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The photofragmentation dynamics of Hz02 at 193 nm have been analyzed by probing the OH products by Doppler 
spectroscopy Using laser-induced fluorescence. The excess energy (Eav = 4 17 kJ/mol) appears mostly as translational mo- 
tion of the fragments with ft = 0.84. No vibrational excitation was observed cfv < 0.003). The rotational state distribution 
is strongly inverted, peaking for N” = 12 which results in fr = 0.16. Our results indicate that previously published rotation- 
al state distributions are not nascent in character, but are perturbed by rotational relaxation. Individual fragment recoil ve- 
locities obtained from Doppler lineshapes are u = 4950 m s-l [OH(N” = 4)] and v = 4550 m s-l [OH(N” = lo)]. The ef- 
fective anisotropy parameter Peff is slightly negative at high N” (Jeff = 0.35 at N” = 10). 

1. Introduction 

The tetraatomic H20z is a useful molecule for 
the study of photofragmentation processes and their 
dynamics. Photofragmentation of H202 leads to two 
molecular fragments which are chemically equivalent 
and which can both be monitored by the same spec- 
troscopic techniques. Moreover, the spectroscopy of 

OH radicals is well known so that the internal state 
distribution of the fragments can be completely es- 

tablished. 
The absorption spectrum of H202 in the W is 

structureless and entirely continuous [l] which in- 
dicates a fast dissociation process. This makes the 
study of its photodissociation particularly suitable 
for extracting fragment vector properties using po- 
larization and Doppler spectroscopy [2-4]. Photo- 
fragmentation at wavelengths longer than 172 mn 
leads to (electronic) ground state OH radicals [ 11. 
At shorter wavelengths one of the OH fragments is 
produced in its fust excited electronic state, 2 Z+ , 
which demonstrates the existence of a new dissocia- 
tion channel at higher energies. Studies of the photo- 
dissociation at 157 nm and shorter wavelengths 
showed that the electronically excited fragments are 
formed with an inverted rotational state distribution 
[5]. Moreover, a strong rotational alignment is also 

observed [6]. 

At the longer wavelengths used to study H202 
photodissociation, the OH fragments were observed 

using the sensitive LIF technique. Due to the high 
resolution of the applied dye lasers fine details such 
as spin state and A state populations could be studied 

as well as the partitioning of the excess energy into 
the rotational and vibrational degrees of freedom of 
the fragments. The application of polarization and 
Doppler spectroscopy clearly demonstrated that on 
absorption of radiation at 266 and 248 nm the only 

excited electronic state is the A lA state of H202 

K-1. 
Using the excitation wavelength of the ArF laser 

at 193 nm this picture of only one excited electronic 
state changes. The rotational state distribution was 
no longer representable by a Boltzmann-like distribu- 
tion. Instead a bimodal rotational distribution was 

found indicating the excitation of more than one elec- 
tronic state [7]. As in the case for the longer excita- 
tion wavelengths at 248 and 266 run, no vibrational 
excitation of the fragments was observed and the 
bulk of the excess energy is transferred into fragment 
recoil translation. 

In the present study, the measurement of the pho- 
tofragmentation of H202 at 193 nm has been re- 
peated. From the experimental conditions used in 
the earlier study [7] and from information obtained 
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on the rotational relaxation of OH [g] , it is expected 
that the previously reported rotational distribution 
does not represent collision-free conditions. This 
would have serious consequences for the population 
of fragments in low J states, and any inversion in the 
nascent fragment rotational state distribution would 
vanish. The present results indicate the severe influ- 
ence of rotational relaxation on the populations of 
fragment rotational states and show that there is in 
fact a strong inversion in the population of the OH 
rotational states. 

In addition to the determination of the nascent 
internal state distribution, Doppler profile measure- 
ments have been carried out to obtain detailed infor- 
mation on the velocity of the recoiling OH photofrag- 

ments. 

2. Experimental 

The reaction cell is made of stainless steel and was 
evacuated by diffusion pumps. The vessel is provided 
with two gas inlet systems allowing observation of 
the photodissociation process in the bulk as well as 
in a supersonic jet. In the present study the probe gas 
is continuously flowing through the cell at a pressure 
of typically 5 mTorr. The probe gas is 90% pure and 
is stored in a glass bulb. The gas flow can be regulated 
by a glass needle valve. 

The photolysis is an ArF laser operating with a repe- 
tition frequency of 10 Hz. Inside the reaction cell, 
the dissociating laser beam has an energy of 5 mJ. 
The probe laser was a Nd-YAG-pumped frequency- 
doubled dye laser with a linewidth of 0.1 cm-l, mea- 
sured with an external UV etalon. No saturation ef- 
fects on the LIF signals were observed when operat- 

ing at an average pulse energy of 5 @. Both laser 
beams are in the counterpropagating position. A set 
of baffles was installed to reduce stray light in the cell. 

Photolysis of the parent molecules for probing 
the Doppler profiles of the fragments was achieved 
by operating both laser beams polarized with a paral- 
lel polarization direction and also parallel to the di- 
rection of the observation of fluorescence radiation 
which itself is perpendicular to both beam propaga- 
tion directions. The detector is a photomultiplier 
with a bialkali cathode. The delay between the pho- 
tolysis laser and the probe laser was set at 50 ns. 
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Both laser beams were monitored with pyroelectric 
detectors. A minicomputer was used for data acquisi- 
tion and to control the proper timing of the lasers, 
the detector system, and the wavelength setting of 
the probe laser. 

3. Results and discussion 

3.1. Internal state distribution 

We observed in the photodissociation of H,O, at 
193 nm the production of two OH radicals which are 
formed exclusively in the 2113,2, 1,2 electronic ground 
state. This result agrees with a former single-photon 
investigation at 193 mn and indicates that two-pho- 
ton absorption, to produce electronically excited 
OH radicals, has not taken place [9], because no 
emission from the OH X 2 Z state could be found. 

The OH photofragment distribution is probed by 

excitation of the X 211 + A 2Z+ band. Fig. 1 shows 
the LIF spectrum of this band for OH products gen- 
erated by unpolarized photolysis light at 193 mn. The 
transitions were assigned on the basis of the work of 
Dieke and Crosswhite [lo]. 

The relative population number of each quantum 
state was taken from the P, R, and Q main lines with 
no correction for alignment. The Q branch probes 
the II- component of the A doublet which for high 
rotation has the unpaired electron in a prr orbital 
aligned parallel to the rotational vector JOB while 
the R and P branches analyze the II+ A doublet which 
has the unpaired electron in a prr orbital aligned per- 
pendicular to JOB. The population of the two A com- 
ponents shows a weak dependence of the OH rotation 
with an increasing preference for the upper A com- 
ponent . 

The rotational population distribution P(JCB, 
u = 0) is shown in fig. 2 for both the 2113/2 (squares) 
and the 2111,2 (circles) spin systems. The population 
of a particular rotational state is given as an arithmetic 
mean of the II- and II+ components. Within experi- 
mental error, the two spin components of the OH pho- 
tofragments are statistically populated, and conse- 
quently the dissociation process does not distinguish 
between the two spin-orbit states. The rotational dis- 
tribution is completely different from a Boltzmann 

form and cannot be characterized by a single “tem- 
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Fig. 1. A section of the (0,O) band of the excitation spectrum of OH(%) fragments generated by the photolysis of Ha02 at 193 
mn. The photolysis and the probe laser beams were counterpropagated. Laser-induced fluorescenceHras detected perpendicular to 
the propagation direction of the laser beams. Ptot = 5 mTorr; time delay between the two lasers was 50 ns. 
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Fig. 2. Rotational state distribution of OH fragments from 
the photolysis of Hz02 at 193 mn with no corrections for 
alignment. Contributions from the two spin states are given 
by squares for the 211s,a and by circles for the 211r,a state. 

perature” parameter. The distributions peak at the 
quantum number ArOH = 12. All lower rotational 

states show a population inversion *. A comparison 
with preexisting results for the photodissociation of 
Hi02 at 193 nm shows a remarkable difference for 
these lower rotational states. While we observe an 
increase inP(J)/@J t 1) (forJ < 12), Ondrey et al. 
[7] report a monotonic decrease. The difference in 
the observed rotational state distribution is caused 
by rotational relaxation processes which are known 
to be extremely fast for collisions of OH radicals 
with H20 [8]. We could reproduce the reported ro- 
tational distribution with a pressure of 100 mTorr 
and a delay time of 100 ns between photolyzing 

* Any corrections from alignment effects will not significant- 
ly change the rotational state distribution, especially not 
for low J values where the main deviation from the earlier 
reported results is observed. In the present case, the align- 
ment effect will be reduced by the use of an unpolarized 
photolysis laser and by contributions from the i ‘A state 
in H202. 
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and analyzing laser beams. The procedure we chose 
to exclude rotational relaxation was to decrease the 
H,02/H,0 pressure until the observed OH photofrag- 
ment rotational distribution remained unchanged. 
The population of lower OH rotational states was 
strongly affected when the total pressure was de- 
creased from 100 to 5 mTorr. 

Another complication in the investigation of the 
photodissociation of HZ02 may result from the pres- 
ence of water in the H,02/H20 solution and the pos- 
sibility of HZOz decomposition on the walls of the 
vacuum chamber because excitation of water to its 
lowest excited electronic 1 B, state leads also to the 
production of an electronic ground state OH radical 
[ 111. The absorption cross section of this process is 
much smaller than in the case of H,02 but, in a dif- 
ferent experiment, we could observe OH fragments 
originating from Hz0 parent molecules [12]. 

Fortunately, the OH radicals formed in the water 
photolysis exhibit a much lower translational velocity 
than those resulting from H,02 fragmentation be- 
cause the available energy is lower and most of the 
translational energy is carried by the H atom. Conse- 
quently a linewidth measurement easily distinguishes 
between OH radicals formed in the photolysis of 
HZ0 compared to those formed from H,O,. Since 
OH radicals from the HZ0 photolysis are formed 
with low rotational excitation, we determined the 
OH line profile for the Q1 (4) line in the 
X2fI,,2(u”=O) +A2Z(u’=0)transition.The 
measured linewidth was Au = 1 cm-l. OH from the 
photolysis of water should exhibit a narrow line with 
a width of only Au = 0.25 cm-l, which in fact was 
observed when the water partial pressure was strong- 

ly increased [ 121. The present data indicate, how- 
ever, that the measurements were not influenced by 
the presence of water. 

An inspection of the observed OH excitation spec- 
trum above 3 12 nm, where the u” = 1 + u’ = 1 band 
occurs, indicates that no vibrationally excited OH 
fragments can be found. This result is not surprising 
because the equilibrium bond length as well as the 
stretching frequency of OH in the parent H202 
are comparable to those of the free radical. As the 
OH bond is not involved in the dissociation process, 
Franck-Condon predicts no vibrational excitation 
of the fragment. Based on the sensitivity of our ex- 
periment an upper limit of the IJ” = 1 population is 
estimated to be 3%. 
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3.2. Energy partitioning 

The total excess energy, E,, , which is available 
to the ,OH (X 211) pitotofragments is determined by 
the binding energy, Do = 207 kJ/mol, the photon 
energy of the photolyzing laser light, hv = 619.1 kJ/ 
mol, and the initial energy Eint(H202) of the parent: 

Eav=hV+Ei,t(H202)-Do e (1) 

At room temperature, the parent hydrogen peroxide 
molecules have an average 5 RT rotational energy, E,, 
and a lower amount of vibrational energy, E,, which 
mainly originates from the v4 torsional mode : 

Einr(HZ.02) =Ev(H202) + Er(H202) = 4.8 kJ/mol . 

(2) 

Thus, the total energy available for excitation of the 
two OH fragments is 

E ay = 476.9 kJ/mol . (3) 

The fraction of energy which is transferred into one 
OH fragment is given by 

fr = <E,)/E,v = s;poE, WE,, = 0.08 , (4) 

where P(q is the normalized population of the rota- 
tional state J and Er(a is the rotational energy. 

Since two OH photoproducts are formed without 
vibrational excitation, the fraction of energy which 
is released into fragment translation is given by 

ft = 1 - 2fr = 0.84 , 

a consequence of conservation of energy. 

(5) 

The observed energy partitioning implies that very 
fast photofragments with a narrow velocity distribu- 
tion should be expected. Based on the energy E, re- 
leased into translation, Et = ftE,, = 350 kJ/mol, the 
most probable OH recoil velocity is calculated to be 

v0J.J = (Et/moH)1/2 = 4540 m/s. (6) 

With this large OH fragment centre-of-mass velocity 
in comparison to the small probe laser linewidth and 
parent Doppler motion, it becomes possible to exam- 
ine the fragment angular recoil and velocity distribu- 
tion by Doppler spectroscopy. 

3.3. OH photofragment Doppler profiles 

The nascent OH fragment internal state distribu- 
V 
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tions have been determined under collision-free condi- 
tions. In addition, Doppler profile measurements can 
give information about the product recoil velocity 
and vector properties of the dissociation process. The 
transition moment of a photoselected parent molecule 
is preferentially aligned parallel to the electric field 
vector, ED‘, of the exciting polarized laser radiation. 
This anisotropy will be carried over to the photofrag- 
ment motion if the dissociation of the parent is faster 
than the molecular rotation; at very long times, the 
internal motion of the parent will dominate the mea- 
surable fragment translational anisotropy and rotation- 
al alignment. In the case of the photolysis of hydrogen 
peroxide at 193 nm, a well-structured angular distribu- 
tion can be expected because most of the available 
energy appears in OH recoil, and the smooth absorp- 
tion spectrum implies a fast dissociation process. 

For an electric dipole transition, the Doppler line 
shape function is given by 

g(xD) - (1/2Av~) [l ’ PeffP2(cos e)P2(XD)] 3 (7) 

where 19 is the angle between the electric vector, ED, 
of the dissociating light and the direction at which the 
fragment is analyzed;P2 (cos 0) is the second Legendre 
polynomial in cos 19, A~vD is the maximum Doppler 
shift and XD = (v - vu)/AvD is the relative displace- 
ment from the OH absorption line center vo. The pa- 
rameter Peff contains information on various vector 
correlations between the direction of recoil, the trans- 
lational motion, the angular momentum of fragments, 
and the transition dipole moment in the parent mole- 
cule (for details see ref. [3]). 

The recoil Doppler broadened line protile obtained 
for the Q 1 (10) line is shown in fig. 3. The propaga- 
tion direction of the analyzing dye laser beam was 
perpendicular to the ED vector of the dissociating ex- 
timer laser light at 193 nm which corresponds to ge- 
ometIy IV of ref. [3] (E, IIED II;). The solid line 
shows the best-tit profile g(xD) for a single recoil 
velocity of the OH fragments with suitable convolu- 
tion of a Gaussian profile to account for the probe 
laser linewidth and parent Doppler motion [2]. The 
VdUe found for the Doppler shift is A& = 0.49 f 0.02 
cm-l which corresponds to an OH recoil velocity of 
i+,H (N” = 10) = 4550 * 190 m/s. 

In addition to the Q1 (10) line, we also analyzed 
the Doppler profile of the Q1 (4) line. A least-squares 
fit procedure according to eq. (7) yields a value of 

309.845 309.855 309.865 309.875 
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Fig. 3. Doppler lineshape of the Qr (10) transition of the 
(0,O) band of OH (X ‘II). The effective symmetry parameter 
Beff = 0.35 has been computed by fitting the experimental 
data using eq. (7) and convoluted with a 300 K thermal mo- 
tion of HsOa (Av”= 0.069 cm-‘) and a Gaussian laser profile 
(AFL = 0.1 cm-‘). The laser beams were counterpropagated 
and liirearly polarized parallel to each other with the E vector 
parallel to the direction of observation. The photomultiplier 
accepted ah polarizations equally. 

A& = 0.54 + 0.03 cm-l for the Doppler width. The 
corresponding OH recoil velocity, vOH (N” = 4) = 
4990 + 280 m/s, is higher than the velocity of those 
fragments which are formed in theN” = 10 rotational 
state. 

The partner OH fragment which is formed simul- 
taneously with the observed OH product must have 
the same translational energy in the center-of-mass 
system. Thus, the total kinetic energy 2Ekin = m&J 
of coincident partner OH fragments is 2Ekin (N” = 4) 
= 423 f 47 kJ/mol for the OH probed via the Q1 (4) 
line and ~~in(N” = IO) = 352 f 28 kJ/mol for OH 
formed in the N” = 10 rotational state (Ql(l0) line). 

For a comparison of these values with the total 
available energy, E,, = 4 17 kJ/mol, the rotational 
energy of the observed OH fragment has to be added. 
The remaining energy has to be carried by the rota- 
tional excitation of the partner product. 

The rotational energy, E,, of the fragment probed 
bytheQl(lO)lineisEr(N”= 10)=24kJ/mol [13]. 
Consequently, the simultaneously formed OH frag- 
ment must also have a significant amount of rotation- 
al energy to fulfill the law of conservation of energy, 

E av = =kin + Er(OHl) + Er(OH2) . 
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The rotational energy of the OH product, probed by 
the Q1 (4) line is,EI(N” = 4) = 4 kJ/mol. Since this 
energy and the measured translational energy already 
agree with the total available energy within experi- 
mental error, the OH partner fragment must also be 
formed with low rotational excitation. 

The linewidth measurements imply a correlation 

between the rotation of the two simultaneously 
formed fragments, N(OHI) and N(OH2). However, 
more accurate measurements are necessary to investi- 
gate these microscopic reaction probabilities for the 
formation of coincident partner products. 

The anisotropy parameter Peff obtained by fitting 
the observed Doppler profile of fig. 3 to the function 
g(xD) (eq. (7)) is given by /Jeff = 0.35 + 0.10. If the 
translational and rotational motion of the recoiling 
photofragments are not correlated with each other, 
then /Jeff describes only the vector correlation be- 
tween the transition dipole moment in the parent 
molecule and the translational motion Y of the recoil- 
ing fragment [3]. 

A negative value of Peff implies that the angular 

distribution peaks in the direction perpendicular to 
the electric vector. The limiting value of /Jeff = -1 
would correspond to an excitation of a (4b) electron 
to the antibonding (5b) orbital: 

2 1A[(4a)2(5a)2(4b)2] t hv 

+ x 1A[(4a)2(5a)2(4b)(5b)] , 

with the transition moment lying along the C2 axis 
[14]. This transition is the only one which was in- 
volved in the photodissociation of H202 at 266 nm 
and 248 nm [2-41. 

However,at 193 nm,%1A+g1B[(4a)2(5a)- 
(4b)2(5b)] may also be excited; this transition has 
a strong component of the transition moment along 
the O-O axis [ 141. Excitation of this ‘B state will 
result in a positive P--V correlation coefficient. There- 
fore, any contribution of the lB state to an excita- 
tion of H202 increases the anisotropy parameter 

Pert. Since Peff is also influenced by parent rotation 
and V-J correlationLit cannot be decided at present 
to what extent the B 1 B state of electronically ex- 
cited Hz02 is involved in the fragmentation process. 

Work is in progress on the photolysis of jet cooled 
Hz02 at 193 nm, and we hope to study all observable 
OH excitation line profiles at different detection ge- 
ometries [ 151. 

126 

Bersohn and Shapiro [ 161 studied the dissociation 
of H202 from low-lying excited electronic states by 
classical trajectory calculations, where parameters in 
the excited state functions were chosen to fit the ob- 
served OH rotational state distribution and to be con- 
sistent with the electronic spectrum. Since the nascent 
rotational state distribution, observed in the present 
experiment, is remarkably different from the bimodal 
distribution observed by Ondrey et al. [7], some of 
the parameters, used to describe the excited electron- 
ic state of H202, should be modified. 

A model for the observed rotational state distribu- 
tion may be also given by the “rotational reflection 
principle” [ 17 ] which establishes a direct relationship 
between the bound state wavefunction of the parent, 
the anisotropy of the repulsive potential, and the final 
rotational state distribution. The calculated distribu- 
tions are usually smooth and inverted as in the case 
of the photodissociation of hydrogen peroxide at 193 

nm. 
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