v =0) and 3.0 when there is H, (v = 1) in the reaction chamber. Higher OH product
states are populated than it would be expected from the mean available energy of the reaction.
The translational energy of the reactants is transferred into OH rotation.

I. INTRODUCTION

Although the dynamics of chemical reactions has been
subject of intense research for many years, there is still little
experimental and theoretical evidence of the reaction dy-
namics of vibrationally excited species. Our knowledge on
the influence of the translational energy on specific product
states is also in the beginning. There have been a number of
kinetic measurements, but state-to-state experiments have
scarcely been performed yet. This may be due to the experi-
mental difficulties of preparing a rotational-vibrational mo-
lecular state selectively. These difficulties have been over-
come in recent years by the use of narrow bandwidth high
power lasers which allow those selective excitations for per-
forming state-to-state measurements by different tech-
niques. Reactants that exhibit an infrared (IR) spectrum
may be excited by tunable IR excitation, so as, e.g., HCl and
HF, whose reactions with oxygen, alkaline metal, and alka-
line earth metal atorns have been under investigation. A
number of references on elastic, inelastic, and reactive atom—
molecule collisions may be found in Refs. 1 and 2.

The use of homonuclear diatomic molecules as reac-
tants causes considerably greater problems, for they do not
exhibit an IR spectrum. For purely kinetic measurements it
may be sufficient to excite those species to their higher vibra-
tional levels thermally, but state-to-state experiments re-
quire a very high selectivity. This may be reached by stimu-
lated Raman pumping (SRP), a convenient method which
has been successfully used in the past.>* The only type of
chemical reaction of vibrationally excited H, investigated in
a state-to-state experiment up to this day is the hydrogen
exchange reaction in its isotopic variant D + H,.*> The use
of vibrationally excited H, should exert large effects on the
reaction dynamics. For reactions with an exit channel bar-
rier there is an enhanced rate constant expected, and if there
is no barrier at least the energetics of the reactions should
change considerably. H, in the v = 1 state gives an addi-
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tional energy of 4155 cm ~ ' to the reacting system which has
to be partitioned to the various degrees of freedom of the
reaction products. In this paper we would like to present our
measurements on the reaction of oxygen atoms with vibra-
tionally excited hydrogen molecules

O('D) + H, (v) »OH(X *ILv",J ") + H. (1)

(a) Reaction with H,(v=0); AH,;; = — 181.6 + 1.4
kJ/mol (Ref. 6). (b) Reaction with H,(v=1);
AH,y3 = —231.3 kJ/mol. Furthermore, the influence of
translational motion on the reaction dynamics is investigat-
ed by the observation of OH products in highly excited rovi-
brational states.

The reaction rate has been shown to be gas-kinetic,
~1.1X107'° cm® molecule ~' s~ 1.7-1%%7 For several rea-
sons, this reaction has been given quite considerable experi-
mental''>* and theoretical®>~*® attention. The production of
OH from this process plays an important role in the chemis-
try of the upper layers of the earth’s atmosphere. In the labo-
ratory it can be readily examined because the reactants, hy-
drogen and O('D), are available or quite easy to produce,
and the OH product can be analyzed spectroscopically by
standard methods, such as laser-induced fluorescence
(LIF) or IR chemiluminescence. Theoretical treatment can
be done at moderate expense because of the relative low
number of electrons involved. Similar arguments apply to
the related ground state reaction®®

O(C°P) + H, (v) »OH(X I,w",J ") + H. (2)

(a) Reaction with H, (v=0); AH,y =84 kJ/mol,
k=9%x10"" cm®molecule 's~!. (b) Reaction with
H,(v=1); AH,3= —414 kI/mol, k=10"1
cm® molecule ~! s ~!. However, this reaction is not accessi-
ble to state-to-state experiments performed in the usual laser
pump and probe technique under single-collision conditions
because of its quite low reaction rate constant
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(~9% 107" cm® molecule ~'s~"),* which is enhanced
by three orders of magnitude when vibrationally excited hy-
drogen reacts with the oxygen atoms.**

In what concerns the reactions of O('D) with H, ex-
perimental effort has been directed to determining the rota-
tional-vibrational and electronic fine structure distribution
via LIF,'>1417-19.22 chemical laser techniques,'"'? infrared
chemiluminescence,'®?"?* and infrared spectroscopy.?*
The spatial distribution of the scattering products has been
determined in 2 molecular beam experiment,'* and the influ-
ence of isotopic substitution was observed.'”'*** Although
some detailed information on the product state distribution
is gained, it has not yet been determined unequivocally
whether the energy partitioning is statistically or dynamical-
ly controlled.”?

Common to all experimental investigations is the obser-
vation of extremely high rotationally excited OH products in
v" = 0,1,2,3. The peak of the OH population distribution is
found regularly near to the limit of the available energy of
the reaction. It should be mentioned that a highly inverted
rotational distribution is also found in the reaction of O ('D)
with saturated hydrocarbons,” while the reaction of the
metastable oxygen atom with water leads to a rotational OH
product distribution which can be described by a tempera-
ture, 4!

The population of the OH vibrational states is somehow
more ambiguous. Measurements by infrared emission tech-
niques yield inverted populations, in contrast to observa-
tions by the LIF technique, so that there are still questions
unanswered. A quite important feature in what concerns the
reaction mechanism is the population of the OH A-sublevels.
These are due to the interaction of molecular rotation with
orbit angular momentum and correspond to a certain sym-
metry maintained during the reactive collision. In all A
state-specific investigations a clear propensity for the sym-
metric state, [1(4 '), was observed, what corresponds toa A-
state anti-inversion. The question of whether there is a A-
state selectivity or not is important in order to clarify the way
the reaction occurs, either via a collinear abstraction or a
rectangular insertion process. The experimental evidence
tends more to the insertion mechanism, because of the strong
A-selectivity, which is not to be expected in an abstraction,

and because of the high rotational and weaker vibrational
excitation. In the case of an abstraction mechanism one
would to expect contrary distributions, an inverted vibra-
tional, and a considerably weaker rotational excitation.

In theory, emphasis was laid on the calculation of
H,O(X) potential energy surfaces using different methods,
and treating the reactive scattering of the O (' D) /H, -system
by trajectory calculations. Badenhoop et a/. used a quantum
mechanical method to calculate the energy distribution.?® In
general, even if this is an oversimplification compared to the
great theoretical effort, one can summarize these studies in
so far that the reaction mechanism expected by experimental
evidence can be approved by calculations. There is a higher
propensity for the rectangular insertion process (C,, sym-
metry) than for the collinear abstraction (C_, symmetry)
because of a higher entrance barrier for the latter. This en-
trance barrier might be overcome at high collision energies,
so that in this case the calculations yield a higher vibrational
excitation. Schinke and Lester”’ have examined the infiu-
ence of H, vibrational excitation on the reaction dynamics.
They found a totally changed OH product distribution,
which is predicted to be highly inverted with its maximum at
v" =5 or 6, depending on the collision energy. Because of
the lack of an exit channel barrier this H, vibrational excita-
tion has only a minor influence on the overall reaction rate.
A synopsis of the experimental and theoretical results is
shown in Tables I and II

In this paper we intend to compare our experimental
results with the calculations mentioned above. The use of
vibrationally excited H, is promising to allow new insights
into the dynamics of the O ('D) + H, reaction, as well asit is
of general interest with respect to the only poorly examined
influence of vibrational excitation on reactive scattering.
The observed rotational states of OH, v” = 3 and 4, were
chosen because of the A-state selectivity, the influence of the
spin and the rotational distribution in v” = 4 and its total
population with respect tov” = 3, which is not known yet by
LIF experiments. Furthermore, these states are very near to
the energy limit of the reaction, i.e., the OH vibrational exci-
tation takes the greater part of the available energy. There-
fore we can observe the OH product near to the energy
threshold, where there are the largest influences of the H,

TABLE 1. Measured OH product vibrational populations. LIF = laser induced fluorescence; IR-CL = infrared chemiluminescence; Chem. L. = chemical

laser.

Populations
Method v=20 v=1 v=2 v=3 v=4 Ref. Remarks
LIF 1.0 1.0 13 266 nm photolysis
IR-CL 0.26 0.29 0.28 0.16 16 248 nm photolysis
LIF 1.0 1.04 19 248 nm photolysis
Chem. L. 1.0 0.69 0.63 0.51 <0.36 20 flashlamp photolysis
IR-CL 0.29 0.32 0.25 0.13 21 248 nm photolysis
LIF 1.0 0.39 22 248 nm photolysis
LIF 1.0 0.293 This work 266 nm photolysis

J. Chem. Phys., Vol. 96, No. 10, 15 May 1992
Downloaded 08 Jan 2002 to 134.169.41.178. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



7492

K. Mikulecky and K. Gericke: Reaction dynamics of O('D) +H,

TABLE II. Theoretically calculated vibrational populations of the OH product. QCT = quasiclassical trajec-
tory calculation; DIM = diatomics in molecules; QRS = quantum reactive scattering; MC = Monte Carlo

simulation.

Populations
Method v=0 v=1 ve=2 v=3 v=4 v=35 Ref. E (kJ/mol)
QCT 0.244 0.223 0.217 0.156 0.097 0.063 27 2.1
VB-DIM 4.6 3.3 32 0.4 0.4 e 29 8.4
QCT 273 343 331 419 376 209 30 21
QCT 1 0.73 0.98 0.67 0.07 0 31 33
MC 1 0.81 0.58 0.29 0.01 e 34 e
QCT 0.324 0.318 0.204 0.127 0.022 0 35 2.1
QRS 0.22 0.1 0.15 0.18 0.03 0 36 21
MC 0.22 0.18 0.19 0.16 0.15 0.09 37 2.1
DIM 1 0.87 0.55 0.3. 0.15 0 38 8
QCT 1 0.87 0.58 0.37 0.13 0 54 8

vibrational excitation on the OH rotational-vibrational dis-
tribution to be expected. Further, the influences from the
translational excitation of the reactants on the OH product
state distribution are easier to observe under threshold con-
ditions.

1. EXPERIMENT

Electronically excited oxygen atoms in the ‘D state
were generated in a pulsed laser photolysis of ozone. Ozone
was prepared in a silent discharge in O, (99.95% purity)
and trapped on cooled silica gel (170 K, ethanol slush) ina
U-tube. To remove oxygen, the U-tube was evacuated short-
ly, and the ozone and remainders of O, were condensed af-
terwards into a liquid nitrogen cooled trap. From there the
rest of O, could be removed by evacuating. Prior to the ex-
periments the ozone had to be expanded into a 6 1 glass flask,
at a pressure below 100 Torr. It was introduced into the
reaction chamber through stainless steel pipes and valves.
Hydrogen (purity 99.9999% ) was used without further pu-
rification. To avoid any risk of detonations, the reactants
were mixed in the reaction chamber, and not prior to it. The
partial pressures of the reactants were 13 Pa each, controlled
by a MKS Baratron capacitance gauge. The reaction
chamber was evacuated by an oil diffusion pump, reaching a
base pressure of ~ 10 ~? Pa. The experimental setup is shown
in Fig. 1.

The reaction was initiated by firing a frequency quadru-
pled Nd:YAG laser (Quanta-Ray DCR 1A) into the cell,
whose focused output photolyzes ozone to O('D) and O,,**
the former of which reacts rapidly with hydrogen. It is ad-
vantageous to enter the laser radiation through MgF, rather
than suprasil windows, because the high power density of the
laser (pulse energy = 40 mJ, pulse width = 5 ns) is able to
damage suprasil windows by two-photon effects.

For experiments with vibrationally excited hydrogen
the frequency doubled output of a Nd:YAG laser (Spectron
SL2Q) was focused through a H, pressure Raman shifter
[P(H,) = 10 bar] into the reaction chamber, parallel to
the photolysis pulse and ~ 50 ns prior toit. This time delay is

due to the difference in the response times of the Q switches

of the YAG lasers, which were triggered simultaneously.
The Raman shifter generated the Stokes and anti-Stokes ra-
diation of hydrogen, which, if focused into the reaction
chamber, excited the (v = 1 —v = 0) transition of H,.> In
some preceding experiments we observed that our Raman
shifter produces high-order anti-Stokes radiation which
reaches the Hartley band wavelength of O,, i.e., produces
O('D). To achieve higher selectivity in the photolysis we
decided to cut off the shorter wavelengths (below 350 nm)
by a filter. In the H, excitation there are, due to the selection
rules for homonuclear diatomics only the AJ = 0, + 2 tran-
sitions accessible (0,Q,S branches).** Roughly 209% of the
H, are vibrationally excited.®> Vibrational relaxation of H,
needs not to be taken into account, for the spontaneous tran-
sition to the vibrational ground state is dipole-forbidden and
we worked under single-collision conditions.

Probing the OH product was done with an excimer
pumped dye laser, Lambda Physik LPX 100 and FL 2002 E.
The dye laser was operated with Coumarin 2 at a pulse ener-

PM
M cell
H, cell | Se— S ———4 M
L |
I l 89
PD2 4
PD1 BS hydrogen PY™S ozone [[)
M FHG |Nd:YAG Excimer Dye "
; M
H———SHG Nd:YAG T3]
Trigger

FIG. 1. Schematic drawing of the experimental setup.
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gy of ~6 mJ. Linear dependence of the OH LIF signal from
the probe laser power was checked by decreasing the power
by filters of known transmission. A continuous nuisance to
the experiment was the very low stability of the dye, which
had to be replaced after two days of operation. The dye laser
beam counterpropagated the beams of the 266 nm photolysis
and the Raman shifter output collinearly. It was fired with
200 ns delay after the initiating photolysis pulse. We excited
the (4220 =0,J") —(X1p" =3,J") and (4220 =1,
J") — (X L,v" = 4,J") transitions of OH in order to com-
pare the relative populations in v” = 3 and 4. Direct excita-
tion of the diagonal Av = O transitions is not possible for OH
because it undergoes strong predissociation in the A-state
beginning with v” = 2.%°

The measurements were carried out at a pulse repetition
rate of 10 Hz. Repetition rate and delay times were con-
trolled by a delay generator. The powers of the photolysis
and probe lasers were recorded by photoelectric detectors
(Hamamatsu) in order to normalize the LIF signal. The
LIF signal itself was observed with a photomultiplier
(Valvo). OH LIF spectra were recorded from 440 to 460
nm, once for the reaction with ground state and once for the
reaction with vibrationally excited H,.

Additionally, we would like to mention that we tried
another way of O('D) generation, besides the conventional
ozone photolysis. The two-photon dissociation of NO,, first
step excitation with 532 nm, second step dissociation of the
excited molecule with 355 nm, yields O('D) as well.** The
advantage of this method is that the ozone preparation be-
comes unnecessary, NO, is readily available, but this
showed to be outweighed by the disadvantages. The 532 nm-
excited NO, fluoresces strongly in the visible and near-ultra-
violet (UV). This disturbs measurements of weakly populat-
ed vibrational OH states from the examined reaction to an
extent that we decided to use ozone again. Besides, NO, is
quite reactive and causes corrosion on the gas manifold pipes
and valves so that its use as a O('D) precursor is not recom-
mendable.

ill. RESULTS

The line intensities / derived from the OH LIF spectra
were converted into populations Pby normalizing them with
respect to the transition probabilities. These transition prob-
abilities for the process (4220 =0,1,J")
— (X °ILp" = 3,4J ") were taken as the product of the
Franck—Condon factor for the vibrational transition g, ;, and
the Hénl-London factor for the rotational transition H,,.
The Franck—-Condon factors,>* OH levels** and transition
probabilities*> were taken from the literature,

P~ ! .
(2‘] + 1 )qvanmt
According to the difference in spontaneous emission
probability (Einstein 4 coefficient) between transitions
starting from v’ =l and v =0tov” =1 and v" =0 it was
necessary to enhance the populations derived for v” = 4 by
25%, because the interference filter attached to the photo-
multiplier optics rejected the wavelengths of ~ 280 nm relat-
ed to the emission process OH(AZv =1)

(3

— (X ?[1,v” = 0). This transition takes ~25% of the total
OH (A) population to the electronic ground state.*®

Further reactions of the primary reaction products OH
and H need not to be taken into account. Possible reactions
are

OH+H,-H,0+H, 4)

OH + 0; -0, + HO,, (5)
and

H 4+ O; -OH(v<9) + O,, (6)
with collisional relaxation

OH* + M—-OH + M. (7

Reactions (4) and (5) are of no further importance, for they
are very slow (k<7x10~'* cm?® molecule~'s~'),** and
even if they should occur, they could not disturb the mea-
surements because they just remove OH from the area of
detection, i.e., just lower the signal intensity but do not pro-
duce OH in other rotational-vibrational states. Reaction
(6) is much faster, k = 2.8 10~ "' em® molecule ~' s = 1.#°
However, for a collisional relaxation of OH at an assumed
rate constant of 10~ '° cm® molecule ' s~ ! < 15% of the
OH molecules formed in reaction (1) will relax prior to de-
tection. Thus, the influence of the secondary reactions (6)
and (7) on the OH product state distribution is negligible.
Cleveland et al.?*> have outlined that there is no necessity to
correct the LIF intensities for the differences in the fluores-
cence quenching cross section between the rotational levels
of OH (4 2).

A. Rotational distribution

The rotational distributions in v” = 3 and 4 are shown
in Fig. 2. A distinction is made between reactions involving
H, (v = 1) and those which do not. The energy limit for the
rotational-vibrational excitation, as can be calculated from
energy conservation, is 15980 cm~' for the
O('D) + H, (v=0) reaction and 20130 cm ™' for the
O('D) + H, (v = 1) reaction. In the Boltzmann plot for the
vibrational ground state reaction the limit is indicated by a
line. E,, is obtained by adding the exothermicity of the reac-
tion, AH, the internal energy of H,, E,,, = E,,, + E,;, and
the collision energy between thermal H, and O('D) from
the ozone photolysis. The internal energy of H, is purely
rotational. The first vibrational level of H, is not excited at
room temperature because of its very high energy above the
ground state. The rotational distribution was assumed to be
of Boltzmann-type, and the mean rotational energy was cal-
culated to be E,,, = 1.92 kJ mol ~ ..

The collision energy between H, and O('D) has to be
determined in the center-of-mass frame*?

Etrans (O’Hz )= %#(O,Hz ) [3RT/M(H2 )
+ 3RT/M(O;)
+ 2E a0, (0,0,)1£(0,0,)/M?*(0) ] (8)

The translational center-of-mass energy of O('D) and O,
from the ozone photolysis at 266 nm, E,,, ... (0,0, ), was de-
termined by Sparks er al.*
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FIG. 2. Boltzmann plot of the rotational distribution in v” = 3 and 4, where P represents the population and & is the degeneracy. Symbeols for the different
branchesare R, M Q, + ; P, ¢. (a) OH(v=3), H, (v = 0); (b) OH(v = 3), H, (v=0,1); (c) OH(v =4), H, (v=0); (d) OH(v=4),H, (v =0,1). The
thermochemical limit for the OH rotational energy is indicated by a vertical line.

The distributions are clearly inverted in v” = 3, with a
peak near to the energetic limit for the P lines, the Q distribu-
tion is flatter. In »” = 4 there is still an inverted population
distribution in the P branch, but not as strong as in v” = 3.
The Q branch of the spectrum does not exhibit a peak any
more, it has become decreasing monotonically. The rota-
tional distributions emerging from the reaction with vibra-
tionally excited hydrogen do not differ strongly from those
with ground state H,. Variations in relative population
numbers are less than a few percent (Fig. 3).

B. Vibrational distribution

The vibrational distribution emerging from the O('D)

+ H, reaction is a critical feature in the experiments, as was
already outlined in the Introduction. This can be explained
by the specific difficulties in the determination of P(v). The
rotational distribution of the OH product is not thermal, but
inverted. So there is no simple statistical method, like extra-
polating the rotational distribution to E,,, = 0, to obtain rel-

ative population numbers for comparison. It is necessary to
add the population of single rotational states. Summation
over all rotational states requires that all the rotational lines
of the spectrum are observable, i.e., that they do not overlap,
which is not the case for the Av = — 3 band of the OH spec-
trum. The missing lines have to be obtained by interpolation.
Another problem may be the predissociation of the higher
rotational—vibrational levels of the OH(A %X) state. In the
case of this reaction, where highly rotationally excited OH is
generated, the predissociation rate of OH(A4) has to be taken
into account for evaluating a LIF spectrum, when levels
higher than N” =25inv”" =0and N" = 16inv" =1 are
observed. Very high rotational states of OH become totally
inaccessible by LIF in the (A<X) band, for predissociation
reduces their radiative lifetime to the picosecond regime.
This is especially a problem when investigating the low vi-
brational levels of the OH product. In the present experi-
ment the influence of predissociation is negligible because
the highest populated state in v”" =3 is N”" =19 and in
v =4itisN" =15.
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FIG. 3. Differences between the populations of the rotational levels of OH
with and without vibrationally excited H, . The populations are normalized
to 1. (a) OH(v" = 3); (b) OH(v" = 4).

The determination of vibrational populations is also
quite sensitive to the vibrational transition probabilities.
These Franck-Condon factors are reported quite different in
the literature, as was mentioned more detailed in a previous
paper.®?

By comparing the sums of population numbers we ob-
tained a population ratio P(v" = 3)/P(v" = 4) of 3.5 for the
reaction of vibrational ground state H, and of 3.0 for vibra-
tionally excited H,. This means that the population of
v" = 4 compared to that of v” =3 is ~15% higher when
vibrationally excited hydrogen is used as reactant. This is a
considerable amount for it has to be taken into account that
only 20% of the hydrogen were vibrationally excited. Thus,
the calculated increase of OH vibration is more than 70%
with H, (v = 1) being the only reaction partner of O('D).
However, it should be mentioned that the determination of
the vibrational population is subject to an error of up to
10%, and the increase of OH vibration has to be taken more
qualitatively than as an exact number. Nevertheless, the for-
mation of OH (v = 4) is clearly preferred, when vibrational-
ly excited H, educt molecules are involved in the reactive
collision process.

C. Electronic fine structure distribution

The OH molecule exhibits two types of electronic fine
structure, the spin—orbit and the A splitting. The former re-

sults from interaction of the spin of the unpaired electron
with the orbital angular momentum, and the latter emerges
from coupling of orbital angular momentum with the nu-
clear rotation. We found no evidence for spin selectivity in
the reaction of O('D) with H, ('=,;"). In general, for reac-
tions of particles in singlet states this is not to be expected
either.

A totally different behavior is observed for the A sublev-
els. Their population can be determined by calculating the
difference of population exhibited by the P, R, and @
branches of the spectrum. The P, R lines probe the symmet-
ricI1(A4 ") Acomponent, the Q lines probe the antisymmetric
I1(4 ") A component. In the *I1;,, system the IT(4 ") sub-
levels are always higher in energy than the I1(4 ') compo-
nents, in the 2I1,,, system this is the case for N> 4.*> The
population ratio is calculated by

PN —PIIAD]

P[II(A")] + PIII(4")]
A negative value of f, means that the I1(4 ') component is
the higher populated one, i.e., the system exhibits a A doub-
let anti-inversion, which is observed in the present experi-
ment. This strong preponderance of the lower A component
is shown in Fig. 4. The A selectivity of the reaction is an

important feature to elucidate the mechanism of the reactive
collision.

9

D. The influence of the O(°P) 4 H, reaction

The photolysis of ozone at 266 nm generates not only
O('D) atoms, but also O(*P) atoms with a quantum yield of
~10%,*

0, + hv—0,(’3; ) + OCP). (10)

As might be expected, the kinetic center-of-mass energy of
0, and O(3P) is considerably higher than in the case of the
O('D) production. The high velocity of the O(*P) atoms
could be sufficient to overcome the reaction barrier for the
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FIG. 4. A doublet population inversion. P(4 ') represents the population of
the symmetricand P(A4 ") is the population of the antisymmetric A sublevel.
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O(®P) + H, reaction. The kinetic center-of-mass energy for
an O(*P)-H, collision is E, = 28.3 kJ mol ~!. This is a re-
sult of Eq. (8), where a translational energy of E, = 334.4
kJ mol ~ !is used.*® Thus, the collision velocity of O(*P) and
H, is calculated to be v(O,H, ) = 5640 ms ~ . For thermally
distributed O(*P) and H, this velocity is 2170 ms ~ *. From
the temperature dependence of the reaction rate of
O(’P) + H, (Ref. 47) the rate constant for the mentioned
collisional velocity can be calculated to be k = 2.5 10~ 2
cm® molecule = ' s = . Thus, it is about two orders of magni-
tude smaller than the (nearly temperature independent)
rate constant of the O(' D) reaction. For a fixed pump—probe
delay the amount of OH produced by the O(?P) reaction is
given by

k[0CP)] ; -
)] =" $[O(P)] =68%x10"3
FIOCP)] = $10CP)] = 68

This fraction of OH products from the reactive collisions
between translationally hot O(*P) and H, of <1% of the
amount produced by O('D) is neglected for the consider-
ations in this paper.

We have made an attempt to observe OH from the
ground state oxygen plus hydrogen reaction,? but without
success. The O(*P) was generated by a 355 nm laser pulse
from a frequency tripled Nd:YAG laser by photolysis of
NO,. As was already outlined in the Introduction, the reac-
tion rate constant of Eq. (2) is too small to produce enough
OH in the time of a few hundred nanoseconds which are
necessary to perform a pump-and-probe experiment under
single collision conditions.

IV. DISCUSSION

An amazing feature is the very high rotational excita-
tion even in v” = 3 and 4 which exceeds the mean available
energy for the products by ~ 1000 cm ~ !, The implication by
conservation of energy and angular momentum on the reac-
tion process will be discussed in the following.

Angular momentum conservation leads to the equation

Jo: =J3[0('D)] + J(H,) + L(O,H,)
=J(OH) + J(H) + L(OH,H), (1)

where L denotes the orbital angular momentum of the col-
liding species or the reaction products. J represents the angu-
lar momentum of the respective particles. It is 2% for O('D)
and 1/2 #ifor H. J(H, ) was assumed to equal 14, because in
the thermal equilibrium more than two thirds of the H, is in
the J = 1 rotational state. Since the observed OH products
are highly rotationally excited, the orbital angular momen-
tum is an important quantity to guarantee conservation of
the total angular momentum J,, .

A. Orbital angular momentum and impact parameter
L is linked to the impact parameter b by
L = uvb. (12)

(All symbols mean absolute values, not vectors, unless de-
noted otherwise.) From Eq. (14) and the rate constant k ata

K. Mikulecky and K. Gericke: Reaction dynamics of O('D) +H,

velocity independent cross section gy,

k=vo, =vrb? (13)
follows the maximum value of the impact parameter
b= (k/mv)'"% (14)

For the mean center-of-mass velocity of the educts in a ther-
mal equilibrium this gives 5, = 110 pm which is larger than
the H-H bond length of 74.2 pm. The orbital angular mo-
mentum is calculated to be L(O,H, ) ~9# and a maximum
total rotation J,,,, , of ~ 127 has to be conserved, where mean
values of v and J(H, ) have been used.

For maximum coupling of the educt angular momenta
and minimum coupling of the product angular momenta (in
order to consider the extremely high OH rotation) it follows
from Eq. (11),

L, +3#>J(OH) —J(H) — L,
or
L,>J(OH) — L, — 3.54,
by substituting L from Eq. (12),
u,U,b,>J(OH) —p v,b, — 3.5%. (15)

The impact parameter for the products, b,, has to be deter-
mined. This is more complicated, for we did not measure the
fragment velocity of the OH product. However, energy con-
servation requires

AE + dp.v; = ju,v; + E;, (OH) (16)
with
AE=AH°+ E,_ (H,).
Substituting Eq. (16) into Eq. (15) leads to
J(OH) — b, — 3.5#%
(OH) — u,v.b, (n

{4, [2AE + p,v2 — 2-Epy (OH) |1

From Eq. (17) we can determine a lower bound for the prod-
uct impact parameter b,. Extremely large values of b, are
unlikely, what implies that the chance of a reactive collision
is lower at that educt velocity v,. In that case the reaction is
limited by the constraint of conservation of angular momen-
tum. A plot of b, and v, as a function of the relative educt
velocity v, is shown in Fig. 5, where the mean value of AE is
used. The negative lower limit for b, means that conserva-
tion of angular momentum is no restriction for reactive en-
counters. The reaction is always possible when there is
enough energy to produce a specific OH rotational state. The
conservation of angular momentum can always be fulfilled
by the orbital angular momentum of the reaction products.
The limiting factor is the available energy.

B. Influence of the reactant translational excitation on
the products

The very high rotational excitation exceeds the exother-
micity of the reaction by ~ 1000 cm ~ . This effect can only
be explained by the relative velocity of the reactants, namely
of H, . The value of 15 980 cm ~ ! for the average energy limit
is calculated from the average kinetic energies of H, and O,
in a thermal equilibrium, which in the case of O('D) the
average kinetic energy as produced in the the ozone photoly-
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FIG. 5. (a) The impact parameter of the reaction products, b,, and (b)
their center-of-mass velocity, v, as a function of the reagent’s relative veloc-
ity, v,, and of the rotational levels of the OH product. W, v" = 3,J" = 19;
+, 0" =40 =12 40" =4, 7" =13; A: 0" =4,J" = 14; X: 0" =4,
J" =15,

sis was taken. From Eq. (8) it can be seen easily that the
velocity of ozone has only a minor effect on the total energy
of the reaction, due to the high mass of O relative to H, . The
dominant kinetic energy contribution to the available energy
is therefore given by the H, molecule, and, to a considerably
smaller amount, by the O('D) atom. To get a quantitative
estimate of this influence we have to calculate the number of
H, molecules that exceed the mean thermal equilibrium ve-
locity or kinetic energy.

The fraction of molecules N(E,)/N that exceed a given
translational energy E, in a Maxwell-Boltzmann distribu-
tion can be calculated by

N(E,)/N =2-(E,/akT)**-exp( — E,/kT)

+ 1 — erf[ (E,/kT)°%],

where erf represents the error function.*?

A comparison between the populations of the OH in
rotational-vibrational states that exceed the available ener-
gy of the reaction and the fraction of the H, molecules that
have sufficient kinetic energy to allow the generation of these
OH product states is given in Table III. The amount of high
energy-OH (rotation) is always smaller than the amount of

(18)

TABLE III. The fraction of the total amount of H,, N(H, ), that has suffi-
cient translational energy to produce the respective rotational-vibrational
state of OH, OH(v",J*). The ratios between the total populations of
OH(v",J") and the total amount of translationally excited H, is always
smaller than 1. However, a significant amount of translational energy of the
educts is found as rotational energy of the OH product.

P(OHv",J")/N(H;)

v"(OH) J*(OH) N(H,) I4") )
3 19.5 0.14 0.013 0.0166
4 12.5 0.23 0.006 0.0t
4 13.5 0.03 0.02 0.045
4 14.5 0.005 0.05 0.12
4 15.5 0.0003 0.35 0.64

high-energy H, (translation), so the production of the for-
mer may be explained by the Boltzmann distribution of H, .
The translational motion of the educts is transferred into
rotation of the product molecule.

C. Product energy distribution

The H-O-H potential energy surface and the geometry
of the reactive collision have to be related to the observed
OH product energy state distribution from the O('D) + H,
reaction and the influence of H, vibrational and transla-
tional motion. The H-O-H potential energy surface is domi-
nated by a deep minimum at the ground state configuration
of H, O and an increase of energy in the exit channel of the
reaction. Therefore a statistical product energy state distri-
bution might be expected, because the reaction products
need a longer time to separate from each other as if the sur-
face were more flat. A longer duration of the reactive colli-
sion, i.e., a longer lifetime of the collision complex, allows
internal energy redistribution.

A strong inversion of the OH product rotational states is
observed experimentally. Normally this would be regarded
as a sign of nonstatistical influences, but calculations show
that the inverted rotational distributions are an outcome of
angular momentum restrictions for the OH product with
respect to the H-O-H collision complex. They occur even if
a statistical partition of energy to the degrees of freedom is
assumed.>*

The question of whether the abstraction or the insertion
mechanism plays the most important role for the
O('D) + H, reaction can be answered most decisively by
examining the A-state distribution in the high vibrational
states. The A-state selectivity in this reaction is an outcome
of the well-known principle of symmetry conservation in
chemical reactions. The reaction of two species which are
symmetric with respect to the point group valid for the ge-
ometry of the reagent’s approach produces two species
which are symmetric in this meaning as well. Occasionally a
dual reaction mechanism is proposed.?® The reactive colli-
sions should occur partly in C,, geometry (insertion), pro-
ducing high rotationally, low vibrationally and strong A-
state selective populated OH, and partly in C_, geometry
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(abstraction) with opposite properties. This could even lead
to a bimodal vibrational distribution of the OH product. We
conclude from our results that this is not the case. If an ab-
straction mechanism would be responsible for the produc-
tion of high vibrationally excited OH then one has to expect
a very low A-state selectivity for OH(v»” = 4), combined
with a low rotational excitation. This is not the case. There
is, like for the other vibrational states, a strong propensity for
the production of OH in the II(A ') state, i.e., an anti-inver-
sion of the A doublets. Therefore we conclude that the reac-
tion of O('D) with H, occurs via an insertion mechanism.

In a pictorial view, the oxygen atom inserts in the H,
bond in order to “‘reach” the stable H, O well. This transition
state can be regarded as a highly excited bending mode of
H, O. When energy is transferred from the bending mode to
the asymmetrical stretch, the collision complex dissociates
leading to highly rotating OH products. An increase in the
O + H, collision energy corresponds in this picture to an
excitation of an even higher bending vibration. In that case,
the energy will be transferred faster to the asymmetrical
stretch mode and less time is left for an energy randomiza-
tion. The reaction will be more direct and this very energy-
rich H, O molecule “lives” fewer vibrational periods than
the collision complex formed by translationally slow educts.
As a consequence, we predict a forward-backward asymme-
try in an angle-resolved scattering experiment when OH
products in high rotational states are generated at high colli-
sion energies.

A crucial feature is the OH vibrational state distribu-
tion, for reasons mentioned in previous sections and for com-
parison with theoretical calculations. From the papers
quoted above where vibrational state distributions were cal-
culated values for P(v =4)/P(v = 3) between 1.0 and 0.1
can be extracted. We have to concede that the presumed
collision energies do not match exactly the conditions of our
experiment, but the differences are large.

Schinke and Lester?’” calculated in addition to the OH
vibrational state distribution for the H, reactant in v =0,
that one for H, in v = 1. They predict a change in the popu-
lation ratio from P(v =4)/P(v = 3) = 0.63 to 1.35 when
vibrationally excited H, is used for the reaction. Berg et al.
obtained in a semiclassical trajectory study a ratio of
P(v=4)/P(v=13) =0.34 for H, (v =0) + O('D) which
increased by almost a factor of 3 when hydrogen was excited
to the v = 4 state.>* Our experimental results show the same
tendency. We observed a ~15% higher population in
OH(v" = 4) when vibrationally excited hydrogen was used
in the reaction. Repeatedly, it should be mentioned that the
SRP efficiency for the conversion of H, (v =0) tov=11s
not higher than 209%. Thus, the population ratio
P(v=4)/P(v = 3) should increase by 70% when H, is vi-
brationally excited. The H, vibrational excitation does not
show a strong effect on the OH product rotational state dis-
tribution (Fig. 4). However, the general trend seems to be a
slight decrease of the OH rotational excitation. Low rota-
tional, and high vibrational excitation of the OH product is
expected for an abstraction path but not for an insertion
reaction. Thus, there seems to be a change in the reaction
dynamics when vibrationally excited H, is used as reactant.

Perhaps “head-on” collisions become more favorite and
contribute additionally to the OH product rotations. This
speculation is supported by the trajectory study of Berg ez
al,** where the only energetic effect for the H, (v
= 0) 4+ O('D) reaction is a reorientation of the reaction
system toward a C,, geometry. However, the
H, (v = 4) + O('D) surface is found to be attractive for all
orientations and the attraction extends further for the collin-
ear than for the perpendicular, C,,, configuration.

In summary, the reaction of O('D) with H, (v =0) is
governed by an insertion process. The collision energy is sig-
nificantly transferred into product rotation, and, thus, the
product rotation becomes more and more dynamically con-
trolled. Excitation of the H, vibration causes a probability
for the generation of vibrationally excited OH product mole-
cules.
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