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The formation of ground state OH (X) radicals from the photolysis of jet cooled H,0, at 193
nm is studied by Doppler and polarization spectroscopy. The features of the process are
characterized by a complete analysis of the scalar and vector properties of the fragments. In
the dissociation process 85% of the available energy is released into fragment translation. The
remaining part emerges as rotational excitation that performs a narrow Gaussian-like
distribution peaking at N = 12 with a FWHM of AN=x5. The vector correlations between the
transition dipole moment p of the H,0, and recoil velocity v as well as angular momentum J
of the products were evaluated in terms of four bipolar moments. The observed (. * v)
correlation was used to determine the state specific contribution of both the 4 '4 and B 'B
dissociative states to the overall product rotational distribution. On the average, 65% of the
OH fragments are formed via the !4 state. A comparison of data obtained from the photolysis
of room temperature and jet cooled H,O, molecules indicates that transfer of parent rotation
causes a symmetric broadening of the product distribution and a small increase in the {v - J)
correlation [8,,(T=20 K) = 0.5, 8,,(T = 300 K) = 0.7] of the fragments. In order to
describe the influence of initial parent motion on the product state distribution and on vector
correlations a model is used where the formation of two OH radicals in the same microscopic

event is considered.

I. INTRODUCTION

Photofragmentation studies under well known initial
conditions are an appropriate tool to enlighten chemical
events in general. Laser-induced fluorescence is a familiar
technique for probing internal state distributions of molecu-
lar products. Particularly in connection with classical or
quantum scattering calculations, these energy release data
provide a deep insight into the mechanism of an elementary
chemical step.'> However, this view is limited because it
ignores the information related to the anisotropy of the frag-
mentation process. The disposal of angular momentum and
velocity of the photofragments can be determined by spec-
troscopic methods if the analyzing laser line is sufficiently
narrow to resolve the Doppler broadened spectral lines.
Each frequency interval within the Doppler profile probes a
subset of aligned fragments with velocity components along
the laser beam direction. A direct physical interpretation of
the relations between parent dipole transition moment p,
fragment velocity v, and angular momentum J can be ob-
tained when the line profile is parametrized with vector cor-
relations.> With the aid of the directional properties a
wealth of information about symmetry, geometry, lifetime,
and shape of the dissociative potential energy surface has
been obtained.®'® The (v+J) correlation is a dynamical
quantity of great importance because it is only referenced to
the molecular frame and, therefore, persists even if there is
no directional memory between the photoselected parent
molecule and the recoiled fragment as it is the case when the
rotational period of parent molecules is short compared to
the time of separation.®!!
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In a supersonic jet experiment the parent molecules are
cooled down and the variety of initial states due to thermal
excitation is reduced. Furthermore, the fragment velocity is
not superimposed on undirected thermal parent velocity but
only on a highly directional velocity with a narrow distribu-
tion. This type of motion can be ignored in the determination
of the vector properties if the laser beams are directed per-
pendicular to the molecular beam. Thereby the spectral reso-
lution of the experiment is improved.

On the other hand, there is an additional importance of
rotationally cooled parent molecules for the evaluation of
those vector correlations which are related to the lab frame
({p-v),(n-J),(u-v-J) correlations). The molecules
will be fixed to some extent to this frame and directional
features might appear which are smeared out by rotational
or vibrational parent motion.

Moreover, excitation of H,Q in its first absorption band
at 157 and 193 nm demonstrates a specific influence of initial
parent motion on the fragmentation process. A strong unsta-
tistical A-doublet population of the OH fragments was
found only when cold parents were photolyzed. This effect
was attributed to the conservation of planar symmetry in the
absence of parent rotation.'>'3

In a recent theoretical study the influence of ozone and
H,0 parent rotation on O, and OH fragment rotational dis-
tributions is ascertained. Comparison with experimental
data leads to the proposal that minimization of orbital angu-
lar momentum dictates which one of the equivalent A-B-A
bonds will break in the dissociation process. This corre-
sponds to the constraint that the fragmentation is favored by
a product rotational vector J(AB) pointing in the direction
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of the vector J(ABA), the parent rotational component per-
pendicular to molecular plane.'*'?

Hydrogen peroxide as a four atomic molecule is the sim-
plest example that can execute a torsional motion. There-
fore, the {v + J) correlation is not trivial as it is for triatomic
molecules where J is restricted to be perpendicular tovin the
high J limit. Any change of the correlation between v and J
going from thermal to jet cooled parents reflects the “intrin-
sic” influence of parent rotation on the fragments. Ab initio
calculations of the H,0, ground and excited electronic states
and the associated transition dipole moments were carried
out which allow a determination of the product distribution
by classical, or in principle, quantum mechanical calcula-
tions.'®'® Particularly classical trajectory calculations for
jet cooled and room temperature H,O, permit a direct com-
parison with the obtained rotational distributions.'?!

From the UV absorption at 266 and 248 nm it was
shown that the only excited state is of '4 symmetry which is
the symmetry of the theoretically expected lowest excited
electronic state.>!' The photolysis wavelength of 193 nm is
near the maximum of the first absorption continuum. Since
the H,0O, absorption spectrum in the region of interest is
smooth and monomodal it gives no special hints on the in-
volved transition state(s) but indicates a prompt dissocia-
tion process.?

The dynamics of the dissociation of room temperature
H,0, at 193 nm into two OH radicals has been extensively
investigated by photofragment analysis.'®**** The rupture
of the O-O bond is induced by transitions from the X '4
ground state to the 4 '4 and to the B 'B excited states. The
fraction of OH radicals formed via the 4 '4 state is 62%
while 38% evolve from the B 'B state. No significant frag-
ment rotational state specificity for the two fractions was
observed. However, there was still an uncertainty in the de-
termination of these fractions due to thermal parent motion.
The available energy is exclusively released into translation
((E tans) = 32080 cm™") and rotation ((E,,) =2780
cm™ ") of the fragments. The rotational excitation can be
described by a Gaussian-like distribution peaking at N = 12
with a FWHM of AN=7. The origin of the rotation was
attributed mainly to a strong dihedral dependence of both
upper electronic surfaces. This is indicated by a very high
(v+J) correlation of 0.7 corresponding to a more parallel
alignment of v and J.

The main goal of the present work is to elucidate the
influence of parent rotation on the fragmentation process.
Therefore, a complete analysis of the scalar and vector prop-
erties is performed in the photolysis of jet cooled hydrogen
peroxide. In order to give an explanation for the strong influ-
ence of parent motion on the measured fragment properties
the microscopic joint probability P(i,k) of forming the two
OH fragments in the respective quantum state / and k in a
single event is taken into account.?>?® It was already shown
that this probability is strongly influenced by parent rotation
about the O—O bond axis which also gives rise to a symmetric
broadening of the rotational distribution.

When the parent molecule is “fixed” in the lab frame, as
in the present experiment, the {j - v) correlation can be pre-
dicted if the involved transition moment is known. Vice

versa, the measured {p * v) correlation will be used to deter-
mine the contributions of both simultaneously excited states
to the rotational fragment distributions.

1. EXPERIMENTAL

The basic experimental setup is described elsewhere and
only the extension including the supersonic jet will be de-
scribed in detail.'® Essentially, the dissociating light at 193
nm stemmed from an ArF excimer laser. Resonant fragment
excitation was performed by a frequency doubled tunable
dye laser pumped by the second harmonic of a Nd:YAG
laser. For population measurements the dye laser was tuned
in broad band operation (0.5 cm™! FWHM) in the region
between 306 and 313.5 nm probing 4°Z* < X7I1,,,,,
transitions of the OH radicals. The LIF signal was viewed
perpendicular to the laser beams by a photomultiplier with-
out considering polarization. Doppler profile measurements
were carried out with narrow bandwidth (~0.1 cm™!)
probe laser and highly polarized laser radiation. The three
different geometries which were used to determine the vec-
tor correlations are shown in Fig. 1.

The propagation direction of the jet is aligned along the
observation axis of the fluorescence light (x axis in Fig. 1).
We used a pulsed nozzle system with aperture of | mm diam-
eter and a pulse length of ~ 200 us which was determined by
a fast ionization gauge. The mean background pressure in
the vacuum chamber was well below 10~ mbar. The inter-
action region of the two laser beams was set at 1 cm in the
case of Doppler profile measurement and at 2 cm for popula-
tion determination downstream from the nozzle. In order to
obtain maximum cooling conditions the photolysis laser
puise was adjusted coincident with the density maximum of
the gas pulse. The minimum delay between pump and probe
laser was limited by the jitter of the ArF laser and was set to
about 50 ns.

The collision rate under free jet expansion conditions is
lowered markedly by the cooling effect. However, the still
relatively high density in molecular beams has to be taken
into account, when photoproducts with high recoil velocity
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are to be observed without perturbations by subsequent
collisions during the time of interrogation. In order to prove
rotational and translational relaxation phenomena the pop-
ulation distribution as well as the Doppler width were moni-
tored at different nozzle stagnation pressures and delay
times. We observed very fast translational and even faster
rotational fragment relaxation processes.?” Therefore, opti-
mum nozzle conditions are always a compromise between
effective parent cooling and collisions between the fragments
and the inert gas. At stagnation pressures of 150 Torr helium
nascent OH radicals were observed. The fraction of H,0,
seeded in helium was about 1/200.

In order to assess the educt temperature, preceding ex-
periments were carried out with I, cooled in jet expansion.
Under the same conditions we determined the I, rotational
temperature to be well below 20 K. Although this will serve
only as a rough estimation, the H,0, rotational temperature
should be in the same range. The only remarkably depopu-
lated vibrational motion is the relative weak torsional mode.
As a reasonable assessment we used a temperature of 150 K
in the calculations.

. RESULTS

To determine the population number in directional spe-
cific processes by LIF the dependence of the absorption and
fluorescence line intensities on the vector properties has to be
taken into account.* Fortunately the integrated line intensity
is only influenced by the correlation between p and J which
gives rise to a branch specific rotational excitation probabil-
ity.

In this case, the expression

I=CB(q".q')vo P(¢")[bo+ b,8.s] (1)

has to be applied to obtain the proper population P(¢") in
the quantum state |¢”). C is a proportional constant,
B(q",q’) are the tabulated B coefficients for absorption, and
v, is the center frequency of the transition. The bracket term
describes the angular dependence of the intensity J. The mul-
tipliers b, and b, are state, branch, and geometry specific
parameters and B, is a measure of the (u - J ) correlation
which is limited in the range between + 1and — 1/2. Since
an average ,; parameter of 0.05 + 0.05 was determined,
the effect of the alignment is reduced simply by using unpo-
larized photolysis light. In this case, the error due to the
direct conversion of the line intensities into population
numbers is less than 2%.

A. Internal state distribution

A scan in the region around 312 nm showed only transi-
tions which were assigned to the XZ[I(v" =0)
—A *2(v' = 0) system. Therefore, in the single photon dis-
sociation of jet cooled H,O, at 193 nm the OH fragments are
formed vibrationally cold.

The rotational states of OH(?I1) are characterized by
the rotational quantum number N describing the electronic
and nuclear angular momentum and by J, the total angular
momentum (J = N + }). The determination of vector prop-
erties in any fragmentation process using Doppler and polar-
ization spectroscopy as diagnostic tools is related to the total

angular momentum J. Therefore, we will use the symbol J
throughout this paper whenever correlations between the
rotational motion of the fragment and other vectorial quan-
tities are discussed. However, if the electron spin behaves
like a spectator in the dissociation process, it is much more
appropriate to describe the fragmention by the rotational
quantum number NV because in this case populations of states
characterized by the same N but different J are comparable
while states with the same J but different N exhibit different
population numbers.

The fragment spin distribution was analyzed by plotting
the ratio

R, = [P(11;,,) — P(11,,,) )/ [ P(I15,,) + P(11,,,)]

vs the quantum number N of the nuclear rotation (Fig. 2).
Inorder to determine the N tendency we have fitted a second
order polynomial to the R, data. The deviation from R, =0
which corresponds to an equal population in the spin—orbit
states is smaller than 0.05 for each N. Therefore, we assume
that no discrimination between the IT;,, and II, ;, spin—orbit
states takes place. The spread in the R, (V) values may be
due to experimental fluctuations.

Since the dissociation process does not distinguish
between the spin-orbit states, we used the arithmetic mean
over the spin states to calculate the rotational population
number P(N) as a function of N. The squares in Fig. 3 repre-
sent the rotational distribution formed in the photolysis of
jet cooled H,0,. For direct comparison the rotational distri-
bution of the corresponding bulk experiment is indicated by
the cross symbols.'® Both distributions peak at N = 12.
Hence, parent rotation does not induce a shift of the most
populated rotational state. The distinguishing feature is the
width of the distributions. The bulk data show a FWHM of
AN=7 while the photolysis of jet cooled H,0O, leads to a
product distribution with AN=5. The solid and the dashed
lines plotted in Fig. 3 are the results of classical trajectory
calculations'® and will be discussed later.

Each rotational level of OH(IT) is A doubled. Accord-
ing to a recently recommended notation the I1(4 ") state
which is probed by the Q lines correspondsin the high J limit
to an alignment of the p7 lobe of the unpaired electron along
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FIG. 2. Product state distribution of the spin—orbit state I1,,, and 2I1,, as
a function of No,,. The different statistical weights have been taken into
account.
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FIG. 3. Relative rotational state population P(N) of the OH fragments as a
function of Ny, after dissociation of jet cooled (squares) and room tem-
perature (crosses) hydrogen peroxide at 193 nm. The solid and dashed lines
are obtained by classical trajectory calculations (Ref. 19). The experimen-
tal and theoretical curves are normalized such that the sum of the bulk data
as well as the sum of the beam data is equal. For a better comparison the
experimental bulk and beamn data are normalized at the peaks of the distri-
butions.

the rotational vector J, while the electron lobe of the I1(A4 ')
component lies in the plane of rotation and is detected by P
and R transitions.?® Consequently, the value

R, ={P[lI(4")] - P[I(4")]}/
{P[(4"]1+PIII(4N)]}

reflects the degree of electronic alignment. The limiting
values of R, = 4 1 which correspond to perfect alignment
can only be reached if N goes to infinity. However, for N> 5
the condition of the high J limit is fulfilled because the maxi-
mum R, value exceeds + 0.85.%° In Fig. 4 R, is plotted asa
function of N. The solid line is a least square fit of the experi-
mental data to a second order polynominal. For N<8 a
small preference for the I1(4 ') component is shown, while
for N> 8 the I1(A4 ") state is slighly favored in the dissocia-
tion process. With the aid of the fitted function and the rota-
tional population P(N) we calculated a weighted mean ratio
(R,) =2y R, (N)P(N) as a measure of the selectivity of
the A component in the total process. The value obtained,
(R, ) =0.049 4 0.1, indicates no preference for one of the
A components.
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FIG. 4. Product state distribution of the two A doublets I[1(A "), probed by

Q lines,and I1(4 '), probed by P lines, as a function of Ny, . The solid line s

a fitted second order polynomial to the data.

N

B. Vector correlations

A detailed discussion on vector correlations and their
experimental determination is given elsewhere.**'° Essen-
tially, the experimentally recorded Doppler broadened ab-
sorption line is fitted by the function

1
2Av,

g(xp) = [1 + Ber P, (cos 9)P2(XD)] (2)

with a suitable convolution of laser linewidth and parent
thermal motion. P,(x) = (3x* — 1)/2 is the second Le-
gendre polynomial. @is the angle between the E vector of the
dissociating light and the propagation direction of the probe
laser and xp, = (v — v,)/Av,, is the relative displacement
from the line center v,,. The parameters to be fitted are the
Doppler width Av;, = v,(v/c) where v is the average veloc-
ity of the very narrow product velocity distribution and 8.4,
which determines the shape of the Doppler profile and con-
tains all essential information about the vector properties of
the dissociation process. In order to extract this information,
B¢ can be written as a linear combination of three anisotro-
py parameters 8, B,;, and B,,,. The coefficients of this
linear combination depend on the excitation—detection ge-
ometry and the branch used for excitation. With a sufficient
number of experimentally obtained 8.4 (Ngg ) values the
bipolar moments can be extracted. Moreover, the fit proce-
dure yields the Doppler width which is a measure of the
average translational energy of the fragments in each rota-
tional quantum state.

The (v + J) correlation which is parametrized by 8, isa
dynamical quantity of great importance because it is inde-
pendent of the lab frame, thereby permitting an insight into
fragmentation dynamics directly in the molecular frame.
Perfect alignment between v and J is given when 8, = + 1
orB,; = — }indicating that vis either parallel or perpendic-
ular to J. All observed rotational states show a significant
positive (v « J) correlation [Fig. 5(b) ] which increases with
increasing N corresponding to an ascending tendency of J
being parallel to v.

The parameter B,,, which is referenced to the lab frame
describes the correlation between the E vector of the dissoci-
ating light and the velocity vector v of the fragments after
separation. However, if negligible parent rotation is assumed
as in the present jet experiment lab frame and molecular
frame are related to each other and 3, depends only on the
angle between the transition dipole moment p of the parent
molecule and v. In Fig. 5(a) the N dependence of the 8,
parameter is shown. The limiting cases of B,, = + 1 and

— Jcorrespond top || vand p L v, respectively. The {p « v)
correlation vanishes for an isotropic process. At lower rota-
tional quantum numbers a minor preference for the dissocia-
tion direction perpendicular to p was found. Only in the
highest observed quantum states the fragmentation direc-
tion along w is slightly favored [Fig. 5(a)].

The bipolar moment B,,,; describes the mutual correla-
tion between w, v, and J. The limiting numerical values are
B,.; = — 1 when all three vectors are either perpendicular
to each other or pointing in the same direction and
B, = + }in the case when two of the vectors are parallel
but perpendicular to the third. Since the spatial distributions
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FIG. 5. Observed bipolar moments 8,,,, B.,, and B,,,; as a function of the
rotational quantum number Ny . The translational anisotropy of the pho-
tofragments is described by 8,,,. This parameter is used to determine the
quantitative contribution of the 4 '4 and B 'B potential surfaces to the
overall dissociation process. The parameter 8, characterizes the correla-
tion between the translational and rotational motion of the product. Its
positive value increases with increasing fragment rotation indicating a more
parallel orientation between J,y and ¥oy; . The low value of 8,,,; describing
the correlation between vy, Jou, and the transition dipole moment p of
the parent is a consequence of the low values for 8, and 8, the alignment
of the OH product.

of v and J are almost isotropic, it is very unlikely that the
fragmentation process is directional with respect to the three
vector correlation. Indeed, we found a low value for the 8,
parameter of 0.05 4+ 0.1 averaged over all observed rota-
tional states. The N dependent values are plotted in Fig.
5(c). They show no significant tendency with the rotational
states of the fragment.

In a former study where room temperature H,O, was
photolyzed at 193 nm the populations of two dissociating
electronic states (4,B) were probed and the measured prod-
uct distributions were represented by a superposition of the
two distributions originating from the different excited
states.'® With the aid of the calculated dipole transition mo-
ment, the individual anisotropy parameters (8, ) 5 of the
two fragmentation channels were obtained and the frac-
tional contribution of the two fragmentation channels to the
measured product distribution was calculated. However,
there was still an uncertainty due to the fact that parent
rotation may influence the value of the observed anisotropy
parameter because of finite time of separation.

Under the assumption that both excited states lead to
fragments with nearly equal velocity |v| it was shown that
the measured parameter (5, ). can be expressed as a lin-
ear combination of the parameters (8,,), and (8,,)s
which are related to the two subprocesses.

The expression

(Byv)obs = a(ﬁuu),{ + b(B,uv)B » b= 1—a (3)

yields the fractional contributions a and b of the two chan-
nels to the measured product state distribution. For a nonro-
tating parent molecule the anisotropy parameters for each
subprocess 4 and B, depend only on the involved transition
moments p, = (4 |p|X) and py = (B|p|X). Then the
(B,») 45 parameters are simply given by the second Le-
gendre polynomial P, (cos ) where ¥ is the angle between
the recoil velocity, which is essentially parallel to the O-O
bond axis, and the transition dipole moment p.

Reinsch'¢ investigated in the most recent ab inito calcu-
lation the excited states of hydrogen peroxide. An essential
aim of the work was to carry out a careful calculation of the
first three excited electronic states. For energetic reasons it is
unlikely that even higher states are involved in the dissocia-
tion process at 193 nm. The calculations show that the
ground state and the first electronic excited state are of '4
symmetry. The second as well as the third excited state are of
1B symmetry. However, only the 4 '4 and the B 'B states
lead to a rupture of the O-O bond while the second B state is
correlated with a break of the O-H bond. The transition
moment u, has to be aligned along the C, symmetry axis of
the molecule (y,, = 90 °) while pj lies perpendicular to this
axis with an angle of ¥, = 4.3 ° to the O-O axis. Therefore,
the transition to the 4 '4 state corresponds to a (8 v )a DA
rameter of — 0.5, whilea (8,,) 5 parameter of + 0.99 has
to be expected for fragmentatlon viathe B 'B potential ener-

gy surface. Consequently, at 193 nm the H,0, molecule be-
haves almost like a diatomic molecule where a paralilel and
perpendicular transition is induced resulting in the fragment
distributions I(8) , ~sin” 6 and I(8) 5 ~cos® 6.

Figure 6 represents the calculated fractional contribu-
tions of the two dissociation channels to the population of
the fragment quantum states. The small increase with NV for
the contribution of the B 'B state (Fig. 6) was not found
when room temperature H,O, was photolyzed. As it will be
shown later the parent rotation about the O-O axis adds
significantly to the fragment rotation. This effect acts like an
averaging process and the contributions of both excited elec-
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FIG. 6. OH rotational state distribution after excitation of jet cooled hydro-
gen peroxide in the 4 '4 state or in the B 'B state.

tronic states to a specific fragment rotational state are
smeared out over several states by parent rotation. In total,
65% of the OH fragments are formed via the 4 '4 state and
35% result from excitation of the B 'B state.

C. Energy partitioning

The distribution of the energy released in the dissocia-
tion process over the various degrees of freedom of the frag-
ments is governed by the shape of the excited potential ener-
gy surface and the initial conditions in the parent molecule.
The total excess energy E,,, which is available to the photo-
fragments, is determined by the dissociation energy E,, the
photon energy v = 619.1 kJ/mol, and the internal energy
of the parent molecule E,, (H,0,):

E,, = hv+ E, (H,0,) — E, . 4)

The internal energy of the jet cooled parent molecule is not
exactly known. We assume a rotational temperature of
T, = 20 K and a vibrational temperature of T,;;, = 150 K
which results in an internal energy of E,,, (H,0,) = 0.8 kJ/
mol.

The available energy emerges in the fragments as rota-
tional and translational excitation. Since the Doppler profile
measurements yield the mean kKinetic energy (E,;, (N)) of
all fragments in a specific rotational state, we obtain

E, =2 ; P(N)E,(N) +2 %‘, P(N)Y(E,;, (N)), (5)

where P(N) is the normalized rotational population and the
factor 2 is a consequence of the fact that two OH radicals are
formed in each elementary process. With E,, = 422.55 kJ/
mol, the dissociation energy can be determined by spectro-
scopic means to be E; = 197.4 kJ/mol. The uncertainty due
to parent temperature will not significantly alter this result
because of the minor contribution from the internal parent
energy. The same calculation was done with data obtained in
bulk experiments at the photolysis wavelengths of 266 and
193 nm resulting in dissociation energies of 194 and 199 kJ/
mol, respectively.?®

The fraction of energy which is transferred into OH ro-
tation is given by f,, =2ZyP(NE_, (N)/E,, =0.15.

Consequently, the fraction of energy emerging in fragment
translation is fi;,, =2 2y P(N){E,, (N))/E,, = 0.85.
Within the experimental uncertainty similar results had
been obtained in the photolysis of thermal H,O, in bulk ex-
periments at 193 nm,!-2324

V. THE DISSOCIATION PROCESS

The photolysis of jet cooled H,0, at 193 nm resultsin an
almost isotropic OH product velocity distribution. With the
aid of the calculated dipole transition moments of the first
and second electronic excited states this distribution can be
explained when a contribution of 0.65 for the 4 '4 state and
0.35 for the B 'B state to the absorption cross section is as-
sumed. The total absorption cross section of H,0, at 193 nm
may also include small contributions of the excitation of the
C state resulting in the break of the O—H bond and the pro-
duction of H atoms which cannot be observed in the present
experiment, '6%°

Nuclear fragmentation in two OH radicals evolves sepa-
rately on two potential energy surfaces, however, the inter-
nal excitation of fragments formed via the different surfaces
is quite similar. No vibrational excitation was found and the
rotational distributions originating from the 4 '4 and B 'B
state are peaking at the same rotational quantum number
and show a comparable shape (Fig. 6). Consequently, the
translational energy released in the different process has to
be almost the same.

The analysis of the {v+J) correlation can elucidate
these surprising results. We found a strong positive correla-
tion of about 0.5 for all fragment quantum states pointing
out that an alignment of J being parallel to v is significantly
favored. In the absence of parent rotation the v vector is
strictly related to the molecular frame. In this frame the sep-
aration coordinate is given by the vector R which joins the
center of mass of the OH rotors. Because of the mass distri-
bution R is almost in the O—O bond axis.

For high rotational quantum numbers a classical mo-
mentum representation permits a more vivid view of the dy-
namics of the fragmentation process. In a body-fixed coordi-
nate system where the transition dipole moments p, as well
as pp define the z axis the recoil velocity v of fragments
formed via the 4 'A state will be aligned perpendicular to the
z axis and thus define, e.g., the x axis. When the B !B state,
treated as a parallel transition, is excited v will be aligned
along the z axis. The observed bipolar moments (5,),, are
the weighted sum of the corresponding bipolar moments re-
lated to the respective transition state

(Bi)obs 20(3,’)4 +(l—a)(/3,)3 . 6)

In the coordinate system defined above these bipolar
moments can be expressed by the expectation values of the
square components of the angular momentum referring to
the proper transition state

W+ DB =22, — (I, ~ I,
)]

W+ D(Bu)a =202 s — (T2 — T4 (8)

W, + D Bu)a =D+ T, =202,
&)
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Wy (s + 1) (B =2(05—(I2)s — (D)5,

(10)

(ﬁu.l)3= —(B,WJ)BV= (;B,d)p (11)

Equations (6)—(11) were used to determine the bipolar mo-
ments (5;) ,,(B;) s and the expectation values of the squared
angular momentum components. Table I contains the ob-
served bipolar moments (N>14) and the calculated state
specific bipolar moments and expectation values of the
squared J components.

The bipolar moments (8,,) , and (B,,)  describing the
{v+J) correlation are both positive. Therefore, the major
part of the rotational energy ({E,, ) = 2735.9 cm™") is re-
leased via torsional motion in the OH rotor. If we would
assume that no torque is induced by final state interaction,
then almost 50% of the mean vibrational energy of the par-
ent molecule (including zero point energy) can be trans-
ferred into product rotation.>!>> The energy which one OH
fragment receives from the torsional mode of the parent
H,0, is calculated to be 47 cm ™. Therefore, the strong dihe-
dral angle dependence of both upper potential surfaces is the
main origin of fragment rotation. Quantitatively, the
(J2), = 0.69 and the (J2), = 0.63 expectation values de-
scribe that part of fragment rotational energy induced by the
dihedral angle dependence of the upper potential surfaces.

The contributions from parent bending modes (almost
exclusively zero point) to the fragment rotation will emerge
in the (J2), + (J2),=031and (J2)p + (J2)5 =0.37
components. We calculate that the zero point energy of the
parent bending modes adds a fraction of 0.12 (331 cm™") to
the rotational energy of one OH fragment. Both upper po-
tential energy surfaces should only show a weak dependence
along the bending coordinates.

Recently Meier ez al. calculated the potential energy
surfaces of the 4 '4 and B 'B states by quantum mechanical
ab initio methods."” The torsional dependence of the elec-
tronic ground state and the first two excited states is schema-
tically shown in Fig. 8 (right part). The ground state poten-
tial function was evaluated on the basis of the hindered
potential function.*® A Franck—-Condon transition from the
zero point level of the ground state to the 4 'A state results in
a torque with a direction of rotation to the trans configura-
tion while an excitation of the B ' B state induces a torque to
the cis configuration. The shape of the torsional dependence
of both excited states in the Franck—~Condon region is nearly
the same which explains the comparability of the rotational
distributions of the fragments evolving on the different up-
per potential surfaces.

—
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FIG. 7. Correlation between the rotation of the two OH partner products
OH,, and OHj; formed in the same dissociation process of jet cooled (upper
part) and room temperature hydrogen peroxide, H,O, + #v(193 nm) -
OH, + OHg. Due to the limited resolution of the analyzing dye laser only
the mean partner rotation (N, ) can be determined as a function of the rota-
tional quantum number N, of molecules OH, formed in this state.

Schinke and Staemmler examined the photodissociation
of cold and room temperature H,0, at 193 nm using classi-
cal trajectory calculations on the ab initio potential energy
surfaces of the two lowest excited states (4 '4 and B 'B)."°
The two separate fragment rotational distributions formed
via the 4 and B state were averaged according to the ratio of
0.7:0.3 which was obtained using the respective dipole tran-
sition moments calculated by Reinsch.'® An initial parent
rotational temperature of 50 K and no vibrational hot band
excitation was assumed. The resulting fragment distribution
shown in Fig. 3 (solid line) is in remarkable agreement with
the measured data of the jet cooled experiment. The separate

TABLE L. Bipolar moments S, and expectation values of the squared angular momentum components. The
transition dipole moment in the parent H,O, defines the z axis. The recoiling OH fragments move essentially
along this axis if they are formed via the B ' B repulsive state. Those fragments which are generated via the A'4
state move perpendicular to the z axis. The observed moments (8,), Were taken for high OH rotations
(N>14) to evaluate the vector correlations for excitation of the 4 '4 and B 'B state.

Bos B, Bu Bruwr 72 73 O
(B:)otn 0.02 0.0 +0.51 +0.04
A4 —-05 —0.24 +0.54 +0.30 0.69 0.13 0.18
B'B +10 +0.45 +0.54 —045 0.37 0.63
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rotational distributions are shifted by only one quantum
number. The calculations on the A surface yield the maxi-
mum population for the N = 12 state while the population
formed via the B state is peaking at N = 11.

We found that the major part of fragment rotation
(~66%) is induced via the torsional coordinate. This im-
plies that there is a correlation between the rotational quan-
tum numbers of the two partner molecules (N, ,Ng ) formed
coincidently in one elementary step because for rotational
vectors N, and Ny which are aligned parallel to the direc-
tion of separation, the relation N, = — Nj has to hold.?32¢
This corresponds to a correlation between angular momenta
of coincident product pairs formed in one elementary frag-
mentation process. The subscripts A and B refer to the prod-
uct partner molecules OH, and OHy formed in an elemen-
tary process and should not be mistaken with the
identification of the upper potential energy surfaces 4 '4
and B'B. A comprehensive discussion on correlation
between partner products and preliminary results obtained
in the photolysis of room temperature and jet cooled H,0, at
193 nm and H,0,(D,0,) at 266 nm can be found else-
where.?>?% In short, each elementary fragmentation leads to
two OH radicals which may be formed in two different rota-
tional quantum states |/) and |k ). The elements of the matrix
P(i,k) represent the joint reaction probabilities of these mi-
croscopic events. Then the measured population of a rota-
tional level |i) can be expressed as the sum
P(i) = 2, P(i,k). The conservation of energy and linear
momentum in a fragmentation where the OH partner frag-
ments A and B are formed demands:

Erot(B) =Erot(A) —Eav +mU2' (12)

The kinetic energy of the observed OH radical reflects
the rotational energy E, (B) of the partner fragment B.
When an ensemble of fragments is analyzed the resulting
Doppler profile for a particular transition starting at a spe-
cific rotational quantum state can be written as a sum of
single profiles with the same center frequency but different
Doppler widths and weighting factors P(i,k). Thereby the
population P(i,k) of the quantum state |k ) is probed and
identified by the respective kinetic energy (Doppler width)
which permits, in principle, a determination of the matrix
P(ik).

The linewidth of the analyzing dye laser is not sufficient-
ly narrow to resolve the structure hidden in the Doppler
profiles, produced by the different states of the partner mole-
cule. However, we observed the average Doppler width for
each rotational state of OH, and thereby the average rota-
tional energy (E., (B)) of the partner molecule. These ener-
gies can be converted into rotational quantum numbers. Fig-
ure 7 shows a plot of the rotational quantum number N, of
molecules A vs the correlated mean rotational quantum
number {Np) of their partners B. When jet cooled parent
molecules are photolyzed (upper part of Fig. 7) the rota-
tional quantum number N, is highly correlated with the
averaged rotational quantum number {Ng ) of the partners
(N, =Ny). This indicates, again, the dominating contribu-
tion of torsional motion of the OH rotors to the total rota-
tional motion. Only at quantum numbers N, < 10 a signifi-

cant deviation from the bisecting line was observed. This
deviation can be explained by contributions from parent
zero point bending motion and the bending angle depen-
dence of the upper potential surfaces to the fragment rota-
tion. For this type of motion the orbital angular momentum
L,y of the OH center of mass relative to each other can fulfill
the conservation of angular momentum N, + N
+ L,z =0.

V. THE INFLUENCE OF PARENT ROTATION

As far as the energetic aspect is concerned there is no
significant difference between the photolysis of jet cooled
and room temperature H,0, at 193 nm. The relative weak
temperature dependence indicates by itself that the product
state distribution is mainly determined by strong final state
interaction. However, the small thermal parent excitation
compared to the available energy of the dissociation process
does not necessarily mean that the initial conditions of the
parent molecule are of minor importance. The most interest-
ing effect of parent thermal excitation appears in the direc-
tional properties of the fragments as well as in the width of
the fragment rotational distribution and in the microscopic
joint reaction probability P(i,k). This wealth of information
establishes a detailed picture of the transfer of parent motion
into fragment rotation.

The thermal parent translational motion can be neglect-
ed in the c.m. system. In the lab system it slightly increases
the spread of the resulting OH product velocity distribution.
Thereby it affects only the spectral resolution in the experi-
ment to a minor extent but not the observed OH properties
itself.

The only contribution to vibrational excitation at 300 K
stems from the v, torsional mode of the parent molecule. The
energy stored in the excited states of this mode is very small
compared to the mean OH rotational energy ( ~2%). Since
energy transfer from this mode will act in the same way as
the torsional angle dependent final state interaction does, we
do not assume an observable contribution from this part of
the thermal energy on the product properties. Also a favored
hot band excitation is unlikely because the measured ratio of
the partial absorption cross sections of the 4 '4 and B 'B
excited states are very similar when room temperatures and
Jjet cooled H,0, is photolyzed.

In order to evaluate the effect of parent rotation on the
OH fragment properties one has to distinguish between the
rotation about the three different axes of inertia. The rota-
tional vector N of the parent H,O, parallel to the vector R
has to be superimposed almost exclusively on the fragment
rotation induced by final state interaction because no orbital
angular momentum can be expected if the ground state ge-
ometry and the mass relation are taken into account. This
situation is illustrated in Fig. 8 where product rotation is
assumed to originate exclusively from the torsional angle
dependence of the upper potential surface with the superpo-
sition of parent rotation N. In this case the final OH rota-
tion N,(OH) is given by N;(OH, ) =N(OH, ) + Ny for
one OH product and N,(OHy) = N(OHg) — Ny, for the
partner fragment. The mean thermal rotation energy } kT
corresponds to a parent rotation of N =37 resulting in a
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EXCITATION OF THE B'B STATE
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FIG. 8. OH product rotation induced by the torsional dependence of the
upper potential surface. The A 'A4 state has its lowest energy in a trans con-
figuration while the B 'B state strongly favors a cis configuration. The
torque on the OH rotor induced by final state interaction N(OH) is in-
fluenced by parent rotation N(H,0,), resulting in a final OH fragment ro-
tation N(OH), where the partner products are released with different an-
gular momentum.
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difference of the rotation of the partner molecules
AN, = N;(OH, ) — N;(OHp ) =6#

For rotation induced via bending like motion of the OH
rotor the final OH rotation N,(OH) will be influenced main-
ly in its direction because in this case N(OH) is essentially
aligned perpendicular to N.

The angular momentum of the parent molecule about
the two other axes of inertia perpendicular to N, will be
transferred to a major extent only into orbital angular mo-
mentum L,y = u,q5bv, where .y is the reduced mass of
the OH partner fragments and b is an impact parameter.
Thereby the velocity v, will slightly increase the final veloc-
ity of the fragments.

When jet cooled H,0O, was photolyzed we found for
fragment rotational quantum number N>8 that both
partner radicals are formed with the same quantum number
N, =Njy. Corresponding investigations were performed for
the dissociation of room temperature H,O, with the surpris-
ing result that this strong correlation breaks down (lower
part of Fig. 7). The data obtained in the bulk experiment
show a strong deviation from the bisecting line representing
the case of N, = Ny. Therefore, fragments formed in any
rotational state have on the average partners with medium
angular momentum. This behavior can only be attributed to
the influence of parent rotation. In particular the parent ro-
tation about the R axis results in a difference in the final
quantum number of the partner molecules of
AN (OH) = 2Ny (parent). With average parent angular

momentum of Ny = 3#iat T = 300 K a fragment formed at,
€.g., N;(OH) = 18 has a partner at N,(OH) = 12 while a
fragment in the quantum state N,(OH) = 4 has a partner at
N;(OH) = 10. This shows that the small amount of parent
thermal excitation compared with the total energy released
in the dissociation process can strongly influence the micro-
scopic joint reaction probability P(i,k).

The qualitative picture of the effect of parent rotation
implies that the product state distribution formed in the pho-
tolysis of room temperature H,O, can be calculated by a
convolution of the product state distribution obtained from
jet cooled H,O, with the rotational population of the parent
molecule (rotation about the O-O axis). This convolution
results in an almost symmetric broadening of the rotational
OH product state distribution formed by final state interac-
tion as it was observed when room temperature H,0, was
photolyzed.

Schinke and Staemmler investigated quantitatively the
photodissociation of H,O, at 193 nm according to the proce-
dure described in Sec. IV but assuming thermal initial parent
conditions with a temperature of 300 K." The resulting
product distribution shown in Fig. 3 (dashed line) is in good
agreement with the measured bulk data.

The thermal excitation of the parent molecule affects
the measured (v« J) correlation in an unexpected way. At
medium rotational quantum numbers of the photofragments
the (v+J) correlation from room temperature H,0,
B.(T=300K), is comparable with the data from the jet
cooled experiment 3,,(T=20 K). At the lowest observed
quantum number N = 4 the parameter 5, (T = 300 K) ap-
proaches zero. This behavior was not found in the jet cooled
experiment. However, due to the very small population
number we could not perform precise Doppler profile mea-
surements at quantum numbers below N = 6 in the jet exper-
iment. At high quantum numbers the influence of parent
thermal exitation becomes obvious. The ratio of the £, pa-
rameters in this region is fB,, (T=300K)/
B, (T=20K) =0.7/0.5 indicating an increase of the
(v +J) correlation induced by parent thermal motion.

The classical definition of B,, = ((3(v+J/w)?> - 1)/
2) = 0.5 yields an average angle between v||R and N(OH) of
=35 °in the photofragmentation of jet cooled H,O,. An in-
crease of the (v + J) correlation corresponds to an additional
angular momentum aligned parallel to v. The model of
transfer of parent rotation into fragment rotation implies
that the highest observed quantum numbers N.(OH) in the
bulk experiment are given by N;(OH) = N(OH) + Ng.
With N, = 3% R/R and, e.g., N(OH) = 14 we calculated
an angle of 29 ° between N.(OH) and v. The agreement with
the measured angle in the bulk experiment of 26 °is a further
hint on the correctness of the qualitative transfer picture of
parent rotation and explains how a random thermal motion
can increase a directional property of the dissociation pro-
cess.

VI. CONCLUSION

In the present paper we demonstrate that polarization
and Doppler spectroscopy in combination with the super-
sonic jet technique enables a deeper insight into photodisso-
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ciation. The near absence of parent rotation allows that lab
frame referenced vector correlations can be interpreted more
directly in terms of the molecular frame. When hydrogen
peroxide is photolyzed at 193 nm the quantitative contribu-
tions of the first two dissociative electronic states were di-
rectly calculated from the measured (p - v) correlation with
the aid of ab initio calculated dipole transition moments. The
relative contributions of the 4 '4 and B B states to the total
OH production were determined to be 0.65 and 0.35, respec-
tively.

An intrinsic influence of parent rotation on all impor-
tant fragment properties was observed. A symmetric broad-
ening of the fragment rotational distribution is caused by
parent rotation about the O-O axis. A slightly lower (v - J)
correlation was obtained in the jet cooled experiment than in
the bulk experiment. This increase is attributed to a transfer
of parent rotation inducing a supplemental angular momen-
tum mainly in the direction of fragment separation. The re-
sult of the bulk experiment that fragment rotation is primar-
ily induced by the strong dihedral angle dependence of both
upper electronic surfaces is confirmed.

The important correlation of the angular momenta of
both fragments formed in a single dissociation event
[N(OH, ),N(OHjy)] is strongly influenced by parent rota-
tion. We observed the correlation N(OH, ) =N(OHy) at
quantum states ;N > 8 while the bulk data show only a weak
correlation. This result is obviously not based on an exact
proof because the spectral resolution of the probe laser per-
mits only the determination of the average angular momen-
tum of the partner molecule. Experiments with an improved
resolution are in progress which will allow a measurement of
the state resolved partner distribution.
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