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The correlation between angular momenta of the coincident product pairs formed in an 
elementary dissociation process has been investigated. Doppler shift measurements are used in 
connection with state-specific detection of scattered photofragments by laser-induced 
fluorescence. The method is demonstrated in the photodissociation ofH20 2 and 0 20 2 at 193 
and 266 nm where Doppler profiles ofOH (00) absorption lines are used to determine the 
(average) rotational energy of the OH (00) partner molecule coincidently formed in the 
same elementary fragmentation process. At high product rotations the partner molecules are 
generated with comparable angular momenta, while at low rotational excitation a more 
complex correlation is observed. In addition to the partner fragment distribution, dissociation 
energies were determined to be 197 kJ/mol for HO-OH and 204 kJ/mol for 00-00, which 
are significantly lower than the previously recommended values. 

I. INTRODUCTION 

The determination of directional quantities by Doppler 
spectroscopy in connection with laser-induced fluorescence 
has opened a new way in elucidating the dynamics of chemi­
cal events. I

•
2 While time-of-flight measurements combined 

with mass spectroscopic detection3 determines the correla­
tion between the transition dipole moment j..L of the parent 
molecule and the recoil velocity v of the fragment, i.e., the 
product angular distribution, Doppler spectroscopy, in ad­
dition, is an excellent tool in measuring the correlation be­
tween j..L and the total angular momentum of the product J 
and, especially, the correlation between v and J.4-9 Since the 
(v·J) correlation is related to the repUlsive force exerted in 
the fragmentation process, a characterization of the parent 
geometry and its potential energy surface in the excited state 
is feasible. If more than one upper electronic state is respon­
sible for the fragmentation process, then the contribution of 
each single dissociation channel to the overall mechanism 
can be determined by knowledge of the vector correlations 
between j..L, v, and J, provided the direction of each transition 
dipole moment is known or can be extracted from the same 
experiment.7 Further information about molecular correla­
tions can be obtained by measuring the population of spin­
orbit lO and A doublet states I I as a function of product rota­
tion. 

Although our understanding about dissociation pro­
cesses has increased significantly by the determination of 
directional properties, an extremely important correlation in 
molecular reaction dynamics remains still unknown: The 
correlation between the rotational angular momenta 
(N A ,N B) of the molecular products A and B formed in the 
same elementary process l2 

AB + hv-+A(NA ) + B(NB ). (1) 

This corresponds to a measure of the state-selected mi­
croscopic reaction probabilities P(NA ,NB) for formation of 
coincident product pairs A + B in the rotational states NA 
and NB. The only attempt to determine P(NA ,N B) has been 

carried out by application of information theory where the 
summation over NA or NB yielded optimal agreement with 
the experimentally obtained product state distributions 
P(NA) or P(NB), respectively. 13 

The present paper reports on a primary investigation of 
coincident product pair formation in the photodissociation 
of hydrogen peroxide and its deuterated analog at 193 and 
266 nm in bulk and beam experiments. Both hydroxyl prod­
ucts originating from the same parent molecule are chemi­
cally identical. However, there is, a priori, no reason that 
their rotational energy generated in the same dissociation 
process has to be equivalent. Only the probability matrix 
P(NA,NB) issymmetric,P(NA.NB) = P(NB,NA ),andcon­
sequently, the product state distribution of both fragments is 
identical, P(NA) = P(NB). 

In addition to the partner fragment distribution, the dis­
sociation energy is determined by knowledge of the entire 
energetics in the fragmentation process of hydrogen perox­
ide and its deuterated analog. 

II. MEASUREMENT OF COINCIDENT PRODUCT PAIRS 

The internal state distributions of nascent OR 
(R = H,D) products have been probed under collision-free 
conditions in beam and bulk experiments using LIF as diag­
nostic tool. Details of the experimental setup have been de­
scribed elsewhere.2

•
7 In short, a photolysis laser (ArF ex­

cimer laser at 193 nm or frequency quadrupled Nd:YAG 
laser at 266 nm) and the probing dye laser beams are polar­
ized and counterpropagating or in mutual orthogonal geom­
etry. Undispersed total fluorescence light is detected perpen­
dicular to both beams. 

Doppler profile measurements have been carried out to 
obtain information about directional properties involved in 
the dissociation process and, especially, to determine prod­
uct recoil velocities. If the fragments are formed with a single 
velocity v and if polarization effects in detection are negligi­
ble, then the intensity of each spectral line as a function of 
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6256 Gericke et al.: Correlations between product pairs 

frequency is given by [cf. Eq. (14) in Ref. 2] 

I( v) = C ~(i) [1 + f3effP2(COS 8)P2 (V - vo)] 
2~VD aVD 

for Iv - vol <avD, (2) 

where P( i) represents the formation probability of the ob­
served fragment A in state I i). 8 describes the angle between 
the E vector of the dissociating laser light and the direction 
ofthe analyzing laser beam P2 (x) = (3x2 

- 1 )/2 is the sec­
ond Legendre polynominal, and the maximum Doppler shift 
aVD is given by aVD = vo(vlc). The anisotropy parameter 
f3 elf contains the information on the vector correlations 
between the transition dipole moment of the parent and the 
rotational and translational motion of the product. When 
the fragments are formed in the same state I i) but with dif­
ferent velocities Vk' then the line shape is given by a sum of 
profiles described by Eq. (2). The fit of such a function to the 
recorded Doppler line shape yields, in principle, the frag­
ment velocities Vk' provided the bandwidth of the analyzing 
dye laser is sufficiently small, and the anisotropy parameters 
f3 eff are close to zero. In the case of one photon UV dissocia­
tin of R20 2 (R = H, D) the fragments are generated with 
low internal excitation which results in a very narrow recoil 
velocity distribution.2,6,7,l4-18 Therefore, only the wings of 
an OR Doppler profile are influenced by the different frag­
ment velocities, while the center of the line is mainly deter­
mined by the anisotropy parameter f3 eff' Hence, the velocity 
distribution can also be measured for an anisotropic frag­
mentation process. If necessary, the influence of f3 eff on the 
Doppler profile can be eliminated by using an experimental 
configuration with the "magic" observation angle 
8m = 54.T [P2 (cos 8m ) = 0]. This is a consequence of the 
cylindrical geometry determined by the experimental condi­
tions. Observation of the ensemble of ejected products at 8m 

will result in a sum of rectangular Doppler profiles. 
Since the fragmentation process is subject to several 

constraints, further limitations on the recoil velocities Vk 

have to be considered. Conservation of energy demands that 
the available energy Eav' 

Eav = hv + E in - ED' (3) 

which is determined by the photon energy hv, the dissocia­
tion energy ED' and the internal energy E in of the parent 
molecule, has to be transferred into translational and inter­
nal energy of both products. Since photodissociation ofR20 2 

at 266 and 193 nm generates OR product molecules without 
vibrational excitation, only the rotational energies of the 
fragments have to be considered: 

Eav = Erot(A) + Erot(B) +~mAv~ +~mBv1. (4) 

The total linear momentum has to be zero in the center 
of mass systems, P, = PA + PB = O. Hence, a further condi­
tion between E rot and v A is given by 

Erot(B) =Eav -Erot(A) -mORv~, (5) 

withmoR = mA = mB and VA = VB' The velocity VA reflects 
the internal energy of the partner product B and can be mea­
sured very accurately by Doppler spectroscopy using a dye 
laser with sufficient resolution. Furthermore, the rotational 
energy E rot (A) of the product ORA is well known from the 

term value of the initial level assigned by LIF spectroscopy. 
For a fixed value of Eav the rotational energy E rot (B) of the 
partner product formed in the same dissociation process can 
be determined using Eq. (5). Therefore, an accurate mea­
surement of the recoil velocities Vk' which are related to the 
maximum Doppler shifts avD(k) in Eq. (2), of single lines 
allows a determination of the product state distributions of 
the partner molecules formed in the same fragmentation 
processes. Precise Doppler profile measurements of all tran­
sitions which probe different internal energies of one of the 
products reflect the complete microscopic reaction probabil­
ity P(NA,NB ). 

To resolve the complete rotational state distribution of 
OH product pairs, the uncertainty of the available energy 
has to be sufficiently small, and the bandwidth of the analyz­
ing dye laser has to be of the order 

c5v1<lavD(k) - avD(k + 1)1, (6) 

where k and k + 1 label consecutive rotational states of the 
coincidently formed partner molecule OHB • 

III. RESULTS AND DISCUSSION 

In the present experiments we have to consider the lim­
ited resolution of the applied dye laser and the internal ener­
gy of the parent molecule at room temperature. In total, both 
effects correspond to an effective bandwidth of 0.12 cm- 1

,7 

which is according to Eq. (6) not small enough to obtain the 
detailed joint reaction probability P(NA,NB ). However, for 
a specific rotational state NA , corresponding to the rota­
tional energy E rot (OHA ) of an OHA product, the mean rota­
tional state (N B) [or mean rotational energy (Erot (OHB ) ) ] 
of the coincidently formed OHB fragment can be deter­
mined. 

The recorded Doppler profiles were fitted to Eq. (2) 
with suitable convolution of the laser bandwidth and R20 2 

parent molecule motion. As an example, the measured mean 
Doppler width aVD is plotted in Fig. 1 as a function of the 
rotational energy Erot (ORA) of OH (triangles) and OD 
(squares) fragments generated in the 266 nm photolysis of 
room temperature parent peroxides. The correlation 

0.45 

.-, 0.42 
IE 
~ 

~ 0.39 

ji: 

~ 0.36 
Cl. 
Cl. 

g 0.33 

0.3 o 20 40 
ROTATIONAL ENERGY [kJjmol] 

FIG. 1. Measured Doppler width as a function of the rotational energy of 
the OH (triangles) and 00 (squares) fragment generated in the photolysis 
of thermal (T = 300 K) H 20 2 and 0 20 2 at 266 nm. The Doppler width 
function (solid line) is used to calculate the mean rotational energy of the 
partner molecule formed in the same dissociation process. 
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FIG. 2. Correlation between angular momenta of the coincident OR prod­
uct pairs ORA + ORB (R = H,D) formed in the photodissociation of ther­
mal R20 2 at 266 nm. The abscissa represents a specific rotational state NA 
of an ORA product while the mean rotational state (N B) of the other coinci­
dently formed OR fragment is represented by the ordinate. The bisecting 
line labels the special case where both partner fragments are formed with 
the same rotation, (NB ) = NA • 

between observed Doppler width and ORA rotational energy 
is significant within experimental resolution. We may accept 
a smooth function for the dependence of AVD on Erot (ORA) 
because it is unlikely that the inherent dissociation mecha­
nism changes dramatically between consecutive rotational 
states. Therefore, it is feasible to fit the AVD values to a poly­
nomial of second order to reduce the influence of any scatter­
ing in the data on the determination of the mean rotational 
energy (Erot (ORB» of the partner product ORB' The eval­
uated Doppler width function is used to calculate 
(Erot(ORB» according to Eq. (5). 

Figure 2 shows the correlation between the rotation of 
the partner fragments in the 266 nm photodissociation of 
HzOz (triangles) and DzOz (squares). With increasing 
Erot (ORA) the mean rotational energy (Erot (ORB» of the 
partner product ORB is also enlarged. Fragments generated 
in low rotational quantum states have (on the average) 
partner molecules with rather low rotational excitation, and 
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FIG. 3. Correlation between angular momenta of OHA and OHB product 
pairs formed in the photodissociation of thermal H20 2 at 193 nm. The ab­
scissa represents a specific rotational state NA of an OHA product while the 
mean rotational state (N B) of the other coincidently formed OR fragment 
is represented by the ordinate. 
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FIG. 4. Correlation between angular momenta ofOHA and OHB product 
pairs formed in the photodissociation of jet-cooled H20 2 at 193 nm. 

fragments created in high rotational states appear with part­
ners in rather high rotational states. However, the strong 
correlation INA I = INB I is not fulfilled as it is indicated in 
Fig. 2 by the systematic deviation of the data points from the 
bisecting line. 

When room temperature hydrogen peroxide is excited 
at 193 nm, a partner product distribution is observed (see 
Fig. 3) which is comparable to that obtained at the photoly­
sis wavelength of 266 nm. However, excitation of cold HzOz 
parent molecules at 193 nm (see Fig. 4) leads to a more 
pronounced partner distribution. For higher rotational 
states (N~ 10) the partner molecules are formed with nearly 
equivalent rotation 

(7) 

indicating a strong correlation between the two rotational 
vectorsoftheproductsOHA + OHB • The partner molecules 
of species generated at low rotational states are formed in a 
rotational state significantly higher than expected according 
to Eq. (7). 

The result of comparable product partner rotation is 
supported by measurements of the vector correlation 
between the translational and rotational motion of the frag­
ment. At the photolysis wavelength of 193 nm a very strong 
positive correlation is observed, indicating a preferentially 
parallel alignment of v and N. 7 Such an alignment is only 
possible when the OH radicals are formed via torsional mo­
tion of the OH rotors during fragmentation. Performing this 
motion the rotational energy of the fragments OHA and 
OHB has to be the same, and the rotational vectors point into 
opposite directions, N A = - N B' due to conservation of an­
gular momentum. 

At low rotational states the correlation between v and N 
is found to decrease. A negative correlation corresponds to a 
preferentially perpendicular alignment between N and v. 
Such an alignment occurs when the rotation of the OH prod­
uct originates from symmetric and antisymmetric bending 
motion ofthe OR rotor during fragmentation. For this type 
of motion, conservation of angular momentum can always 
be fulfilled for arbitrary N A and N B by the orbital angular 
momentum LAB' even for cold parent molecules, where 
Ntotal = NA + NB + LAB "",0. Therefore, deviations from 
the strict relation expressed by Eq. (7) are possible. In Fig. 4, 
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the representation of observed product pairs demonstrates 
that for rotational states NA < 10 of the fragment OHA the 
mean rotational state of the partner molecule OHB is at a 
higher value. Therefore, the coincident pairs are no longer 
formed with the same angular momentum. In the lowest 
populated rotational level the partner fragment can only be 
generated in the same or in a higher rotational state. Hence, 
it is not surprising that the mean rotation of the product 
OHB is higher than the rotation of the partner molecule 
OHA • 

Product rotation is determined by the potential energy 
surfaces involved in the dissociation process. However, a 
further influence on the fragment motion may result from 
initial excitation of the parent. The internal parent motion, 
i.e., vibration and rotation, is responsible for the different 
partner distributions observed in the photodissociation of 
thermal (Fig. 3) and jet cooled (Fig. 4) hydrogen peroxide. 
Parent translational motion can be neglected, since the frag­
ments are observed in the center of mass system. From the 
six vibrational modes in H 20 2 only the v 4 torsional mode is 
excited at room temperature.2 Parent rotation may also be 
transferred into product rotation. However, only rotation 
about the 0-0 internuclear axis can significantly influence 
fragment rotation, because any rotation perpendicular to 
this axis will mainly pass over to fragment velocity and orbi­
tal angular momentum, due to the mass distribution in the 
peroxide C2 ground state geometry. Only rotation about the 
0-0 axis and excitation of the V4 torsional mode will there­
fore contribute significantly to the rotational motion of the 
product pairs. Both motions will align the rotational vector 
N p induced by the motion ofthermal H20 2 along the 0-0 
internuclear axis, which is the direction of separation. 

The observed final rotation of the OH fragment is de­
pendent on the alignment between N(OH), the OH rota­
tional vector induced in the dissociation process, and N p' We 
have to distinguish between OH rotation generated by a 
bending-like motion and product rotation induced by a tor­
sional motion ofthe OH rotors. In the former case the rota­
tions ofthe partners can be different, N( OHA ) :;6N( OHB), 
but have to be perpendicular to the direction of separation 
[N(OHA ),N(OHB)lO-O]. In the latter case both partners 
exhibit the same absolute value of rotation, N(OHA) 
= N(OHB) = N(OH), and are aligned parallel to the re-

coil direction, N(OH) 110-0. 
For product rotation induced by torsional motion 

[N(OH)II0-0] and influenced by parent rotation (Np ) 

about the 0-0 internuclear axis, the final OH partner mole­
cule rotations, Nf(OHA) and Nf(OHB), are given either by 
Nf(OHA) = N(OH) - N p and Nf(OHB) = N(OH) 
+ Np or by Nf(OHA) = N(OH) + Np and 
Nf(OHB) = N(OH) - N p • In any case the difference in ro­
tation between both partner molecules is llNAB = 2Np • For 
thermal H 20 2 a mean parent rotation of N p = 31i can be ex­
tracted: 

(8) 

where Bo-o is the H20 2 rotational constant around the 0-0 
axis. 19 Therefore, the fragmentation of rotationally excited 
parent molecules proceeding via torsional motion of the OH 

rotors will generate partner molecule distributions with one 
of the fragments formed in a higher rotational state while the 
partner is created in a lower rotational state and vice versa. 

Dissociation of torsionally excited H20 2 will result in 
final OH partner molecule rotations where Np has either to 
be added to the OH rotation, Nf(OHA) = N(OH) + N p , 

Nf(OHB) = N(OH) + N p , or subtracted from OH rota­
tion, Nf(OHA) = N(OH) - N p , Nf(OHB) = N(OH) 
- N p • In any case no difference in rotation between both 

partner molecules is possible, ll.NAB = 0. 
For product rotation induced via a bending-like motion 

of the OH rotor [N(OHA ),N(OHB )10-0] the final OH 
partner molecule rotation is influenced only to a minor ex­
tent by parent motion, i.e., rotation about the 0-0 axis or 
excitation of the V4 torsional mode. If the partner products 
are generated with the same rotation, N(OHA) = N(OHB), 
then no difference in rotation between both partner mole­
cules is expected, ll.NAB = 0. For N(OHA) :;6N(OHB) the 
parent motion will slightly reduce any difference between 
the rotational motions of the partner products. 

In summary, product pair rotation generated via tor­
sional motion of the OH rotor during fragmentation is 
strongly effected by parent rotation resulting in a distur­
bance of the former strong correlation between N(OHA) 
and N(OHB). On the other hand, partner rotation induced 
via a bending-like motion of the OH rotor will only be in­
fluenced to a minor extent by the initial parent motion, with 
the tendency of N(OHA) and N(OHB) becoming more 
comparable. 

In the photolysis ofH20 2 at 193 nm, we determined the 
expectation values of the squared angular momentum com­
ponents to be (N;orsion) I N(N + 1) =0.81 for hydrogen per­
oxide at room temperature and (N;orsion )IN(N + 1) =0.70 
for jet cooled H20 2. 7 Therefore, most of the product rotation 
originates from the torque provided by the strong torsional 
angular dependence of the upper state potential 
[N(OH) 110-0]. Thus, in the photolysis of thermal perox­
ide the partner molecule of a fragment observed in a high 
rotational state will be found in a significantly lower state. 
For example, hydroxyl radicals observed at N(OHA) = 18 
will have partners around N(OHB) = N(OHA) 
- 2Np =12. 

At longer photolysis wavelengths the absorption cross 
section ofR20 2 decreases strongly,20 and extremely accurate 
Doppler width measurements were not carried out in a mo­
lecular beam photolysis experiment. However, bulk mea­
surements were performed at the excitation wavelength of 
266 nm with an accuracy comparable to the dissociation ex­
periment at 193 nm. At the long wavelength edge of the 
R20 2 absorption spectrum a significant amount of product 
rotation is generated from bending motions, 
(Nt-d)IN(N + 1)=0.5 for D 20 2

8 and (Nt-d)1 
N(N + 1) =0.4 for H 20 2•

2 Therefore, we do not expect a 
pronounced influence of initial parent motion on the prod­
uct pair distribution as it is observed in the photolysis at 193 
nm. Especially the OD partner distribution should reflect 
more directly the pure fragmentation pattern. The partner 
molecules of such fragments generated at low rotation are 
formed at higher rotational states, while highly rotating hy-
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TABLE I. Comparison between spectroscopic and thermodynamical data 
for the dissociation energy ED of R 20 2 (at T = 0 K) which is necessary to 
form two OR radicals in their lowest quantum state. The experimental error 
range is ± 3 kJ/mol, units are kJ/mol. 

Condition ED (HO-OH) ED (DO-OD) Comment 

193 nm, bulk 
193nm, beam 
266nm, bulk 

199 
197 
194 
207 

204 
211 

Doppler spectr. 
Doppler spectr. 
Doppler spectr. 
thermodynamic (Ref. 21) 

droxyl radicals have partners which are generated with near­
ly the same rotation NA =NB indicating again a distinct cor­
relation between the two rotational vectors of the products 
ORA + ORB' 

We have demonstrated a new method for a direct experi­
mental determination of joint microscopic reaction probabi­
lities for two products emerging from the same chemical 
event. The complete probability matrix P(NA,N B) was not 
accessible in the present experiment due to limited laser reso­
lution. However, P(NA ,NB ) can be obtained by using a laser 
system with a sufficiently small bandwidth, e.g., a cw dye 
laser in combination with a pulsed amplifier. Such a laser 
system is used in a current experiment to obtain individual 
correlations between the angular momenta of both OH frag­
ments in the photodissociation of hydrogen peroxide. 

Finally, the complete analysis of the energetics involved 
in a dissociation process allows a spectroscopic determina­
tion of the dissociation energy ED' Using Eqs. (3) + (5) one 
obtains for the present experiment 

ED = hvp + E int (R20 2 ) - + P(k) [2Erot (k) + moRvi], 

(9) 

where P(k) represents the probability of observing a prod­
uct with the rotational energy Erot (k). In Table I the spec­
troscopically evaluated dissociation energies are shown in 
comparison to thermodynamical data. All values of ED ob­
tained by Doppler spectroscopy are about 5% lower than 
already published ones.21 The only systematic error in our 
determination of the dissociation energies might result from 
translational relaxation processes. However, these effects 
would reduce the measured Doppler widths and hence, the 
calculated energies ED would rather increase than decrease. 
Therefore, we recommend a value of ED(HO-OH) 
= (197 ± 3) kJ/mol for the dissociation ofH20 2 into two 
OH radicals in their lowest quantum states and 

ED (DO-OD) = (204 ± 3) kJ/molforthe deuterated ana­
log. 
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