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Nascent OD( X *lT ,) radicals, generated in the photodissociation of DzOz at 266 nm, have been probed by laser-induced fluo- 
rescence. The observed line intensities exhibit a marked dependence on excitation-detection geometry and laser polarisation, 
indicating rotational alignment (A$,*) GO.28). The analysed product rotational distributions and Doppler width measurements 
indicate that the fragment energy partitioning &, = 0.86, fm, = 0.14) is too different from that reported for H202 photodissocia- 
tion to explain the isotopic process by energy arguments alone. 

1. Introduction 

The photodissociation of hydrogen peroxide is an 
excellent example for the study of the fragmentation 
dynamics of polyatomic molecules. Angular momen- 
tum distributions and anisotropies of the recoiling 
fragments have been examined through analysis of 
the Doppler-broadened profiles of individual rota- 
tional transitions by laser-induced fluorescence 
[l-5]. Measurements of the correlation between 
&uoZ, the transition moment in the parent hydrogen 
peroxide, and floH, the fragment tranShtiOnd motion, 
show that the first excited electronic state of H202 is 
of ‘A symmetry [ 1 ] and the dissociation process at 
266 nm can be characterised by 

H202(x ‘A)+hv(l=266 nm)dH,02(A ‘A) 

-+OH(X21-l)+OH(X21-l). (1) 

The vector correlation between the translational 
(uOH) and rotational (JOH) moment of the photo- 
fragment in reaction (1) has been quantitatively 

established [ 21. This correlation is positive and 
increases with increasing JOH with a bias towards vOH 

and &u being parallel to one another. Therefore, the 
internal torsional vibration in the peroxide molecule 
is obviously an important promoting mode for frag- 
ment rotational excitation in the dissociation pro- 

cess (1). The overall OH rotational distribution can 
be fitted to a Boltzmann distribution with a rota- 
tional temperature parameter of T,, = 1500 K. Only 
for low rotations is the population of the correspond- 
ing quantum states lower than predicted by the 
parameter Tr,,,. OH fragments generated in the pho- 
tolysis of H202 at 248 nm show a similar rotational 
distribution [ 3 1. However, on absorption of radia- 
tion at shorter wavelength (193 nm), a strongly 
inverted rotational state population for OH( X ‘H, 
v” =O, J”) is found [5]. 

Without the appropriate information on the shape 
of the upper excited state potential surface, ques- 
tions still remain as to the ultimate origin of the frag- 
ment rotation. The possibilities are that parent 
vibrational or rotational motion in the electronic 
ground state is carried through the dissociation pro- 
cess, or the torsional dependence of the transition to 
the excited state potential causes product internal 
excitation. Determining which factor contributes the 
most is the motivation of the present study. 

Experiments which can determine the influence of 
the parent ground state distribution on that of the 
product state are those where the thermal energy 
content of the parent molecule is altered by cooling 
in a supersonic expansion or by changing the char- 
acteristic frequency through an isotope replacement. 
Supersonic beams provide a source of molecules with 
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an extremely narrow velocity distribution. Such 
molecules are cooled to an extent that the excited 
rotational and vibrational levels of the molecules are 
almost completely depopulated. This greatly reduces 
the influence of thermal excitation of the parent 
molecule on the dynamics of the fragmentation. 
However, in the case of HzOz, e.g., the bending modes 
( v4, vg) of the molecule remain “untouched”, because 
even at room temperature the population of vibra- 
tionally excited levels is negligible. 

The other means of studying the origin of hydroxyl 
fragment rotation is the replacement of light hydro- 
gen atoms by heavier deuterium isotopes. This 
changes the vibrational and rotational frequencies in 
the parent molecule as well as the impulse lever-arm 
but keeps the electronic energy comparable to that of 
H202. If molecular motions involving the H atoms 
of hydrogen peroxide make a considerable contri- 
bution to the dissociation dynamics, then deutera- 
tion will result in a different rotational energy 
distribution and altered vector correlations. 

In the present study, photofragmentation of D202 
at 266 nm is discussed. The rotational state distri- 
bution of OD( X 211,, Y”, J”) products and the vector 
correlation between pD202 and JoD, described by the 
alignment parameter Ah2’, were obtained from 
observations of the fragment LIF intensity at differ- 
ent pump-probe geometries. In addition, Doppler 
profile measurements have been carried out to obtain 
detailed information on the velocity of the recoiling 
OD photoproducts. 

2. Experimental 

In order to determine the rovibronic population 
distribution and the rotational alignment of OD 
fragments we used the experimental apparatus 
already described elsewhere [ 1,2 1. Deuterium per- 
oxide was prepared by mixing H202 (90%) with an 
excess of D20 and distilling the mixture to higher 
peroxide concentration. This procedure is based on 
an isotope exchange reaction, which is known to be 
nearly instantaneous [ 61. The deuterium peroxide 
obtained was of 90-95% chemical purity with regard 
to the measured refraction, and, moreover, the iso- 
topic purity was found to be greater than 96% by 
comparing the OD and OH signal strengths under 

the assumption of similar parent absorbtivities. Since 
the absorption cross section of D202 in comparison 
to H202 is actually slightly reduced [ 71, the observed 
isotopic purity should be even higher. 

D202 was rapidly pumped through a photolysis cell 
at pressures typical in the range l-l 0 mTorr. Irra- 
diation with the frequency-quadrupled output of a 
Nd:YAG laser ( x 10 MW cm-2) yielded OD radi- 
cals, which were detected after a delay of 18 ns by 
laser-induced fluorescence in the (0,O) band of the 
2Z +-2113,2,,,2 transition. The probing dye laser ( z 1 
kW cm-2) overlapped with the photodissociating 
laser beam in the middle of the cell. Each laser beam 
was linearly polarised, their planes of polarisation 
could be rotated by 22 plates. The applied laser beam 
arrangement enabled measurements at both the 
mutually orthogonal and the counterpropagated 
coaxially probed geometry to be taken. 

The undispersed fluorescence was always detected 
at right angles to the propagation direction of both 
the photolysing and analysing laser beams. Excita- 
tion spectra of OD( X 211 ,) were recorded between 
306 and 3 12 nm at each of the eight possible pho- 
tolysis-analysis detection geometries. The approxi- 
mately 160 detected OD absorption lines for each 
spectrum were assigned on the basis of the spectro- 
scopic work of Clyne et al. [ 81. The OD transition 
probabilities used in the calculations were from 
Dimpfl and Kinsey [ 91. 

In addition to the measurement of the absorption 
spectrum, which yields information concerning the 
partitioning of the available energy over the single 
rovibrational states with respect to their sublevels 
(spin and A splitting), we determined the kinetic 
excitation of the ejected photofragments by record- 
ing high resolution excitation spectra of single rota- 
tional transitions. 

3. Results and discussion 

3.1. Rotational alignment of OD fragments 

Consideration of just the different lineshapes orig- 
inating from c - v and v-J correlation effects by dig- 
itally integrating the line profiles is, in principle, not 
sufficient to deduce the proper internal state distri- 
butions. It is necessary to take into account the pos- 
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sibility of fragment rotational anisotropy b-J 
correlation), which, if wrongly interpreted, may mis- 
lead one, as in the case of X 211, product radicals to 
conclude an unequal population of the A doublets. 
The theory of rotational anisotropy has been pre- 
sented in a number of classic papers [ 10-l 31 and 
has been refined within the theoretical framework of 
vectorial properties of molecular motions, which was 
recently developed by Dixon [ 141. There the pos- 
sible correlations of photofragment translation and 
rotation are described. Experimentally observed 
laser-induced fluorescence is expressed in terms of 
simple geometrical factors and dynamical parame- 
ters A 6“) corresponding to multipole expansion terms 
of the total angular momentum density matrix. In 
the case of photodissociation with linearly polarised 
light only two non-zero moments exist: the mono- 
pole moment Aho) = 1 and the quadrupole moment 
AJ2) (“alignment”). The latter vanishes for J= 0, l/2 
and lies between the limits 

-2/5iA62’<4/5 (2) 

for high rotational quantum numbers, correspond- 
ing to the limiting cases of fragment rotation J per- 
pendicular or parallel, respectively, to the parent 
molecule transition dipole p. 

Rotational alignment can be determined by meas- 
uring the differences between relative line intensities 
as a function of different geometries and polarisa- 
tion patterns in the photodissociation-detection laser 
configuration. If the LIF intensity turns out to be 
independent of the polarisation relations, then the 
spatial orientation of the molecular rotational vec- 
tors is isotropic. Otherwise, any change in the rela- 
tive intensities indicate that rotational anisotropy is 
present and the associated moment Ab2’ is non-zero. 

The intensity Z of a detected spectral line results 
from the individual rotational state population P(J), 
the accompanying transition probability B, and the 
rotational alignment, where 

I-P(J)B 1 a,A6@ . 
r.k 

(3) 

The specific molecular coefticients a,( i= 0,l) for OD 
were calculated using Dixon’s theory [ 141. These 
multipliers refer to the excitation-detection geom- 
etry and the angular momentum coupling. Hyperfine 
depolarisation as a result of nuclear precession as well 
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Fig. 1. The alignment parameter AA2) versus the angular momen- 
tum J” of the OD photofragment: squares refer to the II ,,* and 
triangles to the II,,, spin system, respectively. Filled symbols 
represent values belonging to the upper A rotational state levels 
( ll - ), open symbols label the lower A levels (II + ) . 

as satellite contributions to the emitted fluorescence 
of OD( 2z ’ ) main transitions have been considered. 

The rotationally resolved photofragment align- 
ment is extracted by determining the ratio of indi- 
vidual line intensities at each of two selected 
experimental polarisation geometries and forming 
average values of Ah2) (J) for all spin-A subsystems 
(II&,, II jj2, ll :/2 II Go). The result of this analysis 
for the OD alignment is shown in fig. 1: Apparently 
no regular variations exist between different sublev- 
els greater than the experimental uncertainty of 
f0.05. The average alignment for Jo,,< 15.5 was 
found to be positive and nearly constant at Ah2’ = 
0.28, whereas for higher Jo,, alignment decreases 
reaching the limiting rotational level Jgg = 22.5 with 
Ah2’ x 0. 

Compared to the rotational alignment of OH rad- 
icals from the 266 nm photodissociation of H202 the 
shape of the Ah2)(J) functions are similar, with the 
Jo,, scale being expanded and the absolute value of 
the OD alignment at moderate rotational excitation 
being more than twice that of OH 
( (Ah2)[OH] ) ~0.1) [2]. This would indicate that 
the OD rotational vector points more towards the 
direction of the parent molecule transition dipole, as 
in the case of the OH photoproduct. This significant 
difference in the dissociation dynamics of isotopic 
molecules may be caused by different weightings of 
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the parent bending and torsion vibrational motions 
when they are transformed into the diatomic frag- 
ment rotational distribution during the dissociation 
process. 

3.2. OD internal state distribution 

Since significant alignment occurs in the photo- 
fragmentation process, the single spectral line inten- 
sities must be corrected according to eq. (3) to obtain 
reliable population numbers. The correction accounts 
for as much as 30% of the raw intensity depending 
on the rotational excitation and the spectroscopic 
transition chosen. Fig. 2 shows the resulting rota- 
tional state distribution of the vibrationless levels of 
OD for the 211wz and 211 I,2 states. The population of 
a particular rotational state is given as the arithmetic 
mean of the II + and II - components. The rotational 
distribution demonstrates that (i) the dissociation 
process does not distinguish between the different 
spin states, (ii) the most probable rotational exci- 
tation occurs at No,,= 11 in contrast to the isotopic 
photofragmentation of H202, where the distribution 
peaks at A&= 6 [ 21 and (iii) the rotational exci- 
tation function has a Gaussian and not a Boltzmann 
distribution and hence is not describable by a rota- 
tional temperature parameter. Fig. 2 shows the spin- 
level-resolved rotational state distribution, which was 
fitted with a Gaussian function of the form 

P(Nob)~exp[ -41n2 (No,-No,)2/AN&b] (4) 

and which peaks at ii&,, x 11 with a width (fwhm) 
of LWo,k: 9. 

There are a number of rotational state distribu- 
tions for the dissociation of simple polyatomic mol- 
ecules reported in the literature which qualitatively 
look like that obtained in the present experiment. 
These usually smooth and inverted excitation func- 
tions are in agreement with the angular reflection 
principle for scattering and photodissociation pro- 
cesses [ 151, which mediates between the parent 
bound state wavefunction, the anisotropy of the 
repulsive potential, and the fragment final state 
distribution. 

It is found in our experiment that the OD frag- 
ments are preferentially formed in the upped II - A 
component. This feature was already observed in the 
266 nm photodissociation process of H202. Sum- 
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Fig. 2. OD rotational state populations of the 2113,2 (squares) and 
‘II ,,* (triangles) spin states after dissociation of DZ02 at 266 nm. 
The population has been corrected for the effect of rotational 
alignment (see text). The solid line represents a Gaussian fit to 
the population numbers, obtained by a least-squares-fit procedure. 

ming over all accessible OD rotational states within 
a /i subsystem yields a population fraction of 
P(II-) :P(II+)=0.55:0.45. The rotational depen- 
dence of this population inversion as well as the 
associated dynamical implications will be discussed 
in a forthcoming paper [ 161 in connection with 
evaluated vector correlations between product rota- 
tional and translational motions along with parent 
dissociative conformation and transition moment 
orientation. 

Vibrationally excited OD products were not 
observed. From the signal-to-noise ratio and the 
transitions belonging to X 21’1 ,, V” = 0 we determined 
an upper limit for OD formed in v” = 1 to be less than 
2%, which is a negligible amount in the overall 
mechanism of the photodissociation process in the 
long-wavelength region of the hydrogen peroxide UV 
absorption. 

3.3 Energy partitioning 

The total excess energy E,,, transferred during the 
photofragmentation process into the products, is 
determined by the dissociation energy Ed, the pho- 
ton energy of the photolysing laser hv, and the initial 
energy of the parent molecule Ei,: 

(5) 
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Our estimate of Ed( DzOz) is based on the precisely 
known dissociation energy of hydrogen peroxide, 
Ed(H202) =207 kJ mol-’ [ 171, and on calculating 
the influence of isotopic substitution with regard to 
the zero-point energies in the peroxide molecules as 
well as in the hydroxyl products. The zero-point 
energies in the parent molecules are lowered by 
AEO( R202) = 15.7 kJ mol-‘, whereas for both OD 
fragments the energy is reduced by 2AEo( OR) = 12.1 
kJ mol-‘. Derived from this is an overall energy dif- 
ference of 3.6 kJ mol- ’ for O-O cleavage in isotopic 
processes, which is in agreement with the experi- 
mentally observed hypsochromic shift of the D202 
absorption continuum relative to that of Hz02 [ 71. 
Hence the dissociation energy of Dz02 amounts to 
211 kJ mol-‘. 

At room temperature, the parent deuterium per- 
oxide molecules have an average rotational energy of 
E, = $RT and a smaller amount of vibrational energy, 
E,, mainly originating from the v4 torsional mode: 

E’n(D202) =E,(D,O,) +E,(D,O,) 

=52kJmol-‘. (6) 

As the consequence of zero-point lowering and the 
smaller vibrational level spacing, the initial internal 
energy of D202 exceeds that of Hz02 by 8%. The total 
energy available for excitation of the two OD frag- 
ments is (hvE449.7 kJ mol-‘) 

E,, = 244 kJ mol- ’ . (7) 

Most of this energy is released into OD translation, 
which was experimentally confirmed by measuring 
the Doppler shift of the recoiling photofragments. Fig. 
3 shows high resolution spectra of the R,(4) and 
Ql (18) transitions of OD( X *II J. In order to obtain 
the Doppler width of these profiles one has to decon- 
volute the obtained lineshapes from a Gaussian 
function which reflects the influence of the 300 K 
thermal translational distribution of D202 and the 
finite dye laser resolution [ I]. The value for the 
Doppler shift was found to depend markedly on the 
fragment rotational excitation: the J= 3.5 rotational 
line has a width (fwhm) ofAr+,=0.392 + 0.020 cm-‘, 
which corresponds to an OD recoil velocity of 
v0,=3610_+ 180 m s-l and the J= 18.5 transition 
yields AvD=0.353 f 0.020 cm- ’ corresponding to 
vo,=3280+ 190 m SK’. 
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Fig. 3. High-resolution OD excitation spectra of the R,(4) 
(J=3.5) and Q,(lS) (J=18.5) rotational transitions. The 
inserted values for Doppler widths, b(J”), have been obtained 
considering the 300 K thermal motion of D202 and the Gaussian 
laser profile. The striking difference between the lineshapes shown 
is a consequence of uoo-Jon correlation. 

The precision of the Doppler profile measure- 
ments allows a determination of the fragment trans- 
lational excitation by summing up the individual 
kinetic energy fraction of each populated rotational 
state. This procedure is, if vibrational excitation is 
absent, a more direct one in comparison with deter- 
minations based on the conservation of energy 
according to 

(Ek,n)=Eav-(Erot)-(Ev,b). (8) 

The value resulting from Doppler width analysis, 
(Et,,,,) = 2 14 kJ mol- ‘, agrees well within 2% with 
that calculated on the basis of the energy conserva- 
tion principle (8)) assuming no vibrationally excited 
OD product. 

A summary of energy partitioning in the 266 nm 
photodissociation of deuterium peroxide in com- 
parison to the corresponding observations in the 
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Table 1 
Comprehensive view over the energy partitioning (energies in kJ mol- ‘) in the 266 nm photodissociation, RZOz+ hu+2 OR( X ‘II,), of 
deuterium peroxide (present work), hydrogen peroxide [ 21, and hydrogen peroxide at the shorter wavelengths of 248 [ 31 and 193 nm 
[ 51. The OD product kinetic excitation has been measured by Doppler profile analysis, whereas that of OH has been calculated in each 
case according to the energy conservation principle (see text) 

R A (nm) % E *,rr El. (E,,.) <Em,) ~,n f f rot Ref. 

D 266 244 211 5.2 214 33 

H 266 248 207 4.8 223 25 
H 248 280 207 4.8 250 30 
H 193 417 207 4.8 350 67 

0.87 0.13 this work 

0.90 0.10 121 
0.89 0.11 l31 
0.84 0.16 l51 

fragmentation of hydrogen peroxide at 266,248, and 
193 nm is given in table 1. This energy partitioning 
into the various degrees of freedom for D202 and 
H202 photodissociation at 266 nm reveals that the 
OD fragment receives x 30% more rotational exci- 
tation than the isotopic OH, although 
E,,( D,Oz) =E,,( H202). This tendency becomes 
more marked at 248 nm. In the latter case the prod- 
ucts have + 15% more energy at their disposal, but 
the outcome is x lOoA less rotational excitation. Only 
at still shorter photolysis wavelengths of, e.g., 193 
nm does the fragment rotational excitation increases, 
but now contributions from a second excited poten- 
tial surface (B ‘B) are present [ 181. Consequently, 
the difference in product internal energy disposal in 
the course of 266 nm photolysis of the isotopic per- 
oxides is too pronounced to be explained by energy 
considerations alone. Further information on the 
photodissociation dynamics is needed. This may be 
gained from a complete analysis of molecular vec- 
torial properties, such as p-u and v-J correlation 
as well as from that between the rotational angular 
momenta (including the different spin and n sub- 
states) of both partner fragments, generated in the 
same elementary process. 
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