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Emission spectroscopy has been applied to study the photofragmentation of hydrogen peroxide and its deuterated analogon. At 

the photolysis wavelength of 157 nm the parent is excited to a high-lying ‘A or ‘B state. One of the fragments is formed in the 

A *Z+ state with a quantum efftciency of 0.07. From the analysis of its fluorescence, A %5+-+X %, the energy release on the 

various degrees of freedom is deduced. The products are formed with low vibrational excitation, but the rotational excitation of 

the fragment is highly inverted and peaks at No” GZ 2 1 and No, z 27 for u’ = 0. Polarization spectroscopy is used to measure the 
rotational anisotropy. The alignment parameter is negative for high product rotations and found to be A$” = -0.25 indicating a 

more perpendicular orientation between Nand p, the transition dipole moment of the parent. The major part of fragment rotation 

is from a torsional dependence of the upper potential surface. Initial parent thermal motion is of minor influence on the rotational 

excitation of the fragment. Conservation of energy and angular momentum together with the alignment of the fragment leads to 

the conclusion that the partner product [OR(X *II) ] which is coincidently formed in the same microscopic fragmentation event 

is also rotationally hot and the two fragments rotate in opposite directions. 

1. Introduction 

Hydrogen peroxide plays an important role as a 
main oxidant in atmospheric chemistry. A question 
of special importance is concerned with its formation 
in rain drops where HO, radicals as precursors may 
lead to the formation of H202 [ 11. Gaseous atmos- 
pheric Hz02 can be detected by using tunable diode 
lasers with long-path absorption [ 2 1. Also photodis- 
sociation of H20z in the vacuum UV offers an inter- 
esting way for its detection because one of the two 
OH fragments can be formed as electronically ex- 
cited species, thus giving rise to the resonance radia- 
tionA2Z+-+X211near310nm [3,4]. 

The fluorescence of the electronically excited prod- 
uct can be analyzed in a state-resolved manner. Fur- 
thermore, the use of Doppler and polarization 
spectroscopy is a powerful method in studying the 
dynamics of fragmentation processes. Not only the 
symmetry of the involved electronic states can be de- 
termined, but also information on the lifetime of the 
excited state can be extracted [ 56 1. In addition to 
scalar properties as population of fragments in rota- 
tional and vibrational states, the determination of 

vector correlations between p, the transition dipole 
moment of the parent molecule, u the velocity, and J, 
the rotational moment of the fragment, are an excel- 
lent characterization of the photofragmentation pro- 
cess [7]. 

A substantial progress has been achieved by ex- 
tending the studies on vector correlations, between 
product translation and rotation. This (u, J) corre- 
lation is now related only to the molecular frame and 
is no longer based on the lab frame. In a four-atomic 
molecule such as H20z the correlation between the 
velocity of the fragments u, and the rotational mo- 
ment J, is no longer trivial as it is the case of a tria- 
tomic molecule where apart from thermal motion the 
fragment velocity vector lies necessarily in the plane 
of the molecule with the rotational moment, J, al- 
ways pointing vertical to it. In Hz02, the torsion mo- 
tion of the OH rotor can be a source of fragment 
rotation resulting in a parallel orientation between v 
and J. 

The study of fragment vector properties had been 
concentrated on the first two electronically excited 
states of the parent H20z, which are the A ‘A and B ‘B 
states [8-l 01. These repulsive states lead to two OH 
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fragments with low rotational excitation in the elec- 
tronic ground state 2113,2,, ,2. The primary excitation 
sources were the radiation at 266 nm of the fourth 
harmonic of a Nd-YAG laser and the two excimer 
laser wavelengths at 248 and 193 nm. At wavelengths 
below 172 nm a new dissociation channel is opened 
from which electronically excited hydroxyl radicals 
in the ‘C+ state evolve. Therefore, emission spectros- 
copy can be used to investigate the fragmentation 
pattern of 

HzO~(~‘A)+hv+OH(XzII)+OH’(A2C+) (1) Fig. 1. Schematic diagram of the experimental setup 

and its deuterated analogon [ 11,12 1. 
Earlier measurements showed that 7% of the total 

absorption is related to reaction (1) and, conse- 
quently, the formation of two non-excited radicals is 
still the major process [ 3 1. The present paper reports 
on a detailed investigation of the one-photon excita- 
tion of R,Oz (R=H, D) which leads to 0R(A2Z+) 
products. Not only the entire internal state distribu- 
tion was determined, but also the fragment align- 
ment using different polarization excitation and 
detection schemes. 

2. Experimental 

The photodissociation studies were carried out as 
a photoinduced emission experiment. The photolysis 
source is an F2 excimer laser operating at 157 nm. At 
this wavelength the output energy of the laser was 5 
mJ at a repetition rate of 10 Hz. The temporal width 
of a pulse was 10 ns. After 30 min of operation the 
laser output energy decreased to half of its original 
value. The laser beam was slightly focused into an al- 
uminium cell by a 300 mm MgF2 lense. To avoid ab- 
sorption of the laser radiation by ambient air the light 
path between the laser and the entrance window of 
the cell was floated by dry nitrogen gas. A schematic 
view of the setup is given in fig. 1 which shows the 
light baMes together with a Woods horn to avoid stray 
light problems. Vertically to the photolysis beam the 
A ‘C’ -tX ‘II fluorescence light of the excited prod- 
ucts is observed. The gas sample is contained in a cell 
which can be evacuated by a vacuum pump system 
consisting of a diffusion and a rotary pump. 

mm) which carries two exit slit mountings. One of 
them is used in combination with a photomultiplier 
detector, while the other one is equipped with an op- 
tical multichannel analyzer (OSMA: Physical Instru- 
ments Inc.). The quantum efficiency of the photo- 
multiplier between 300 and 400 nm is about 25%. The 
array of the OSMA system shows a nearly constant 
quantum efftciency in the near ultraviolet. The OSMA 
system leads to a small decrease in final resolution of 
the whole device, compared to the use of the photo- 
multiplier. However, the optical multichannel ana- 
lyzer monitors a large part of the complete 
fluorescence spectrum at a single laser shot and the 
capability of integration over a number of photolysis 
shots improves the signal-to-noise ratio by more than 
one order of magnitude. 

With a slit width of 20 urn a resolution of the 
monochromator of I/M= 3~ lo4 was obtained us- 
ing the holographic grating of 3600 grooves/mm 
(Yobin-Ivon). In this high-resolution version the 
monochromator in combination with the diode array 
allowed simultaneous detection of a 8.5 nm wide strip 
of the spectrum. In order to measure simultaneously 
the complete A ‘C’ 4X ‘Il spectrum, a grating of 
lower resolution (600 grooves/mm) was used. 

The fluorescence detecting system consists of a 
monochromator (0.5 m Minuteman, grating: 3600 g/ 

The H20z probe gas which was passed into the cell 
was evaporated from a HzOz/HZO solution with a 
H202 concentration of more than 98%. This leads to 
> 75% Hz02 purity in the gas phase at room temper- 
ature. Control of the concentration of the solution was 
made by measurement of its refractive index [ 13 1. 
The probes were obtained by vacuum destillation 
starting from solutions of 85% purity which were 
kindly supplied by Degussa. It should be mentioned 
that the photolysis of the remaining water does not 
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influence the OH (A *I;+ ) product state distribution, 
because only at wavelengths below 135 nm water dis- 
sociates into electronically excited hydroxyl radicals 

[141. 
The Dz02 probes were prepared by proton ex- 

change reactions of highly concentrated H202/H20 
solution with the deuterium atoms in D20. Up con- 
centration of D202 was again achieved by vacuum 
destillation. Finally a solution containing D202 at a 
purity of 87% was measured. The calculated compo- 
sition of this solutions is 

D202:HD02:H202=100:3:0.3. 

The purity of the Dz02 samples used in the photo- 
lysis was controlled by search for OH emission in the 
157 nm photolysis as well as by studying its photoly- 
sis at 266 nm and probing the OH radicals by LIF. 
These experiments showed that the proton content of 
the solution is well below 1%. 

The peroxides are flown from the reservoir into the 
cell at a rate of about 1 cm3 per second to avoid the 
build up of photolysis products. The reservoir of 250 
ml was made of colored glas to prevent the solution 
from dissociation by daylight. The gas handling sys- 
tem was kept grease free. 

When the setup was used to measure the scalar 
properties, as there are the vibrational and the rota- 
tional state distribution, the radiation from the pho- 
tolysis source as well as the fluorescence light was 
depolarized by the use of a Hanle scrambler (Halle). 
In case of polarization experiments the photolysis 
laser light could be linearly polarized using a MgF2 
Rochon prism and the fluorescence light was de- 
tected after passing an other polarizer. All possible 
combinations of incident (Zi) and fluorescence light 
(Zr) polarization, vertical or horizontal, result in four 
cases. However, due to the cylindrical symmetry three 
of them lead to identical results. 

3. Product state distribution 

The determination of scalar and vectorial proper- 
ties of fragmentation events is related to an observa- 
tion of the nascent fragment distribution. This 
demands that the spectroscopic data are not spoiled 
by collisional relaxation. As the mean lifetime of OH 
radicals in the A(*C’) state is about 700 ns the total 

pressure in the observation region has to be rather 
low [ 15 1. Relaxation processes will have an influ- 
ence on the lifetime as well as on the fragment state 
distribution. As the rotation is very sensitive to col- 
lisions, observation of fragment lifetimes in isolated 
rotational states as well as rotational state distribu- 
tions as a function of total cell pressure is a useful 
control. Both types of measurement showed that up 
to 10 mTorr no detectable changes were observed. 
Even up to 50 mTorr the rotational state distribution 
remained unchanged. For that reason all experi- 
ments were carried out at variable pressures between 
1 and 50 mTorr. 

Fig. 2 shows the O-O band of the OH A *E+ -t X *II 
transition after excitation of H202 at 157 nm. The 
rotational structure of the bands is not always com- 
pletely resolved and the final rotational state distri- 
bution is obtained from simulation calculations. 

The A *x+ --t X *II transitions in a vibrational band 
consist of twelve rotational branches. The spectral 
positions [ 3,161 as well as the transition probabili- 
ties [ 17 ] are all well known so that any of the twelve 
lines can be used as a source of information on the 
population of a specific rotational state of quantum 
number N. To extract that information from the 
spectrum the shape of the emission lines has to be 

310 315 320 325 

WAVELENGTH / nm 

Fig. 2. Fluorescence spectrum of OH *YZ+(V’=O)+~~I(V”=O) 

resulting from the 157 nm photolysis of H202. Top trace: ob- 

served emission band at a total pressure of 10 mTorr; lower trace: 

computer simulation based upon the OH population numbers and 
detected line profiles. 
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well known to successfully run the deconvolution 
procedure. As there are a number of lines in the spec- 
trum which are completely resolved this condition is 
easily fulfilled. For better control the experimental 
line shape was independently determined from a sep- 
arate measurement using a low-pressure mercury 
lamp as atomic emission source. From such measure- 
ments the relevant line profile is obtained which was 
the best fit to the experimental line shapes. The line 
shape is represented by a formula which contains a 
contribution from both a Gaussian and a Lorentzian 
line 

f(l)=exp[ -4 In 2 (A-A,)‘/b*] 

+ [ 1+4(A--&)‘/b’] -1, 

with b, the line width at half-maximum. With the aid 
of this line shape formula and with relevant popula- 
tion numbers in the rotational states a spectrum is 
calculated. The intensity differences taken from this 
spectrum and the measured one are then used to vary 
the starting conditions systematically using a least- 
squares lit procedure until the best fit is obtained. In 
a final proof of the consistence of the calculations, 
simulations were carried out using different sets of 
population numbers as starting conditions. In all cases 
the same final population was obtained. Fig. 2 shows 
the degree of agreement for the region of the O-O 
transition. 

In order to compare the experimental spectrum 
with calculations it has to be established that the data 
are not influenced by polarization effects. For that 
reason care was taken to depolarize the photolysis ra- 
diation and the fluorescence radiation as well by suit- 
able optical elements. The remaining alignment in the 
system due to the use of directed beams will influ- 
ence the observed population numbers to less than 
5%. 

There is, however, an additional effect which can 
spoil the data because fluorescence of the fragments 
is used as a source of information. Transitions from 
higher rotational states which appear in the spectrum 
are effected by predissociation which opens a dark 
channel (*C’-+“C- ) and shortens the lifetime of the 
excited species. A correction for this effect has to be 
madeforOH,v’=O,N’>23,andv’=l,N’>14.Due 
to the smaller rotational constant of OD this effect 
starts at considerably higher quantum states (v’ = 0, 

N’ > 37). The final corrections due to predissocia- 
tion were made by multiplying the measured inten- 
sities by the factor 

with rfl the radiation lifetime of the fragment in state 
N and Pp, its predissociation probability [ 18 1. 

As a result of such calculations we obtain the rota- 
tional population in the different vibrational states 
of OH and OD, which are shown in figs. 3 and 4. The 
accuracy in the OD data is of course lower compared 
with the OH data because of the stronger congestion 
in this spectrum which stems from the smaller rota- 
tional constant. These figures indicate that the pop- 
ulation is definitely non-Boltzmannian. There exist 
an obvious preference for higher rotational states. 

The vibrational state distribution was obtained 
from the integrated band intensities. As the contri- 
bution from U’ = 2 is only marginal, information is 
obtained from the O-O, 1-O and 1 - 1 vibrational bands 
which leads to the data of table 1. This table contains 
results from H202 and D202 as well. The population 
in the U’ = 1 state is about 10% of the total popula- 

10 r___-. ? 
4 + 
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25 

ROTATIONAL STATE 

Fig. 3. Rotational state distributions for OH(A %+ ) in the vi- 

brational ground state v’ =O (upper trace) and in the first ex- 

cited vibrational state u’ = 1 (lower trace.) The two symbols refer 

to the two spin states F, and F2. 
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ROTATIONAL SThTE 

Fig. 4. Rotational state distributions for OD(A2E+/) in u’=O 

(upper trace) and u’ = 1 (lower trace), 

tion, fragment population in v’ = 2 is below the detec- 
tion limit. 

The rotational distribution as 
tained by taking the sum of the 
spin states, F1 and Fz. This is only meanin 
spin state population is statistical. 
ratio 

was determined and is represented in fig. 5. t can be 
seen from the figure that the assumption o the two 
spin states being populated statistically is E alid for 

OH and for OD as well. 

Table 1 
Relative population of the vibrational levels of the 

fragments formed in the photoexcitation of Rz02 at 1 

OH(A’I;+) OD(A*Z+) 

P(v’)(%) R P(v’)(%) iV 

92 21 91 27 
8 20 9 27 

<l <l 

ROTATIONAL STATE 

Fig. 5. Product state distribution of the spin components F, and 

F2 in the ‘Z+ state as a function of the rotational state N. A hor- 

izontal line at R,=O indicates that the dissociation process does 

not distinguish between the two spin-orbit states. 

4. Fragment alignment 

Many of the laser sources emit polarized light. This 
polarization may strongly influence the results if the 
observed line intensities will be directly converted 
into population numbers. For this reason isotropy of 
the photolysis and the fluorescence radiation was 
achieved before taking experimental data. But polar- 
ization of light on the other hand can provide valu- 
able information on the fragmentation dynamics and 
if combined with Doppler spectroscopy is able to un- 
ravel the problem of finding the symmetry of the ex- 
cited parent molecule state. 

The use of linearly photolysis radiation aligns the 
absorbing parent molecules according to their tran- 
sition dipole moment in such a way that maximum 
absorption is obtained if the E vector of the radiation 
field and the I( vector of the transition dipole are par- 
allel to each other. From symmetry reasons Hz02 ex- 
hibits only ‘A and ‘B electronic states with the 
electronic ground state being of ‘A geometry. For a. 
‘A-+‘A transition, ,u is parallel to the C, symmetry 
axis, whereas for a ‘A- ‘B transition p lies perpen- 
dicular to it. Excitation of a ‘A state will therefore 
lead to fragments with a preferred motion vertically 
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to the dipole moment. The result is a translational 
anisotropy expressed by a negative correlation be- 
tween the transition dipole moment fl and the frag- 
ment velocity U. 

In the case of a bent triatomic molecule, dissociat- 
ing into an atom and a diatom the molecular frag- 
ment will rotate about an axis vertical to the plane of 
the triatomic parent. Since the transition dipole mo- 
ment ,u has a fixed orientation to this plane, an an- 
gular correlation exists between the parent transition 
dipole moment p and the angular momentum iV of 
the rotating fragment [ 19 1. Due to the initial align- 
ment of the parent there may be also an alignment of 
the fragment which is observable from the polariza- 
tion characteristics of its emission if the fragment is 
simultaneously excited in the dissociation event. Ob- 
servation of fragment alignment is therefore a source 
of information on the forces which drive the frag- 
ments apart. 

Fig. 6 represents a view on the different orienta- 
tions of the photolysis laser and the fluorescence de- 
tector. The collision frame x, y, z and the detector 
frame x’ , y’, z’ define the Euler angles @, 8, x. For 
linearly polarized incident light the emission inten- 
sity can be written according to ref. [ 7 ] : 

Z(~,8,X)=fZ,{1-~h’2’(JiJ,)A6”‘(Ji) 

X [ Pz (cos 0) - 1 sin28 cos2x] >, (2) 

c- Laser 

Fig. 6. Geometrical arrangement for the detection of aligned 

photofragments. The E, vector of the linear polarized photolysis 

beam is parallel to the z axis. The emission is observed in the lab 
frame (x’, y’, z’ ), which is rotated by Euler’s angles 0 and x ver- 

sus the molecular frame (x, y, z). 

in which h (*)(.Z+Zr) depends only on angular momen- 
tum quantum numbers of the initial (Ji) and final 
(.Zf) fragment states. It takes the following values: 

h”‘(J,J,)=-J,(2Ji+3) 

for P transitions, 

=+1 

for Q transitions, 

=-(.Z,+1)/(2J,-l) 

for R transitions. (3) 

The azimuthal angle @ is irrelevant in problems hav- 
ing a cylindrically symmetric collision frame. Light 
intensities at two settings of x are required. With 
8=90” we obtain light intensities I!, and II for two 
positions of the linear polarizer, 

Z,, =I(@, ?ix,x=O), (4) 

and 

I, =I($, fn,x=hrc). (5) 

The polarization P and the polarization index R are 
then defined by 

p= 1, -IL 
I, +z, ’ 

R= ‘1, -I, 
I,, +2z, ’ 

which leads to the relation 

It follows for I0 and A 6’ ) : 

z(J =I,, +2z, ) (9) 

Ah2’ =~R/ZZ’~‘(.Z,J~), (10) 

so that the alignment can be easily determined from 
the measured polarization values. 

The formulas describe light emission by fragments 
which are in a well defined quantum state 1 i) . When 
the detected light is from two or more coherently ex- 
cited closely spaced levels depolarization effects have 
to be considered. Hypertine splitting causes such an 
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effect but often hyperfine precession is negligibly slow 
on the time scale of the radiative lifetime 7 of the ex- 
cited fragments. Yet there is still another depolariza- 
tion effect possible due to an external magnetic field, 
H, which causes a precession of the fragment angular 
momentum about the magnetic field vector H. The 
frequency of this precession is given by 

energy Ei”, ( R202) of the parent molecule, the disso- 
ciation energy Ed, and the energy T, which is needed 
to reach the lowest level of OR( 2x+) from the lowest 
level of OR(211): 

o= PusgHlfi (11) 

with pa and g being the Bohr magneton and the Land6 
factor, respectively. 

The observed polarization, Pobs, is reduced due to 
this effect. A correction is made by using the 
expression 

P=P,,,,[ 1+ (2~r)‘]. (12) 

Inserting the respective values for the earth magnetic 
field and the fragment lifetime we obtain values for 
P,,,,,/P above 0.9 for rotational quantum states N> 10. 

E,,=hY+Einl(R202)-Ed_Te. (13) 

The internal energy Eint( R202) is mainly deter- 
mined by the rotational energy of the parent 
E,,,(R,O,)=~RT=310 cm-‘, and by the vibra- 
tional energy of the v4 torsional mode, Evib(H202) 
= 100 cm-’ and Evis(D202)= 130 cm-‘. At room 
temperature the other vibrational modes are only ex- 
cited to a negligible amount. The energies which are 
used to calculate the energy partitioning in the var- 
ious degrees of freedom are shown in table 2. The 
fraction of the available energy which is released as 
rotation and vibration in the OR (A 2x+ ) product is 
calculated in the usual manner: 

In the actual experiment four settings were used in 
which the photolysis laser was linearly polarized either 
vertically or horizontally to the lab plane and the lin- 
ear polarizer positioned vertical to the photolysis 
beam axis. Its settings were also either vertical or hor- 
izontal to the lab plane. Due to the cylindrical sym- 
metry three of these four settings are identical (II ), 
while the fourth setting leads to a different signal (I,, ) . 

f,(A) = s ZW)E,,,(N)lE,,, (14) 

f,(A)=C P(~)E~i~(~)lE~~, 
v 

(15) 

where P(N) and P(u) are the product state 
distributions. 

The measured intensities I,, and I, were taken to 
extract the polarization index R according to eq. (7) 
and the fragment alignment A 6’) (N), eq. ( lo), as a 
function of the rotational state N. The measured 
alignment of the OH (A *z+, u’ = 0) fragment (fig. 7) 
is positive at very low rotational excitation and 
changes its sign for higher rotational states. 

5. Discussion 

Only a minor part of the energy E,, is transferred 
into fragment vibration. The Franck-Condon prin- 
ciple can explain the low vibrational excitation. The 
equilibrium bond length of OR in the parent R202 
(r( R,O,) = 97 pm) is comparable with the one in the 
free radical (r(A 2x)oR= 101 pm). At photolysis 
wavelengths above 172 nm, only OR fragments in the 
electronic ground state are formed. The OR bond 
length of those radicals is r(X 211)oR= 97 pm and the 
fragments exhibit essentially no vibrational excita- 
tion. This implies that the Franck-Condon factors for 
the decomposition of hydrogen peroxide to hydroxyl 
radicals in the A *C state should be mainly diagonal. 

Hydrogen peroxide with its screw configuration According to this model assumption excitation of 
belongs to the point group C2. The electronic ground water at 157 nm in its first absorption band should 
state and the first excited electronic state are of ‘A also yield vibrationless OH products. However, a sig- 
symmetry while the second dissociative state is of ‘B nificant amount of vibrationally excited fragments is 
symmetry [B-l 01. At the wavelength of 157 nm a found, because in this dissociation process an elec- 
different electronic state of R202 is excited which tron is raised from the nonbonding lb, to an anti- 
correlates with a hydroxyl radical in the *C+ state. bonding 4a, orbital resulting in an excitation of the 
The excess energy E,, which is available to the frag- symmetric stretch [ 201. In contrast to the photofrag- 
ments in this state is determined by the photon en- mentation of water the photolysis of hydrogen per- 
ergy at 157.6 nm (hv=63450 cm-‘), the internal oxide should, therefore, involve a transition where the 
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Table 2 
Energypartitioning (cm-‘) inthedissociationprocessR,Oz(~‘A)+hv(157.6nm)~OR(X2~)+OR(A’Z+) 

Ed E I”! L f,(A) f,(A) V;(A) I,,,,, 

HKh 197 4.9 178.8 44.3 1.7 27 

DzOz 204 5.3 172.2 28 1.5 35 

upper electronic surface shows only a small change in 
the dependence of the potential energy on the OR 
distance in R202. 

The dominating feature in the photofragmentation 
of RzOz at 157 nm is the extremely high rotational 
excitation of the OR (‘x+ ) product. More than 44% 
of the available energy are released in OH rotation 
and 28% in OD rotation. The rotational state distri- 
bution peaks at Non= 21 (E,,,(No,=21) ~8000 
cm-‘) and No,=27 (E,,(N,,=27) ~7000 cm-‘) 
with a very narrow distribution of ANx 5. An excep- 
tion of this extremely narrow rotational distribution 
is the OD fragment in its vibrational ground state. 

Before we will discuss the dissociation process in 
more detail, it is necessary to consider the conserva- 
tion of linear and angular momentum which give fur- 
ther constraints on the product distribution. The 
conservation of total angular momentum, ZV,, leads 
to the equation 

N,=N(R,O,)+N(~V)=N(X)+N(A)+L, (16) 

where iV(R,O,) is the initial parent rotation before 
excitation by a photon (N(hv)=lfi), N(X) and 
N(A) are the product angular moments in the elec- 
tronic ground and excited state, and L is the orbital 
momentum of the recoiling RO-OR system. For 
thermal Rz02 the most probable parent rotation 
N( R,Oz) can be calculated according to 

m(R,02)=(ZkT/A2)1’2-1 (17) 

if R202 is treated as rigid rotator with Z being the mo- 
ment of inertia. Rotation about the O-O internuclear 
axis gives a value of iii( H,O,) x 3A, while rotation 
perpendicular to this axis leads to a value of 
N( H202 ) = 1 Ofi. Thus, a total angular momentum of 
N, z 11 fi has to be conserved. However, only rotation 
about the O-O bond can significantly influence 
product rotation, because any rotation perpendicular 
to this axis will mainly be transferred into fragment 

velocity and orbital momentum, due to the parent 
structure. 

Let us now consider only a break of the O-O bond 
without any further influence of the upper potential 
surface on the fragment rotation. Initial parent rota- 
tion about the two axes of inertia perpendicular to 
the O-O axis will almost exclusively be transferred 
into fragment translation. A simple classical calcula- 
tion shows that at most lfi will be transferred into 
internal product rotation, while the overwhelming 
part of parent rotation is released as orbital angular 
momentum I= fmoRvs, where s is the distance of the 
center of mass of R202 to the center of mass of the 
OR atoms in the parent, and v is the recoil velocity of 
the OR products after separation. Parent rotation 
about the O-O axis (N(H202)=3fi) will almost 
completely be transferred into product rotation. 
Therefore, the maximum total angular momentum of 
N,= lfi (hv) + 3fi (parent rotation about the O-O 
axis) will be transferred into internal rotation of the 
OH (X ) + OH (A) partner molecules and into orbital 
angular momentum (eq. ( 16) ). The most probable 
rotation of electronically excited OH was found at 
N(OH) =21k. Therefore, at least N(OH) 
-N, = 2 1 h - 4fi = 17fi has to be supplied by the rota- 
tion of the simultaneously formed OH (X ‘II) part- 
ner fragment and/or by the generated orbital 
momentum L. The corresponding conclusions in the 
photodissociation of D202 at 157 nm lead to a value 
ofN(OD) -N,=27A-5fi=22fi. 

The orbital momentum L approaches its maxi- 
mum value when all the remaining energy is trans- 
ferred into translation, i.e. the OH(X ‘II) partner 
product will have absolutely no internal excitation: 

f;(A)max=f;(X)m,,=4 [ 1 -f,(A) -L(A) 1. (18) 

In a more state specific manner, a maximum of 
E t=f[E,,-E,(N(OH)=21)] can be transferred 
into translation of the OH (A 2C, N= 2 1) fragment. 

If we assume that the dissociation process can be 
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described by a simple repulsion along the O-O axis, 
then only a maximum momentum of 2fi can appear 
as orbital angular momentum L [ 12 1. Obviously, this 
low value of L is not sufficient to fulfill the constraint 
of conservation of angular momentum. 

Therefore, the OH(A) partner fragment, i.e. 
OH(X), has to be generated with high rotational ex- 
citation in order to conserve the total angular mo- 
mentum. If the remaining energy for the OH(X) 
product is completely released as rotation, this rota- 
tional energy E,, -E,(N(A))=81 kJ/mol, corre- 
sponds to m( OH (X) ) x 19fi and the constraint 

is fulfilled. However, the rotational vectors 
N( OH (A) ) and N( OH (X) ) have to point in oppo- 
site directions. 

Since a simple repulsive model can be excluded to 
describe the rotational excitation of the fragments, 
two different types of motion of the OR rotor during 
the dissociation process have to be considered: a 
bending like motion and a torsional motion of the OR 
in the parent R202. 

If product rotation is induced only by a torsional 
motion, then the rotation of both OR partner frag- 
ments has to be exactly the same, but the rotational 
vectors, N(OR(A)) and N(OR(X)), point in op- 
posite directions, as it is demanded to conserve the 
total angular momentum. In this case the transla- 
tional and rotational motions of the products are 
strongly correlated with UoR and No, being parallel 
to one another. This type of dissociation corresponds 
to a strong dependence of the upper potential energy 
on the dihedral (torsion) angle. 

If product rotation is generated only by a bending 
motion of the OR rotor and we assume all other geo- 
metrical quantities to be the same as in the ground 
state configuration, then the angular momentum of 
the OR ( X ) is nearly perpendicular to that of OR (A) 
because of the dihedral equilibrium angle of x% 120”. 
Therefore, the OH rotation cannot compensate the 
observed N( OH (A) ) and the total angular momen- 
tum would not be conserved. Thus, the decomposi- 
tion of R202 can only proceed if a change of the 
dihedral angle x is involved. Dissociation of planar 
peroxide in the trans position (x= 180” ) via a sym- 
metric bending motion of the OR results in a parallel 
orientation of the OR(X) and OR(A) rotational 

vectors. Only a symmetric bending motion leads to 
the desired antiparallel orientation between 
N(OR(X)) and N(OR(A)). Vice versa, fragmen- 
tation of R202 with the R atoms at the cis position 
(x=0’) can only take place via an OR symmetric 
bending motion to conserve the total angular 
momentum. 

The determination of the vector correlation be- 
tween the transition dipole moment p of the parent 
and the rotational vector N of the recoiling 
OR (A *Z+ ) fragment gives further information about 
the dynamics involved in the dissociation process. 
Any deviation of the alignment from zero implies an 
anisotropic distribution of N( OR). At high OH (A) 
product rotations (N> 12) the alignment is negative 
and approaches the valueAh2) = -0.25 (fig. 7). 

A negative alignment corresponds to a more per- 
pendicular orientation between/r and N. For a prompt 
dissociation process, e.g., the lifetime of the excited 
electronic state of parent peroxide is very short com- 
pared to its rotational period, the alignment is related 
to p, the angle between p and M 

L4&*‘=$P2(cos&. (19) 

The measured alignment of Ah2’ = -0.25 kO.025 
corresponds to a mean angle of 9= 69 + 2’. 

For simplification we assume a planar R202 con- 
figuration ( CZh symmetry) and an angle of v, at 90” 
because only the principle mechanism of the frag- 
mentation process will be discussed. Fig. 8 shows the 

Fig. 7. Alignment Ad*)(N) of OH( *Z+) product. The large neg- 
ative value for high N indicates a more perpendicular orientation 
between N and p, the transition dipole in the parent molecule. 
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P b, P 

3al b) 

Fig. 8. Possible geometrical arrangments between the transition 

dipole moment in the parent and the rotational vector of the pho- 

tofragment. (la, b) pIlO-0, (2a, b) and (3a, b) ~1 O-O. 

possible combinations of the alignment between /r and 
N. The transition dipole moment ,u is either perpen- 
dicular to the C2,, symm,etry axis (fig. 8, cases 1 and 
2) corresponding to a ‘A-+ ‘B transition in the parent 
or parallel to C,, (fig. 8, case 3) corresponding to a 
‘A+‘A transition. Since the fragments will rotate in 
the molecular plane of the parent (fig. 8b) or perpen- 
dicular to it (fig. 8a), six different combinations may 
occur. However, the observed angle q between p and 
N is close to 90 ’ and, consequently, the two cases ( 1 a, 
3b) can be excluded in which p and N are either par- 
allel to the O-O axis or p and N are perpendicular to 
the molecular plane. More detailed information about 
the fragmentation process can only be obtained if 
other vector correlations between p, N, and u are 
known. These vector correlations can be extracted 
from measurements of the line shapes of the 
OR( A ‘C+ ) -*OR (X ‘II) transitions. The spectral 
resolution in the present experiment was not suffi- 
cient to determine the profile of single lines. How- 
ever, the consideration of the total angular 
momentum favors a torsional motion of the OR ro- 
tor during the dissociation process. Therefore, the 
cases (2a) or (3a) shown in fig. (8) should be fa- 
vored to describe the dynamics of the fragmentation 
of hydrogen peroxide into two hydroxyl radicals, ac- 
cording to eq. ( 1). 

The assumption of a product rotation generated via 
a torsional motion is also supported by ab initio cal- 

culations. The parent ground state shows only a mi- 
nor energy dependence on the dihedral angle x. 
However, all electronically excited states are ex- 
tremely dependent (several eV ) on the torsion angle 
x and a high product rotation with N pointing essen- 
tially in the recoil direction will be induced. 

The amount of rotation of both product molecules 
formed in the same dissociation process should be 
comparable. However, this generated rotation is fur- 
ther influenced by initial motion of the parent. Mainly 
parent rotation about the O-O axis will be trans- 
ferred ( x 3fi) into fragment rotation and should be 
superimposed on the OR rotation induced by the up- 
per potential surface. This would cause a broadening 
of the rotational distribution. Since the observed 
product rotation is already centered tightly to the 
maximum value, the dominating part of the dissocia- 
tion process must be extremely specific and all trajec- 
tories should end in very few product rotational states. 
Cooling of HzOz in a supersonic jet will strongly re- 
duce the initial parent rotation and a very narrow ro- 
tational state distribution should be observed 
(AN<< 5). 

The observed alignment A&‘) = -0.25 for high 
product rotations is close to the lowest possible value 
of Ah’) = - 0.4 which can only be reached if the tran- 
sition dipole moment ,D is perpendicular to the rota- 
tional vector N and if the dissociation is much faster 
than a rotation of the parent. We assume that the ori- 
entation between p and the electric vector E of the 
photolysis laser, originally being parallel, will be dis- 
turbed by the rotational motion of the excited com- 
plex during the time of fragmentation. For a known 
orientation of the transition dipole, an upper limit of 
the lifetime of the excited H202 molecule can be cal- 
culated. A theoretical treatment of this behavior has 
been carried out by Nagata et al. [ 2 1 J for a triatomic 
molecule ABC. We adopt this model for the H202 
system, but regard one of the terminal hydrogen at- 
oms as part of the neighboring oxygen atoms, (HO)- 
O-H. The “timer” in the dissociation process is given 
by the mean rotational period. For thermal H202 at 
room temperature we obtain a maximum lifetime of 
r, = 340 fs if p is perpendicular to the O-O axis and 
r, = 98 fs if p is parallel to the O-O bond. Certainly 
the real lifetime of the excited Hz02 complex will be 
much lower than the calculated value for p_L O-O, 
because any deviation of the assumed planar rectan- 
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gular molecule configuration will lower the extreme 
value (AA2) = -0.4) for the alignment, even for an 
instantaneous fragmentation process. 

The fragmentation of hydrogen peroxide at the ex- 
citation wavelength of 157 nm is well characterized 
by the measured scalar and vectorial properties of the 
OH (A) product. A decision concerning the geome- 
try of the upper potential surface can be performed 
when the (p, V) correlation is known. High-resolu- 
tion experiments are in progress in order to resolve 
the profile of single emission lines and to determine 
all relevant vector correlations in the photodissocia- 
tion process. 
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