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Hydrogen peroxide has been optically excited at a wavelength of 266 nm and the OH
photofragment completely characterized by Doppler and polarization spectroscopy using the
laser-induced fluorescence technique. The entire internal state distribution (vibration, rotation,
spin, and A components), translational energy, angular distribution, rotational alignment, and
vector correlations between rotational and translation motions of OH products is measured.
The hydroxyl radicals are formed in the X *I1;,,,,, ground state with 90% of the available
energy (248 kJ/mol) being released as OH recoil translation. The angular distribution is
nearly a sin? @ distribution about the electric vector of the photolysis laser. The internal motion
of OH is vibrationally cold (no vibrationally excited OH was found) while the rotational
excitation in v” = 0 can be described by a Boltzmann distribution with a temperature
parameter of T, = (1530 + 150) K. The two spin states are found to be populated nearly
statistically, in contrast to the A components which show an increasing inversion with
increasing OH rotation. The observed profiles of recoil Doppler broadened spectral lines are
strongly dependent on the nature of the transition, the excitation—detection geometry, and the
relative polarizations of the dissociating and analyzing laser light. However, the line intensities
show only a minor dependence on geometry and polarization indicating a low alignment of OH
photofragments (4 {¥’<0.1). For the first time the vector correlation between product
rotational and translational motions was analyzed and evaluated in terms of the three bipolar
moments 3 2 (20), B 5(22), and B 2 (22). The bipolar moment 3 2 (20) corresponds to the
conventionally defined anisotropy parameter 8 = 28 2(20) = — 0.71. The angular
distribution peaks in the direction perpendicular to the electric vector of the dissociating laser
light, indicating the predominant electronic excited state in H,O, being of '4 symmetry. The
moment 8 3 (22) increases with J o showing a bias towards voy and Joy being parallel to one
another. The moment B 2 (22) is a measure of the mutual correlation of the fragment
translational and rotational vectors and the transition dipole vector p in the parent molecule.
The positive value of this moment [8 (22) = 0.11] indicates that the expectation value of
(J2) should be very small when p is parallel to the z axis and v perpendicular to p (x axis).
(J %) originates in the torsional motion in the H,O, parent molecule, while (J2) reflects the
bending vibration of nearly planar H,O, where the H atoms are in the trans position.

I. INTRODUCTION

The fascinating aspect of photodissociation dynamics is
the possibility of studying a primary chemical event, where
the molecule can be optically prepared in a relatively narrow
distribution of parent excited states. The products can be
analyzed in detail similar to studies concerning reaction dy-
namics. A complete characterization of the photodissocia-
tion dynamics involves not only the knowledge of nascent
internal state distributions and translational energy of the
fragments, but also the knowledge of product angular distri-
butions, correlation of the rotational motion of the product
with the alignment of the parent molecule, dependence of the
photofragment rotation on its translational motion, and cor-
relation between the transition dipole moment in the parent
and the translational and rotational motions of the product.

Laser-induced fluorescence (LIF) or (resonance en-
hanced) multiphoton ionization are common methods to
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measure the internal state distribution of photofragments
under collision free conditions.! The domain of mass spec-
troscopy combined with time-of-flight measurements is the
analysis of product angular distributions in a molecular
beam.?® But the low resolution of these experiments does
not permit a detailed analysis for state selected product
quantum states. Recently, Doppler spectroscopy using LIF
has been applied to study the velocity distribution and rota-
tional alignment of fragments in bulk and molecular beam
experiments.”~'? Dubs ef al. have measured the correlation
between the rotational alignment and the direction of recoil
of NO photoproducts in the dissociation of dimethylnitrosa-
mine."! Some features of polarization Doppler spectroscopy
in order to elucidate v—J correlation in molecular photodis-
sociation were presented recently by Hall ef al.!®> The auth-
ors treat in their preliminary analysis variations of Doppler
profiles in the special case of the Q(59) and P(59) rotational
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transitions of CO from photodissociated OCS at 222 nm.

The single photon photolysis of H,O, at 248 and 193 nm
shows no generation of electronically excited OH and both
fragments are formed in the X °I1;,,,,, ground state. The
available energy is mostly transferred into fragment recoil**
and only a small part can be found in OH product rotation.

At excitation wavelengths below 172.2 nm electronical-
ly excited hydroxyl radicals could be identified at their char-
acteristic OH(A 2=—X °I1) resonant transitions.'® Golzen-
leuchter et al. observed that most of the released energy is
transferred into OH rotation when hydrogen peroxide is ex-
cited at 157 nm."® It was demonstrated that in a two-photon
process at 193 nm OH photofragments are also formed in the
A *Z state,!”'®

In a previous work'® we investigated the nascent trans-
lational and anisotropic angular distribution of recoiling OH
photofragments and obtained information about lifetime
and symmetry of the excited dissociative state. The angular
distribution measured by Doppler spectroscopy peaks in the
direction perpendicular to the electric vector of the dissoci-
ating laser light. The predominant electronic excited state
(at 266 nm) in hydrogen peroxide was found to be of '4
symmetry. The excited H,O, parent molecule has a lifetime
of less than 60 fs.

The present paper reports on a detailed investigation of
the one photon excitation and dissociation of hydrogen per-
oxide at 266 nm,

H,0,(X '4) + hv(A = 266 nm)
—H,0,(4 '4)—~OH(?II) + OH(?II), (1)

which gives OH products in the electronic ground state ex-
clusively. Not only the entire internal state distribution
could be determined, including such fine effects as A and
spin-doubling, but also the translational motion and molecu-
lar alignment were detected. The most important aspect of
this experiment, however, is related to an evaluation of the
observed Doppler profiles of recoiling OH photofragments
which reflects the anisotropic character of the dissociation
process (1). In this paper we analyze in detail vector correla-
tions between the rotational and translational motion of the
OH product and the transition dipole of the H,0, parent
molecule. This type of study of isolated fragment states em-
ploying a polarized probe laser with sub-Doppler resolution
gives a deep insight into scalar and vectorial properties of
reaction processes.

il. EXPERIMENTAL

The experimental arrangement has been described pre-
viously'® in connection with our earlier measurements of
OH Doppler line shapes in the 266 nm photolysis of hydro-
gen peroxide. The only significant modification in the addi-
tional analysis of nascent distributions of OH fragments over
the various rotational and fine structure states was the
broadband operation of the probe laser. Briefly, the 266 nm
photodissociating light stemmed from the frequency qua-
drupled output of a Nd:YAG laser (Spectron, SL2Q), that
delivered 12 ns pulses of typically 12 mJ at a repetition rate of
12.5 Hz. Prior to entering slightly focused the cubic alumi-
num chamber through a baffled arm, the horizontally polar-

ized photolysis beam passed through a rotatable half-wave
retardation plate giving the possibility to turn the plane of
the electric vector E, by 90°.

The required tunable laser radiation for resonant excita-
tion of OH was provided by a frequency doubled dye laser
(Lambda Physik, FL 2002 E, Rhodamin 101 in methanol;
Inrad autotracking unit), which was pumped after an opti-
cal delay of 17 ns by the second harmonic of the same
Nd:YAG laser. Saturation as a fundamental source of error
in LIF detection was avoided by attenuating the dye laser
output to energies less than 1 1J per pulse, which was experi-
mentally confirmed by the linear dependence of the fluores-
cence signal on the probe laser energy. The analyzing beam
was used unfocused but collimated by baffles to a diameter of
3 mm. For distribution measurements in the range of 306—
312 nm, i.e., the R and Q branches of the (0,0) band in the
OH(X *I1->4 *2*) transition, the dye laser was used in
broadband operation (0.50 cm~! FWHM). On the con-
trary, analysis of Doppler line shapes took place with a band-
width narrowed laser (0.11 cm ™' FWHM) applying a step-
ping motor tuned intracavity etalon.

The dye laser was carefully adjusted to overlap with the
photodissociating laser beam in the middle of the cell. Ex-
periments were performed under both the counterpropagat-
ed coaxially probed geometry and the mutually orthogonal
geometry. The latter arrangement yielded a considerably
weaker fluorescence signal in comparison to the former one
due to the much smaller interaction area. The eight possible
configurations originating from the various beam and polar-
ization directions are shown in Fig. 1: E, is always drawn
parallel to the z axis; designation as H or V means horizontal
or vertical polarization of the photolysis (subscript p), re-
spectively, analyzing laser (subscript ). A prime indicates
experimentation under mutually orthogonal geometry.

LIF was viewed at right angles to the plane formed by
the two beams with a photomultiplier tube (Hamamatsu, R
955; 1.2 kV) equipped with an imaging optics and an inter-
ference filter (310 & 10 nm). The PMT voltage was mea-
sured and averaged with a PAR 162/165 boxcar integrator
connected to a computer, which controlled the experiment
and normalized the signal to the photolysis and probe laser
energies for individual laser shots.

To guarantee for comparable experimental conditions
from one photolysis shot to the other H,0, (90% ) was kept
flowing rapidly through the cell at a pressure of typically 100
mTorr.

The detected OH absorption spectrum from dissociated
H,0, at 266 nm was analyzed on basis of the classic work of
Dieke and Crosswhite (DC),?° whereas the spectroscopic
line assignments followed Herzberg’s notation.?' The latter
notation with its generalized symbol " AJy, , is useful to
demonstrate in cases of satellite lines, stemming from viola-
tion of the AN = 0, + 1 selection rule of Hund’s case (b), to
which main branch in terms of the other rule AJ =0, +1
these transitions really belong. This knowledge facilitates
the understanding for different behavior of main and satel-
lite transitions of the same branch according to DC’s nota-
tion as is observed in line shape measurements (vide infra).
For example, a P,, satellite really belongs to the Q branch.
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FIG. 1. Characterization of the six different photolysis—analysis detection
geometries (I-VI) which were used to determine the population distribu-
tion and Doppler profiles of OH products formed by the photolysis of H,0,
at 266 nm. Horizontal or vertical polarization of each beam is designated as
H or V; a prime indicates the mutually orthogonal geometry. The undis-
persed laser-induced fluorescence light was detected always perpendicular
to the propagation direction of both laser beams. Detection optics and pho-
tomultiplier accepted all polarizations equally.

The relations between both notations concerning OH satel-
lite lines are as follows: 0,37 R,,, 0, P, R, 1" Qs
521" Ray, P1os” @iz 0125° Py

Il. ALIGNMENT AND POPULATION DISTRIBUTION OF
OH PHOTOPRODUCTS

The OH photofragment distribution in the v” = 0 level
is probed by excitation of the X *II(v" = 0)—4 22 (v’ =0)
band. Figure 2 shows a scan of this band for the OH products
generated by the photolysis of H,0, at 266 nm. The internal
state distributions are not directly deducible from these ob-
served line intensities. First we have to consider fluctuations
in the output power of the dissociating Nd:YAG laser and
the analyzing dye laser by normalizing the observed fluores-
cence light with respect to these pump and probe intensities.
Then the OH fragments may be aligned resulting in, for ex-
ample, a preferred detection of the Q branch at the expense
of the Pand R transitions. Thus one has to take into account
the effects of Joy alignment to deduce reliable product state
populations.

A. OH fragment alignment

The rotational anisotropy of photoproducts can be de-
termined by measuring the relative line intensities at differ-
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FIG. 2. Excitation spectrum of OH(X *I1) photofragments generated by
the photolysis of H,0, at 266 nm, the wavelength of the fourth harmonic of
the Nd:YAG laser. This spectrum has been normalized with respect to the
analyzing dye and the dissociating Nd:YAG laser light. Experimental con-
ditions at geometry III (see Fig. 1) were: P,,, = 100 mTorr, 17 ns time
delay between the two laser pulses.

ent geometries and polarizations of an exciting dye laser
beam.®~'!3 Theoretical derivations have been developed
which describe the correlation of the rotation with the align-
ment of the parent molecule transition moment.?2-2?

General expressions were obtained for the intensity J of
polarized light is emitted in any direction following an arbi-
trary excitation process. The intensity / is expressed in terms
of simple geometrical factors and dynamical parameters
(A4 §) corresponding to multipole expansion terms of the
total angular momentum density matrix. Greene and Zare
have given a general formula for the dependence of the LIF
intensity on the incident and emitted light directions and
polarizations for axially symmetric systems [ Eq. (1) in Ref.
25].

In the case of photodissociation with linearly polarized
light the density matrix has only two nonzero moments.
These are the monopole moment 4 ¥ = 1 and the quadru-
pole moment A {*’, which is 4 §» = 0 for J = 0,1/2; and lies
between the limits

—<A4V<+4 (2)

for high J. The limiting cases of 4 ¥’ = —2and4 ¥ = +14
correspond, respectively, to the limiting cases of fragment
rotation perpendicular, and parallel, to the parent molecule
transition dipole.

The alignment parameter 4 $* can be obtained by evalu-
ating the ratio of the intensities for different geometries. The
Q branches are the most sensitive to a change in the experi-
mental photolysis probe between geometries III and IV.
Such an analysis would require a careful adjustment of the
two laser beams because variations in the line intensities at
different geometries will be interpreted as alignment of the
OH photofragment. Therefore, we used an alternative pro-
cedure to determine the alignment parameter.

The A §?(J) can be calculated forming the ratio of the
intensities of main, I, and accompanying satellite line, 7,
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originating from the same lower level. In a single geometry
their relative intensities directly yield the value of 4 {*> and
its possible J o dependence. We exclude influence of satura-
tion by using the overall ratio of 1,,, /I, (III) for geometry II1
to I, /1, (IV) for geometry IV to determine the parameter
A §? as a function of OH rotation. The values obtained are
shown graphically in Fig. 3. The OH fragment shows only a
slight alignment in the present photodissociation processs of
H,0,. The largest values of 4 §* were found to be 0.1; far
from the limiting value of 4 {’ (max) = $ for J parallel to p.
At higher OH rotations (N oy > 8) 4 {2 seems to decrease
again. The large error bars relative to the small values of the
alignment parameter—a consequence of uncertainties in
small differences between large numbers—do not permit to
draw very detailed conclusions from these experimental
findings.

For calculating populations of the internal state distri-
butions including the correction with regard to OH align-
ment the following equation was applied using the arithme-
tic mean of 4 §¥ = 0.075:

P()~I/[Blay+aA$)]. (3)

The transition probabilities B as well as the energy levels
of OH radicals were taken from the literature.’®?® The pa-
rameters a, and a, depend on the excitation—detection geom-
etry and the angular momentum coupling, described in Sec.
IV A.

Although the OH photodissociation products exhibit
only a minor correlation between angular momentum and
dissociation polarization direction, the recoil velocity and
rotational motion of the fragments are strongly correlated.
This correlation does not alter the integrated line intensities
but the shape of Doppler profiles varies strongly when differ-
ent detection geometries or branches are used in probing the
OH fragment. An analysis of the inter-relation of transla-
tional and rotational motions of photoproducts will be ac-
complished in Sec. IV.

(02)

~0 o =~

AF o

(k) _ &
o "5B

A

N

FIG. 3. The alignment parameter A4 {2 vs the angular momentum N, of
the OH photofragment. No distinction had been made between the *I1;,
and ?I1, ,, spin systems. The dashed line results from a calculation on basis
of a semiclassical dynamical model (see Sec. V C).

OH
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B. OH rotational distribution

The rotational state distribution of the v” = 0 vibration-
allevel of OH was analyzed by fitted the data to a Boltzmann
distribution

P(J)~(2J+ exp( — E, hc/kT ). (4)

Ifaplotofln [P(J)/(2J + 1)] vs E,,, can be represented by
a straight line, then the distribution is Boltzmannian and is
characterized by a single parameter 7,,, the “rotational
temperature.” Such a plot is shown in Fig. 4 for both the
*[1,,, and the I1, ,, spin system. The distribution observed
can obviously be described by a straight line with a rotational
temperature parameter of 7., = (1530 4+ 150) K.

Such a Boltzmann distribution cannot be expected a
priori, because a selective photofragmentation process
should provide a nonstatistical distribution. However, many
chemical reactions and photodissociation processes yield
products which show a Boltzmann distribution of the rota-
tional states.?® For the lowest vibrational level of the parent
molecule the wave function is a Gaussian function of dis-
placement coordinates. If there is no mechanism which se-
lectively populates rotational states, then this Gaussian dis-
tribution of parent vibrational momentum is transformed
into a Gaussian diatomic fragment rotational distribution
characterized by a rotational temperature parameter.

C. OH vibrational distribution

We attempted to observe transitions in the
X2 (v” = 1)—4 %3 (v = 1) band around 312 nm in order
to determine the vibrational excitation of OH photofrag-
ment. However, no absorption lines could be assigned origi-
nating from vibrationally excited levels. From the noise and
the OH transitions belonging to vibrationless levels in the
X 211 state we determined an upper limit for OH products
formed in v” = 1. According to this procedure less than 2%
of all OH fragments are vibrationally excited; an insignifi-
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FIG. 4 OH rotational state populations P(J) of the *I, , levels (squares)
and of the ’I1, ,, levels (triangles) after dissociation of H,0, at 266 nm. The
rotational distribution is Boltzmannian characterized by a temperature pa-
rameter of T, = 1530 K.
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cant amount in the overall mechanism of the photodissocia-
tion process of hydrogen peroxide at 266 nm.

D. Energy partitioning

The total excess energy E,, which is available for the
OH (X IT) photofragments is determined by the binding en-
ergy E; = 17300 cm ™" (A ypregnoia = 578 nm),>! the photon
energy (hAv =37 600 cm ™', A = 266 nm), and the initial in-
ternal energy E;, (H,0,) of the H,0, parent molecule

Eav =hV+Em (H202) —Ed‘ (5)

H,0, is at thermal equilibrium at a temperature of T = 300
K.

Most of the vibrational energy of hydrogen peroxide ori-
ginates from the v, torsional mode (see Fig. 10). This mode
contributes 85 cm ™' to E;,, (H,0,) while all other vibration-
al modes add only 15 cm ™! to the internal energy of H,0,.
Thus we get for the internal excitation

Ein (HZOZ) == Evib (H202) + Erot (H202) 5400 Cm_]
(6)
and the total energy available for excitation of the two OH
products is therefore

E,, =20700cm™".

This energy is not sufficient to produce electronically
excited OH fragments in the 4 %X state and in fact no 4—X
emission is observed. The fraction of this available energy
partitioned into the various degrees of freedom is defined as

-frot = <Erot )/Eav; f;'ib = (Evib >/Eav!

f;nms = <Etrans )/Eav =1- frot - fvib’

where the last equation is a consequence of conservation of
energy. However, we also determined the translational ener-
gy by measuring the Doppler shift of recoiling OH photo-
fragments.’ From this observation we found that
(20 000 + 1000) cm ™~ is released as translational energy of
the products corresponding to an OH recoil velocity of 3700
m/s.

The fact that most of the available energy is transferred
into product translation is confirmed by the measurements
concerning the internal excitation of OH fragment. Al-
though, in principle, vibrational levels up to v” = 6 can be
populated, no vibrationally excited products could be found.

The rotational distribution is Boltzmannian and can be
described by the temperature parameter 7,,, = 1530 K cor-
responding to an energy of 1060 cm ™' for each OH frag-
ment. Thus about 90% of the available energy is transferred
into translational energy and less than 0.2% is converted
into vibrational energy of the radicals. Consequently, the
velocity distribution of recoiling OH photofragments must
be quite narrow.

(D

E. Spin distribution

The influence of the electron spin in the photodissocia-
tion of H,0, has been determined by calculating the ratio of
population numbers which represents the *Il;,, state to
those belonging to the *I1,,, state. A plot of this ratio with
appropriate statistical weights vs N oy is shown in Fig. 5. A
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FIG. 5. Distribution of the spin components after photodissociation of hy-
drogen peroxide. Shown is the ratio of spin populations multiplied by the
statistical weight as a function of N &;;. The horizontal line at a value of
unity indicates statistical distribution.

statistical distribution of the spin components would corre-
spond to a straight line parallel to the abscissa with the inter-
cept at y = 1. As can be seen from Fig. 5 no significant devi-
ation from this line can be observed. Therefore, the
dissociation process does not distinguish between the two
spin-orbit states and the population is distributed statistical-
ly between the two spin components.

It should be mentioned that a rotational temperature
distribution is not consistent with a complete statistical po-
pulation of the two spin states. The I1, ,, state lies at higher
energies and consequently any rotational distribution which
can be described by a positive temperature parameter will
favor the 21, system.

F. Population of the A doublets

The fluorescence intensities of the Q and R branches
were used to determine the A doublet state distribution of
OH photoproduct. The origin of the Q lines is the upper A
component (II™) while the lower A component (IT*) is
represented by the R lines. (The energetic ordering is re-
versed in the ?I1,,, levels for N<4, for which IT1~ lies below
In+.)

Figure 6 shows the observed values of the ratio of the
relative A doublet population [(II7) — (II*)]/
(IT7) + (IT*)] as a function of the angular momentum
J on - A statistical population between the two A components
would be represented by a parallel line to the abscissa. A
negative value would indicate a preference for the I[1* (£, ) A
state. We observe a positive value of (Q — R)/(Q + R) in-
dicating a small preferential population of the I~ (f;) A
doublet of OH.

This population inversion increases slightly with in-
creasing J oy . However, even at high J oy, the preferential
population of the II™ state is well below the value found in
the photodissociation of H,O at 157 nm® and the single oc-
cupied pr lobe does not show the maximum possible align-
ment.
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FIG. 6. Product state distribution between the two A doublets IT* and [T~

which were probed by R and Q transitions, respectively. Plotted is the ratio
(@ — R)/(Q + R) as afunction of J & . The observed small positive value

indicates a preferential population of the upper A component.

IV. PHOTOFRAGMENT DOPPLER PROFILES

The transition moment of a photoselected parent mole-
cule is preferentially aligned parallel to the electric field vec-
tor of the exciting polarized laser radiation. This anisotropy
will be carried over to the photofragment motions, if the
ejection of products is fast compared with the internal mo-
tions of the parent.

If the dissociation process is slow with respect to parent
rotation during fragmentation the tangential velocity of the
fragments during rotation may be comparable with the re-
coil velocity and influences the velocity of the products. Fur-
thermore, if the dissociation is not instantaneous the aniso-
tropic character of the dissociation process will be
influenced by the ratio of the lifetime 7 of the excited H,O,
parent to its rotational period.'®?**

In the case of photodissociation of H,0, at 266 nm the
recoil velocity is very fast compared to H,0, rotation and
the dissociation process is sufficiently prompt not to influ-
ence strongly the anisotropic distribution of OH products.
Thus the translational recoil and rotational anisotropy of the
products will reflect the dynamical behavior of the photose-
lected H,O, parent.

With narrow bandwidth tunable lasers and use of the
sensitive laser-induced fluorescence technique the Doppler
profiles of single quantum states can be probed. Using var-
ious polarization schemes for dissociations and probe lasers,
these experiments can provide the three dimensional recoil
velocity distribution of specific fragment states.”> If the
product is electronically excited then the rotational anisotro-
py can be determined from the polarization of the chemilu-
minescence.?>?**¢ For products formed in the electronic
ground state, laser-induced fluorescence is used to deter-
mine rotational anisotropy by measuring relative intensities
as a function of detection geometry and polarization of the
analyzing laser beam.>'%** Theories, which can be used to
obtain the distribution of angular momentum from these po-

larization experiments, have been developed in different pa-
pers 22,25-27,33

Gericke ot al. : H,0O, photodissociation

However, these theoretical derivations describe only the
correlation of the rotation with the alignment of the parent
molecule transition moment or the correlation of the transla-
tional motion of the product with alignment. The correlation
of rotational and translational motions with one another has
been analyzed by Dixon.?” This aspect of anisotropy is de-
fined by the values of a number of bipolar moments of the
translational and rotational angular distributions. These
moments reflect the dynamics of the dissociation process
and allow a deeper insight into the understanding of photo-
dissociation mechanisms. The theory of Dixon contains de-
tailed equations which show that the profile of a recoil
Doppler broadened line of a fragment will depend on the
polarization of the photolyzing and analyzing laser beams,
the detection geometry, and the transition which is used for
probing the photoproducts. In the following this formula-
tion will be adopted and our intention is to show how these
equations can be used to determine the bipolar moments and
how their measurement provides detailed information about
the reaction dynamics.

A. Analysis of Doppler broadened lines

The photofragments are probed with narrow bandwidth
lasers. In sub-Doppler spectroscopy using LIF, the frequen-
cy which will be “seen” by the ejected product is shifted by
the projection of its recoil velocity v onto the selected direc-
tion of the analyzing laser beam at angle 8. First we intro-
duce x, as the ratio of the displacement from line center
(v — vg) to the maximum Doppler shift Av, = v/c,

v —

(8)

o Av,
The range of x, is limited from — 1to + 1. The moments
A (¥ of the rotational distribution are expressed as functions
of the relative Doppler shift x,,, and the generalized equa-
tion for a Doppler resolved spectral line is given by [see Eq.
(19) in Ref. 37 and Eq. (1) in Ref. 25]

I(xp,0) =CN,S % Axp,0)€ Ky k, k,q;00)

kd,k,,yk, q

x?’;c,,kak(-’ir]e’]f)- 9)

The quantities €’ and 7’ are excitation—detection geometrical
factors and angular momentum factors, respectively. &V, is
the population of the initial state, S is the product of excita-
tion (i—e) and emission (e—f ) line strengths. The depen-
dence of 4 {* on x,, and 6 is given in Table I of Ref. 37.

Inserting these functions into Eq. (9) the expression for
the line profiles becomes inconveniently large. But in each
case the line shape function can be written as

gxp)
_ 1
2Av,

[gO + 8P (xp) + 8P4 (xp) +36P6(XD)].

(10)
Thus the line profiles have contributions from even Le-
gendre polynomials up to the sixth order. However, one
would expect a minor influence of the P,(x,) and Pg(xp)
terms on the observed line profiles. Indeed, calculated line
profiles show that terms higher than P,(x, ) can easily be
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missed in an experimental run, because of their negligible contribution. The intensity /(x,8) is then given by
I/CN,S = a,[1+{28%(20)}P,(0)P,(xp)] +a, [g"ﬁ%(OZ) +{285(22) —§83(22)}P,(6)P5(xp) ]
+ ‘12{§Bg (22) + § B (22)}H1 — P,(9)1Py(xp) + a3{§ﬁ(2) (24)P2(0)}P2(x1))

+a4{§21 33(24)[1 -—PZ(G)]}Pz(XD) + o

with P,(xp) = 1(3x% — 1) and P,(8) =4(3 cos? § — 1).
The parameters a; can be calculated from the excita-
tion—detection geometry factors €' and the angular momen-
tum coupling factors ¥’
As can be seen from Egs. (10) and (11) the g, and g,
terms are a linear combination of bipolar moments 3 §,

8o ="bo + b,83(02),

g =b,2(20) + b, 85(22) + b, 85(22) + bs B3 (24),
(12)

where the multipliers b, of the bipolar moments are a linear
combination of the parameters a; in Eq. (11).

We used eight excitation—detection geometries for LIF
analysis of the OH photofragment as described in the experi-
mental section of this paper (Fig. 1). The undispersed flu-
orescence was always detected at right angles to the propaga-
tion direction of both the photolyzing and analyzing laser
beams. Since no polarizer for the detected fluorescence light
was used we have to take the mean of two of the cases as

(11)

=

defined in Table III of Ref. 37. Then we get the six different
geometries (I-VI)

LH,H, =l(case 1 4 case2),
IL V,,H,;V,,H, =}(case 11 + case 12),
IIl. H,,V, = l(case 3 + case4),
IV.V,,V,;V,.V,=4(case 9 + case 10),
V.H,H, = i(case 7 + case8),
VI. H;,,Va =l(case 5 4 case 6).

(13)

In cases I-IV the angle 8 is 7/2 and otherwise 8 = 0.

In Table I the numerical values of the multipliers &, to bs
of the bipolar moments B §* are listed for the six different
geometries I-VI and selected transitions. The fact of observ-
ing undispersed fluorescence and depolarization by hyper-
fine precession has been taken into account. The multiplier
b, in Table I is always one order of magnitude smaller than
bs—b, and consequently the influence of the corresponding
moment on the observed line profiles will be negligibly small.
Therefore, we did not attempt to determine this moment.

TABLE 1. Examples of the multipliers b, to b, of the bipolar moments for the six geometries I-VI used in Egs.

(12) and (16).

1 II 111 v A VI

Pi(2) 0.9937 0.9937 1.0126 1.0126 0.9937 1.0126
or —0.5703 0.2498 0.3047 —0.6095 0.3204 0.3047
°Py(3) —0.9937 —0.9937 — 1.0126 — 1.0126 1.9874 2.0251
0.8011 0.8011 0.7619 0.7619 0.8011 0.7619

—0.3569 0.8147 0.8707 —0.4353 —0.4578 —0.4353

—0.0052 — 0.0052 0.0105 —0.0418 0.0105 0.0314

0,(4) 1.0460 1.0460 0.9081 0.9081 1.0460 0.9081
or 0.8182 —0.4273 —0.3098 0.6197 — 0.3909 —0.3098
20,,(5) — 1.0460 — 1.0460 —0.9081 — 0.9081 2.0919 1.8161
—0.9771 —0.9771 —0.7746 —0.7746 —0.9771 —0.7746

0.6104 — 1.1688 —0.8852 0.4426 0.5584 0.4426

0.0070 0.0070 —0.0139 0.0557 —0.0139 —0.0418

Py(5) 0.9848 0.9848 1.0305 1.0305 0.9848 1.0305
or —0.4888 0.1684 0.2867 —0.5733 0.3204 0.2867
7P, (4) —0.9848 —0.9848 — 1.0305 — 1.0305 1.9695 2.0610
0.8011 0.8011 0.7166 0.7166 0.8011 0.7166

—0.2406 0.6984 0.8190 —0.4095 —0.4578 — 0.4095

— 0.0073 —0.0073 0.0145 —0.0581 0.0145 0.0436

2,(10) 1.0494 1.0494 0.9013 0.9013 1.0494 0.9013
or 0.8663 —0.4623 0.3188 0.6377 — 0.4040 —0.3188
Q5 (11) — 1.0494 — 1.0494 —0.9013 —0.9013 2.0987 1.8026
— 1.0099 — 1.0099 —0.7971 —0.7971 — 1.0099 —0.7971

0.6605 — 1.2376 —0.9109 0.4555 0.5771 0.4555

0.0087 0.0087 —0.0175 0.0700 —0.0175 —0.0525

Py(11) 0.9786 0.9786 1.0427 1.0427 0.9786 1.0427
or —0.4196 0.1162 0.2618 —0.5236 0.3034 0.2618
P,,(10) —0.9786 —0.9786 — 1.0427 — 1.0427 1.9573 2.0855
0.7586 0.7586 0.6545 0.6546 0.7586 0.6545

— 0.1660 0.5995 0.7481 —0.3740 —0.4335 —0.3740

— 0.0061 — 0.0061 0.0122 — 0.0489 0.0122 0.0367
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The best method for the analysis of the moment 8 §¥ is
to fit the observed Doppler profiles to the function

1
glxp)~ 2A

[14B.5P,(0)Py(xp)] (14)

Vb

with suitable convolution of the laser bandwidth and H,0,

parent molecule translational motion. (For details see Klee

et al.'®) The experimental values for S, which were ob-

tained for different geometries and different branches have

to be compared with the function
g(xD)~—g°—[1+ &PZ(x,,)]. (15)

2Av,, 2o
Thus for each branch we get six equations to determine the
bipolar moments

B = [6:85(20) + b3 85(22) + b,85(22) /8, P,(6).
(16)

In the case of negligible alignment of photoproducts, Eq.
(16) simplifies to

I-IV: Boe =2B5(20) — 2(b3/bo)BS (22)

— 2(by/bo)B5(22),
V-VL: Bz =28 5(20) + (bs/by)B5(22)

+ (b4/b0),3(2)(22)- (17)

Alignment of the fragments shows only an indirect influence

on the line profile. The integral of the line profile depends

only on g, and all terms in Eq. (11) within the brackets { }
vanish

fIdv/CN,.S=a0+al§ﬁf)(02). (18)

As can be seen from this equation the moment 3 2 (02) is

proportional to the usually defined alignment parameter
AP,

AP =4B5(02). (19)

Therefore, we chose the most reliable method to obtain this
simple alignment moment 8 § (02) by determining the inte-
grated intensity ratios for lines in different geometries and
branches. Then these values of B 3(02) are used to deter-
mine the g, factor in Egs. (15) and (16).

B. Evaluation of the bipolar moments
B3(20), B3(22), B3(22)

We observed more than 200 Doppler profiles from
which detailed information concerning the correlation of
translational and rotational motion of the products were ex-
tracted. Up to six different geometries were chosen to deter-
mine the bipolar moments and their dependence on rotation
of the photofragment. As an example the recoil-Doppler
broadened line profiles for the Q,(4) and ?P,,(4) transi-
tions are shown in Fig. 7. Doppler profiles were fitted in a
least square fit procedure to the function (14) with a Gaus-
sian convolution function of AV = 0.13 cm ™! (FWHM)."

The Q, (4) Doppler broadened line shows a dip at geom-
etry IV which becomes more flat at geometry III while the
dip of the corresponding satellite line increases. At geometry
VI the profiles look completely different, because in this case

Gericke ! al. : H,0, photodissociation
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FIG. 7. High resolution excitation spectra in the region around the Q,(4)
and ?P,, (4) transitions for the three geometries III, IV, VI defined in Fig. 1.

most photofragments exhibit a velocity component which is
nearly zero in the direction of the analyzing laser beam. Ta-
ble II contains the measured value of 8.4 (expt) for the six
geometries. The strongest variation of .4 is observed for
geometry II or IIT when transitions of different branches,
e.g., 0,(4) and ? P,,(4), are used for the analysis. Also in-
duced in Table II are the multipliers b, /g,P,(cos ) which
were used to determine the bipolar moments
BL(20),85(22), B 2(22) in a least square fit procedure to
Eq. (16).

The factor g, was calculated via Eq. (12) with the align-
ment moment B 2 (02) = 0.094. But it should be mentioned
that the influence of B 2 (02) on the evaluation of the other
bipolar moments is not of importance in the photodissocia-
tion of H,0, at 266 nm. This would be different in photofrag-
mentation processes where strongly aligned products are
formed.'!

As can be seen from Table II the calculated 3.4 values
are in very good agreement with the experimental ones and
the three bipolar moments S 2 (20), 8 §(22), and 8 3 (22)
are sufficient to describe the 12 observed Doppler broadened
line profiles.
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TABLE II. Effective anisotropy parameter B, observed in the experiment and calculated using the listed
multipliers for the Q,(4) main line and the accompanying ? P,, (4) satellite line.

Multipliers of 8 2(20), 83(22), 823(22) B

Line Geom b,/x by/x by/x Expt Calc

Q4 1 1.8630 1.7403 —1.0872 —078 —0.78
I 2.0799 1.9429 2.3240 —-040 —0.36
m 2.0663 1.7625 2.0142 —041 —041
v 1.8794 1.6031 —0.9160 —-072 -077
v 20727 —0.9681 0.5533 —0.65 —0.76
VI 2.0661 —0.8812 0.5035 —-076 —0.76

TP,.(4) 1 2.0979 — 1.7066 0.5125 -082 —0.81
I 1.9684 —1.6012 — 1.3959 —-102 —1.03
41 1.9490 —~1.3553 — 1.5490 —-109 103
v 2.1104 — 14675 0.8386 —-079 —0.76
v 1.9406 0.7893 —0.4511 —080 —0.76
VI 1.9490 0.6777 —0.3873 —-075 —0.76

x = gy Py(cos 6); B 2(02) = 0.094

There are very close similarities between the line profiles
for pairs of different geometries. This is because the multipli-
ers b; have approximately equal values; I=IV, II=IIl,
V = VL. The easiest experimental setup to realize these differ-
ent geometries is a perpendicular arrangement between pho-
tolyzing and analyzing laser beam. On the other hand, the
total fluorescence signal will be stronger if a counterpropa-
gating configuration is chosen. The cases V and VI are also
fairly insensitive geometries for measuring the bipolar mo-
ments, because of the low values of the multipliers b,/x and
b,/x (Table II).

To measure the moment B 3 (22), geometries III and IV
or I and II should be chosen, because b, changes its sign.
Since b, changes also its sign when different branches, Q and
Por Qand R, are used for LIF excitation a strong change in
the observed Doppler profiles between main and satellite
lines can also be expected.

We determined the rotational dependence of the bipolar
moments by measuring the recoil Doppler broadened line
profiles for different OH rotational states. With increasing
N on the dip in the line profiles decreases for @ transitions
with geometries II-III. Above N oy = 7 the line shape pa-
rameter S,z becomes positive. The highest OH rotational
state we could use for an evaluation of the bipolar moments
is Nou = 10. The line profile of the Q,(10) transition is
shown in Fig. 8. At higher N o, it becomes more and more
difficult to observe the ¢ P, satellite line because of decreas-
ing transition probabilities and population numbers.

In Figs. 9(a)-9(c) the evaluated bipolar moments
B3(20),B3(22), and B % (22) are shown as function of the
rotational motion of OH. The recoil anisotropy parameter 8
is proportional to the bipolar moment £ 2 (20),

B=2B%(20). (20)

Figure 9(a) shows this conventional 8 parameter as a func-
tion of N oy . This parameter gives information on the sym-
metry, configuration, parent internal motion, and on the life-
time of the parent excited state. A detailed discussion of this
parameter in terms of its meaning to understand the photo-

dissociation dynamics of H,0, is given by Klee et al.!* We
observe an N 4 independent S parameter with a mean value
of B= — 0.71 4+ 0.08. The small deviation of this value at
Nou =9, 10 is probably caused by the weak (and noisy)
satellite line which was also used to evaluate the bipolar mo-
ments.

All other B¢ parameters determine the correlation
between translational and rotational motion of the OH frag-
ment. For low values of / oy specific quantum moments 3 £
arezeroforJ oy < 1. Inthe highJ limit these quantum effects
are less important and a semiclassical momentum represen-
tation provides a more direct physical interpretation.

The momentum B § (22) is a measure of the mutual cor-
relation of the photofragment translational and rotational
vectors Yo and Joy, [B §(22) = P,(v-J)]. It is indepen-
dent on the frame of reference (lab or body fixed frame). The
positive value of this moment at high J o indicates a bias

1.0 I i ¥ 1 1 1 | 1
2 o.8
c
o]
Z 0.6
[ 1]
£
2 0.4
s
C
v
T 0.2
0
309.85 309.86 309.87 309.88 309.89

Wavelength [nm]

FIG. 8. Doppler profile of the Q,(10) main line and the accompanying
9P,,(10) satellite line. The central dip of the Q transitions observed for low
OH rotational excitation vanishes for high J,;; indicating a more parallel
orientation of Joy t0 Voy.
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FIG. 9. Bipolar moments 5 2 (20), 8 5(22), and B 3(22) as a function of
N %3 The conventionally defined anisotropy parameter £ is proportional
to the bipolar moment 8 2 (20). Its large negative value indicates that the
OH fragments are ejected essentially perpendicular to the transition dipole
moment o, of the parent molecule. The bipolar moment 8 5(22) is posi-
tive and increases with increasing rotation of the OH fragment indicating a
more parallel orientation of Joy t0 vy . The bipolar moment 8 3 (22) de-
scribes the correlation of the translational and rotational motion of the OH
fragment and of the transition dipole moment p,; , of the parent molecule.
The long-dashed curves stem from fitting the experimental data, whereas
the short-dashed one in (b) is calculated on basis of a semiclassical dynami-
cal model (see Sec. V C).

towards voy and Joy being parallel to one another. Its influ-
ence on the observed Doppler line profiles using LIF excita-
tion can be understood as follows: the probability of excita-
tion via Q transitions is highest when the electric vector E,
of the analyzing dye laser light is parallel to the rotational
vector Joy of the OH photofragment, and thus more paral-
lel to vy , because the positive value of 8 § (22) found for all
Jou implies a positive voy —Joy correlation. Since E, is nec-
essarily perpendicular to the photon progagation axis, this

Gericke et a/. : H,0, photodissociation

requires that the propagation axis be perpendicular to voy,
thereby resulting in a central maximum in the line profile. As
B 5(22) increases with increasing J oy, this central maxi-
mum must also increase and consequently the central dip,
found in the Q-line profile at low J oy, has to vanish with
higher OH rotation.

For P or R transitions the probability of excitation is
highest with E, perpendicular to Jo and thus perpendicu-
lar to voy, thereby enhancing the wings of the line profile
over the center. Therefore, S parameters of lower than

— 1 have been found, which should not be possible if .
would be interpreted as the conventionally defined anisotro-
py factor 5 [Eq. (1) of Ref. 19].

It is important to note that these effects associated with
B 5(22) depend only on the branch of the excitation transi-
tion, and are completely independent of beam geometries
and polarization, as indicated by the spherical symmetry of
B3

The moment /3 3 (22) is a measure of the mutual corre-
lation of the photofragment translational and rotational vec-
tors (Vou,Jon ) and of the transition dipole vector (py,o,)
in the parent H,0, molecule. We observed a low positive
value of B 3 (22) for all J o [Fig. 9(c) ] from which one gets
B 3(22) =0.11 1 0.05 as arithmetic mean.

In the following section the observed OH product state
distribution and the evaluated bipolar moments will be dis-
cussed in terms of photodissociation dynamics of hydrogen
peroxide.

V. DISCUSSION OF THE DISSOCIATION PROCESS

Hydrogen peroxide is the simplest molecule with hin-
dered torsion about a single bond from which the influence
of internal rotation on the dissociation process can be stud-
ied. Due to the only weakly hindered rotation, the geometry
of warm H,0, is quite variable and the excitation process
may start from different locations on the ground state poten-
tial surface. First we will briefly describe the molecular
structure of H,0, in the electronic ground state (Fig. 10),

¥ Wia) WATY

3600 1380 890
jolofjo’e}

¥%(B) L)

3610 1260

FIG. 10. Fundamental modes v,~v,, corresponding vibrational frequencies,
and equilibrium configuration of the parent hydrogen peroxide molecule
(Ref. 40). The energy levels which are related to the v, torsional vibration
are shown in Fig. 12.
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FIG. 11. Delocalized orbitals in an MO picture of (planar) H,O,. The high-
est occupied molecular orbital of the electronic ground state of H,0, are
(4a, )3 (58, )%, (4b 4, )% On excitation one of these electrons is promoted
to the antibonding (5b,,, ) orbital. The prime or double prime indicates the
symmetry of the p lobe in H,0,, while the subscript a or b at the prr orbitals
refers to one of the two OH radicals after fragmentation.

the electronic orbitals involved in the fragmentation process
(Fig. 11), and the potential energy dependence of the inter-
nal rotation (Fig. 12) and the O-O internuclear distance
(Fig. 13). This information together with the extensive ex-
perimental findings will then be used to discuss the photodis-
sociation mechanism of hydrogen peroxide in detail.

A. Molecular structure of H,0,

Hydrogen peroxide with its skew configuration belongs
to the point group C,. Formation of planar H,0, where the
H atoms are in cis or in trans position (y = 0 or 7) is hin-
dered by potential barriers. The potential energy (incm™!)
as a function of the dihedral angle y can be described by>®

V(y)/cm' = 993 cos(y) + 636 cos (2y)
+ 44 cos (3y) + 617. (21)

The lower part of Fig. 12 shows the graph of ¥(y). On the
left of this curve the positions of the vibrational energy levels
are indicated and to the right their relative populations P at
T=300K.

According to Eq. (21) there is a very low potential bar-
rier of V,,,,, = (386 +4) cm™! for the trans position at
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FIG. 12. Potential energy of H,0, as a function of the torsion angle y. The
ground state potential function was evaluated on the basis of the hindered
potential function (Ref. 38). The energy of the internal rotational states and
their relative population numbers are also included. The potential energy
function of the two electronic excited states, 4 ‘4 and B 'B, were obtained
by ab initio calculations (Ref. 42).

Y= and ¥, = (2460 + 25) cm™! for the cis position.
The lowest energy level is 170 cm ™' above the potential min-
imum at y, = 111.5°.

Because of the narrow separation of the ground state
doublet (11.4 cm™"') both levels are nearly equally populat-
ed. Even the first excited state doublet at 254.2 and 370.7
cm ™!, just above the low trans barrier, is populated appre-
ciably at the temperature of our measurements. For the low-
est doublet, values of 118° and 114.3° were obtained as aver-
age dihedral angles between the two OH bonds.38-°

Figure 10 shows a schematic representation of the
ground state configuration, the normal modes of H,0, vi-
bration and their energy in wave numbers.*® The simplest
way to describe the electronic states of hydrogen peroxide is
the use of delocalized orbitals in an MO picture. For trans-
planar H,0, the electronic ground state X '4, o configura-
tion is described by

X 14, ... (404 )2 (50, )2(4b ) )2

On excitation one of these electrons is promoted to the
antibonding (5b,, ) orbital. The four orbitals involved in
the dissociation process of hydrogen peroxide are shown in
Fig. 11. The subscript a or b at the pr orbitals in Fig. 11
refers to one of the two OH radicals after fragmentation,
while the prime or double prime indicates the symmetry of
the pr lobe in H,0,. For separated OH radicals two orienta-
tions of this pm lobe relative to the OH rotation plane are
possible. In the high J limit these two orientations are identi-
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FIG. 13. Potential energy of H,0, as a function of the O-O distance in
hydrogen peroxide. The dependence of the energy of the electronic ground
state X ‘4 is described by a Morse function. The potential energy curves of
the excited states, 4 ‘A, B 'B, C 'A, were obtained by ab initio calculations
(Ref. 42) and “normalized” to the ground state function at infinite 0-O
distance, where all curves describe two free OH radicals. All other coordi-
nates were taken at the equilibrium configuration of H,0,.

fied by the two A doublet states [I™ and I (f; and f,
following Herzberg’s notation®').

The X '4 state has 2 7' and 47" electrons. Excitation
from this state to the A state (no*) corresponds to a promo-
tion of one of the two 4b,, electrons to the lowest antibond-
ing orbital 5b,,,, . Thus we get for the electronic configura-
tion

4 Ay (4, )2(5a,,)?(4b¢g) ) ' (5b(a )!

with 3 7’ and 3 7" electrons.

Dissociation from this state will therefore result in

Hoa (71)2(77,")1 + Hob (77,:)1(77_” )2
or

HO, (7')'(#")? + HO, (7')*(7")".

Thus in this simple picture one would not expect a dra-
matic difference in population between the two OH A doub-
lets. If one OH is formed in a specific A state, then the
partner molecule will be formed in the other corresponding
A state and the observed sum of both OH fragments will not
show a difference between the two A doublets.

The B state (no*) is reached by raising one 5a,, elec-
tron to the 5b,, orbital

BB, ...(4a)2(5a0, ) (4, ) (5by)
Therefore, the B state has 3 7' and 37" electrons also.

Gericke et al. : H,0, photodissociation

When two 4b,, electrons areraised to the 5b,,, orbital,

then the resulting C state (o*)? contains 4 7' and 2 7" elec-
trons

Cl'dy,...(4a, )2 (5a,, ) (5b, )2
Fragmentation from this state will yield

HO, (') (7")* + HO, (7') ' (7")2.

In this case the two A doublets should show a strong nonsta-
tistical population distribution.

It goes without saying that this MO picture is a simpli-
fied view of hydrogen peroxide. On the other hand, from the
OH photofragment angular distribution we know that a '4
state is excited at 266 nm.'® Two electronically excited states
have '4 symmetry. However, the C '4 electronic state is
caused by raising two electrons from a nonbonding to an
antibonding orbital. Therefore, the C '4 state will be much
higher in energy than the A 'A state. Since the excitation
wavelength of 266 nm is at the edge of the absorption spec-
trum of H,0,,'>*!#! we should observe OH products origi-
nating from the 4 'A electronic state. The proposed order of
the electronic excited states is confirmed by ab initio calcula-
tions of Staemmler*? and Chevaldonnet ez a/.*?

The upper part of Fig. 13 shows the potential energy of
the 4 '4 (no*), B 'B (no*), and C '4 (0*?) states as func-
tion of the O-O distance for a torsional angle of 116° in
H,0,.*? The dependence of the energy of the electronic
ground state X ' is described by a Morse function with the
potential well depth of D, = 17 790 cm ' for the reaction
coordinate, an equilibrium distance of r, = 147 pm and a
Morse parameter a = 0.0238 pm ™.

The potential energy curves of the excited states have
been “normalized” to the ground state function at infinite
0-0 distance, where all curves describe two separated OH
photofragments in the electronic ground state, X 211. This is
an adequate procedure, because the experimentally deter-
mined ground state function is much more accurate than the
calculated one, especially in terms of the well depth of the
potential energy curve. For a direct Franck—-Condon transi-
tion X "4 (vy = 0)—4 '4 a photon energy of roughly 7 €V is
needed, which corresponds to the maximum of the H,0, UV
absorption spectrum.'®> Therefore, the excitation energy of
4.66 €V used in the photolysis of H,0, is not sufficient to
induce such a transition in the equilibrium geometry of hy-
drogen peroxide.

The potential energy of the electronic excited states A'4
and B 'B is strongly dependent on the torsion angle y while
the ground state shows only a minor energy dependence on
x- The upper part of Fig. 12 exhibits the potential energy of
the electronic excited states (A and B) as a function the
dihedral angle y at the O-O equilibrium distance. The B'B
state has its minimum at the cis position of the two H atoms,
whereas the A '4 configuration has its maximum energy at
this geometry. For planar H,O, in the trans position the
potential energy of the B state is several eV higher than the
energy of the 4 state, which has its minimum in this position.

The three possible triplet states are not included in Figs.
12 and 13 because we do not expect to excite any of these
states starting from the X '4 ground states as a consequence
of vanishing transition probabilities.
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B. Mechanism for the photodissociation of H,0,

We do not observe any vibrationally excited OH photo-
products. The Franck—Condon principle* and the sudden
model*’ explain the observation of vibrationally cold OH
photofragments. The equilibrium bond length of OH in the
parent hydrogen peroxide molecule is 97 pm. This value is
comparable with the one in the OH molecule, 7oy = 101.2
pm. The same is true for the OH stretching frequencies
(3600 and 3610 cm™—; Fig. 10) in H,0O, and the vibrational
frequency of the free radical (3735 cm™").*® This implies,
similarly to the photodissociation of HONO,**’ that the
Franck-Condon factors for the decomposition of H,0, to
OH are diagonal, suggesting a fragmentation into vibration-
less products.

A simple impulsive model also predicts essentially no
vibrational excitation in the fragments.*®* The HOO angle
(see Fig. 10) is close to 90° and any impulse along the O-O
axis has only a small component along the O-H bond axis.

All three models mentioned above, predict vibrationally
cold OH fragments in case of the photodissociation of hydro-
gen peroxide and water. But the photolysis of water at 157
nm in its first absorption band yields vibrationally excited
OH products.® In this case an electron is raised from the
nonbonding 15, to an antibonding 4a¥ orbital in H,O result-
ing in an excitation of the symmetric stretch. One H atom
leaves the A 'B, state and vibrational energy remains in the
OH fragment. In contrast to the photodissociation of water
the excitation of H,0, to the 4 '4 state is an no* transition
where only the O—O bonding electrons are involved.

Thus the upper electronic surface A 'A shows only a
small change in the dependence of the potential energy on
the OH distance in H,0,. Consequently this bond will not be
compressed or stretched and practically no vibrational exci-
tation of the OH photoproducts will occur.

The only internal energy of the OH fragments that we
could observe in the photodissociation of H,0, at 266 nm is
the relatively low rotational excitation. The possible sources
of this product rotation are parent molecule rotation, the
torque from an impulse along the O-O bond, motion initially
present as parent molecule vibration, and any additional
torque generated by an angular dependence of the excited
state potential energy surface.

Since the parent molecule is not internally cold, ground
state rotation of the hydrogen peroxide will result in some
OH rotation. Under this assumption, the OH rotation will
mainly originate from rotation of H,O, around the a axis,
which is approximately parallel to the O-O bond. If the
mean angular velocity of OH in the parent is transferred to
the fwo OH fragments, then this mechanism amounts to less
than 40 cm ! of rotational energy for each OH. Obviously,
this mechanism makes a very small contribution to the ob-
served rotational excitation.

The second possible source for OH rotation could be the
repulsive force between the two OH fragments during the
dissociation. An impulse directed along the central O-O
bond would not act through the OH centers of mass, and
would therefore induce a torque on the O atoms in H,0,
which would be observable as OH rotation after the frag-
mentation. This model*® assumes that the OH is regarded as

a rigid rotor such that the H atom would follow the torque
exerted on the oxygen atom. A maximum of 3% (620cm™")
of the available energy (20 700 cm™"') in the dissociation
process will thus appear as OH rotation. This rotational en-
ergy corresponds to N o ~ 5, but the rotational distribution
should be non-Boltzmannian and relatively sharply peaked
around this value. Since we do not observe such a distribu-
tion the main origin of the OH rotation cannot be explained
by an impulsive model. Furthermore, such a mechanism
would lead to a large positive alignment, in contrast to the
low value observed.

A further source of product rotation is the vibrational
motion in the parent H,0,. There are three vibrational
modes which can be responsible for product rotation: the v,
OOH symmetric bend (1380 cm™'), the v, OOH asymme-
tric bend (1266 cm™!), and the v, torsion mode (Figs. 10
and 12). All these vibrational modes (v,,v,, and v,) induce
an angular momentum in the OH fragment.

At room temperature, the parent v, and v, bending vi-
brations are not excited. Therefore, only the zero point ener-
gy of both vibrations (1323 cm™"') has to be distributed
between the fwo OH products. The OH fragments can take
almost 50% of this vibrational energy as rotational ener-
gy.'®* Consequently each OH receives 330 cm ™ as rota-
tional energy originating from the v, and v, modes.

Before we discuss the influence of the v, torsional vibra-
tion on the rotational distribution we have to consider that
the H,0, excitation takes place at the long wavelength edge
of the absorption spectrum. The applied energy of 4.66 eV is
not sufficient to excite H,0, from its equilibrium geometry.
The potential energy of the 4 'A electronic excited state is
strongly dependent on the O-O distance in the hydrogen
peroxide molecule, as would be expected for a dissociation
process where most of the available energy is transferred into
translational motion. But even at the classical turning point
of vy = 0 where | (|1} | is already very small, an excitation
energy of more than 6 eV is needed to reach the A state. The
situation is similar for an excitation X A (v} = 1)—>4 4,
from the very weakly populated (P=1% )v;0-O stretching
vibrational excited level. In this case more than 5 eV is need-
ed at the classical turning point of large O-O distance.

The only other coordinate on which the potential energy
of H,0, (4,B) strongly depends, is the torsion angle y. The
potential energy of the '4 electronic excited state has its min-
imum at the frans position (y = 180°) of the H atoms. At
¥ = 180° the ground state function exhibits a local maxi-
mum. However, this energy barrier is very low and more
than 22% of all H,0, parent molecules populate vibrational-
ly excited levels of the v, internal torsion mode. Therefore, it
seems to be most likely that the excitation process of H,0O, at
266 nm starts to an appreciable extent from v, vibrationally
excited levels in a nearly planar parent molecule. If this as-
sumption is valid, then the absorption cross section of H,0,
should be temperature dependent in this wavelength range.
Indeed, Kijewski and Troe®® found a significant temperature
dependence of orat A > 220 nm. At the wavelength of 266 nm
they determined absorption cross sections of
o0=4.3%X10"%, 7.6x10~%°, and 13107 c¢m? for the
temperature 300, 600, and 1100 K, respectively. At y = 180°
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almost all the torsional energy is transferred to OH product
rotation. We assume that up to 700 cm ™' of OH product
rotation originates from H,0, torsion, either directly from
excitation into the initial level, or from the torque provided
by the strong angular dependence of the 4 state potential
(Fig. 12).

A Gaussian distribution of parent bending or torsion
vibrational momentum is transformed into a Gaussian di-
atomic fragment rotational distribution.*® The overall rota-
tional distribution is thus characterized by a Boltzmann dis-
tribution with a “rotational temperature parameter.” A total
energy of 330 cm ™~ from bending and 700 cm ™' from tor-
sional motion will result in two temperature parameters.
However, the experimentally observable overall distribution
will show only a very small and negligible deviation from a
straight line in a Boltzmann plot with a single parameter of
T, =1500K.

We observe an increasing population of the upper A
component with increasing OH rotation. This population
inversion is not as dramatic as in the photolysis of H,O at
157 nm®"! but the simple MO picture predicts no preference
of a A state when H,0, is excited to the 4 '4 state. However,
fragmentation from the C 'A state would result in 47" and
27" electrons. The 4 '4 ,, and C ', states cannot mix by
configuration interaction if H,0, is planar, but excitation of
the torsional mode may influence the final electronic state
and differences in the population of the two A levels become
possible within the presented MO picture.

We will now discuss the observed values of the bipolar
moments. The recoil anisotropy parameter 8= 25 3 (20)
was found to be independent of J,y . Its negative value of

— 0.71 indicates that the OH translational distribution
peaks in a direction perpendicular to the polarized dissociat-
ing laser light. This proves that the transition dipole moment
( By,0,) is essentially perpendicular to the O-O axis in hy-
drogen peroxide, as expected for a '4,,~'4 ., transition.
Deviation from the limiting value of 8 = — 1 is caused by
internal motion of H,0, and its overall rotation during the
finite lifetime (<60 fs) of the excited electronic state.'® A
finite dissociation lifetime will not affect the spherically sym-
metric bipolar moment S § (22) compared with prompt dis-
sociation, but will reduce the values of all the B 2 (k,k,) mo-
ments—though not all to the same extent because of the
different rotational velocities about the three axes of H,0,.

We define a coordinate system where py o, is oriented
along the z axis, with the O-O axis perpendicular to z such
that the recoiling OH fragments will move along the x axis.
Three limiting orientations of Joy relative to py o, and voy
are possible (a) Joy is perpendicular to both py . and voy
and thus along the y axis, (b) Joy parallel to g o, along the
z axis, or (¢) Joy parallel to vy along the x axis. Table III
shows the limiting values of the bipolar moments for these
three cases, and the comparison with the observed moments
in the present experiment. Since we find positive values for
the three bipolar moments 8 3 (02), 8 5(22), and 8 3(22)
the major components of J,; must beJ, and J,, with a very
small component along the y axis which is perpendicular to
both vy and py o, . Thus, for high J at least,

T+ 1.

TABLE III. The values of the lower order of bipolar moments for the three
limiting orientations of v and J of the OH photofragment with v perpendic-
ular to py o, . The last column shows the experimental observed moments
for high J oy (experimental error + 0.04).

B3(20) B3(02) B5(22) B£5(22)
§=Jlwy -05 —0.5 —05 - 10
2=Ju —-05 +1.0 ~-05 +0.5
x=1J|v —05 —0.5 +1.0 +0.5
Observed —0.36 +0.09 +0.35 +0.11

OH rotation may originate from the vibrational motion in
the parent H,0,. The component of J,; along the x axis
should arise from v, torsion (Joy parallel to voy ). The J,
andJ, components are a result of the bending motions v, and
ve- For planar H,O, where the H atoms are in trans position
and perpendicular to the transition moment p, o one
would find the bending component of Jo;; parallel to py
along the z axis, while Jo; would be oriented along the y axis
if planar H,O, fragments with the H atoms in cis position
and parallel to py o, - Consequently only the J, and J, com-
ponents need to be considered in the following and fragmen-
tation of essentially planar H,0, with the H atoms in trans
position is the most likely process.

An orientation of the OH angular momentum along the
zaxis (Joy perpendicular to vy ) would result in a negative
value of the bipolar moment 8 J(22), while a positive value
would indicate an orientation of Jo,; along the x axis and
parallel to voy. We find an increasingly positive value of
B §(22) with increasing Jo indicating an orientation of
Jou more and more parallel to the axis of recoiling OH pho-
tofragments.

In the high J limit the bipolar moment £ 2 (02) is the
expectation value of 2{P,(cos 8, )) with 8, being the final
angle between the Joy vector of OH and the body fixed u
vector of H,0,. The bipolar moment B §(22) is given in a
semiclassical picture as the expectation value of
2(P,(cos 8,,)), where 6,, is the angle between vy and Joi
of the recoiling OH product. In the coordinate system de-
fined above, with py o, and v mutually orthogonal, these
expressions can be written as

2 = =D

3(22) = , 22

B o(22) I+ D (22)
2D =)~V

2(02) =—= 2 =, 23

B5(02) I+ D) (23)

For 8 2(02) we observed a low mean value of 0.09, while
B 3(22) does not reach the maximum value possible in the
high J limit. We assume a high J value of 8 3(22) =0.41.
Since (J}) ~0 we get

B3(22) +B%(02)<0.5
which also satisfies the relation
J2) + (JAHIJT +1). (24)

Then the expectation values of the square of the angular
momentum components are given by

(J2)~0.61J(J + 1),
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(J2) ~0.39J(J + 1). (25)

On the first view it might be surprising that one observes a
strong correlation of Joy With Vo and of vou With py o,
but almost no correlation of Joi With py o, . However, these
correlations are not completely perfect. Therefore, the ob-
served tendency of Jo being parallel to v,y is not a hint
that the expectation values of both angular momentum com-
ponents (J2) and (J?2) are negligible. It is really just (J})
that is very small, while (J2) has to be taken into account
[Eq. (25)].

Strictly speaking, to obtain (J2) and (J2) one should
use the mean value ( 8 3(22)) of the J dependent moment.
We now examine this J dependence in the light of a theoreti-
cal model.

C. A semiclassical dynamical model

The above conclusions suggest a dynamical model
which is similar to that used in interpreting the angular mo-
mentum distribution in the OH radical from HONO photo-
lysis,? but is not identical with it. We use a Hund’s case (b)
approximation, and assume that the nuclear rotational an-
gular momentum R is initially generated in a plane perpen-
dicular to the OH bond of planar trans H,0,; i.e., in a plane
at @ = 90° to the xz plane.’> The components of R parallel
and perpendicular to z (R, and R, respectively) are each
given Gaussian distributions with mean energies (E I ) and
(E, ), giving an overall distribution function

FR) = (py p)*r  exp{—pyR} —p,R1}, (26)
where

Py =Bon/<E||),
p. =Bou/{E,).

R is the component perpendicular to the OH bond of the
rotational angular momentum N for which the parallel com-
ponent is A, with A = 1.

Rotating to the xyz frame

(27)

N.,=R, cosa+ Asina,
N,=Acosa—R, sina,
Nz =R".

(28)

For each value of the ¥ quantum number the moments
B3 (22) and B 3 (02) are calculated asin Egs. (22) and (23)
using numerical integration over the angular distribution of
N. Finally we note that N and S are coupled to give the
resultant Jop so that N will precess rapidly about Jy . This
leads to a slightly lower alignment for Jo; than for N, such
that for all levels of a Hund’s case (b) doublet state

£3(22), B3(02),

= =[1——-3——]. (29)
B(22)y BE(02)y 4J(J+ 1)

The mean energies (£, ) and (E, ) were varied, subject
to the constraint from the observed population distribution
that their sum is 1065 cm™', until the value of 89 (22)

agreed with experiment for N = 10, the highest value ob-
served. This leads to

_ -1
(E;) = (450 + 25) em™", 30)

(E,) = (615 +25) cm™,

in the ratio 0.42:0.58, which is close to the value deduced in
Eq. (25). In addition, this calculation leads to the correct
order of magnitude for 8 3 (02), and reproduces the general
t¥end with Jy for both these moments [Figs. 3 and 9(b)].
Furthermore, the Boltzmann plot for this calculated distri-
bution shows negligible curvature, despite the inclusion of
two different Gaussian exponents.

Even so, this model is not quantitatively accurate. Both
B 5(22) and B 3(02) are too large at low Ny, which we
attribute to the inadequacy of Hund’s case (b) and semiclas-
sical theory for these levels. 8 3 (22) is considerably overesti-
mated at all N gy, but we expect this moment to be most
affected by a finite dissociation lifetime.

The value of (E ) is noticeably greater than the esti-
mate of 330 cm ™! derived solely from the zero point energy
of the bending vibrations. The impulse of the dissociation
must therefore contribute about 100 cm™! to the energy of
rotation about the z axis, but without significantly distorting
the Gaussian distribution. (E, ) is sufficiently large that
much of this energy must have been generated by torsional
motion on the excited state surface. This potential is approx-
imately quadraticin y around y = 180° (Fig. 12). Thusinan
IOSA quantum treatment of the fragmentation® the ground
state wave function will be multiplied by a phase factor
exp{ — ia( y — m)°}. This will increase the torsional kinetic
energy over that present in the initial state, but will preserve
a Gaussian distribution provided that dissociation takes
place from near planar geometries.

These conclusions are in excellent agreement with the
observed rotational distribution, but, in addition, we have
obtained information about the relative orientations of
Ba,0,> Jon» You, and the origin of the OH angular momen-
tum.

An evaluation of the recoil Doppler broadened line pro-
files at different experimental geometries was simplified by
the fact that the OH product molecules are generated with a
small internal excitation resulting in a very narrow distribu-
tion of translational recoil velocities. In principle, a broad
velocity distribution can be determined by forming a weight-
ed mean of the profiles for the various geometries and
branches.'®!! In practice, however, this technique cannot be
recommended, because in the presence of noise, the neces-
sary mathematical procedures, such as deconvolution and
differentiation, will magnify this noise enormously.

VI. CONCLUSIONS

We have measured the scalar and vectorial properties of
the photodissociation of hydrogen peroxide in considerable
detail using polarization and sub-Doppler laser spectroscop-
ic techniques. The complete nascent internal state distribu-
tion, alignment, translation, and correlations between the
translational and internal motions of OH photoproducts and
the transition dipole moment of the parent H,O, have been
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determined. The experimental results are:

(1) The photoproducts are formed in the OH
X *11,,, ,,, state; two photon excitation in H,O, has not
been observed at the photolysis wavelength of 266 nm.

(2) The excess energy of 248 kJ/mol is preferentially
transferred into OH recoil; 90% of the available energy is
transformed into translation, 10% into rotation, and
< 0.2% into vibration.

(3) The OH rotational distribution can be described by
a Boltzmann distribution with a temperature parameter of
(1530 + 150) K.

(4) No vibrationally excited OH was found.

(5) The two spin states are populated nearly statistical-
ly.

(6) The A doublets show a small inversion which in-
creases with increasing OH rotation.

(7) The profiles of recoil Doppler broadened spectral
lines are strongly dependent on the nature of the transition,
on the excitation—detection geometry, and on the polariza-
tion of dissociating and analyzing laser light in contrast to
the line intensities which show only a small dependence.

(8) The alignment parameter was found to be very
small, 4 ¥ =$B3(02)<0.1.

(9) The bipolar moment B % (20) corresponds to the
conventional defined anisotropy parameter 5= 282 (20)
and describes the mass fragment angular distribution. Its
value was found tobe S = — 0.71 + 0.08.

(10) The angular distribution peaks in the direction
perpendicular to the electric field vector of the dissociating
light.

(11) The transition induced in H,0, is

X'A+hv—d 4 [(da, )?(5a0,)* (4 ) (5buy) ']

(12) The moment 3 § (22), describing the vector corre-
lation between the translational and rotational motions of
the fragment, increases with increasing J;, indicating a
bias towards vy and J,y being parallel to one another.

(13) The moment B 2 (22) is a measure of the mutual
correlation of the fragment translational and rotational vec-
tors and the transition dipole vector in the parent molecule.
The observed positive values of this moment, 83 (22)

= 0.11, and of the moments 8 3 (22) and B % (02) indicate
that the expectation value of (J i ) should be very small when
Ky,0, defines the z axis and vy, is perpendicular to py o, (x
axis).

The OH product rotation is generated by the H-O-O
bending vibraton and by the torsional mode in hydrogen
peroxide, where the expectation value of (J2) =450 cm~'is
generated by the bending modes of roughly planar H,O,
with the H atoms in trans position, while the origin of (/2
=600 cm ! is the internal torsional rotation of H,0,.

We have observed various correlations between the di-
rection of recoil, the translational motion, the angular mo-
ment of fragments, and the transition dipole moment in the
parent. Qur aim was to show the successful feasibility of such
measurements, since these correlations permit a direct in-
sight into the final stage of the dissociation process. Further
experiments are in progress in order to observe the depen-
dence of the scalar and vectorial properties of the OH frag-

ment, on the excess energy including the influence of the

B !B state.
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