Chemical Physics 89 (1984) 93-iO2
North-H&nd.
&&terd,_
-:

- _

PHOTODISSOCIATION
OF I-JYDRQGEN PEROXIDE
AT 157 nm:
ROTATIONAL
DISTRIBUTION
OF NASCENT
OH( *Z +, o’, N’) Horst GOLZENLEUCHTER,

Karl-Heinz GERICKE,

.

Franz Josef COMES

INtrtut
Jii Ph_wtkah.scheund Theor&ische Chemre. Rob&t-bfa)er-Strasse

Il. D-6tWO Frankfurt. FRG

and
Peter F. LINDE
Department of Chemistry. San Francisco State Umverstt). I600 Hoflowa) Aoenue, San Franctsco. Cahfornia 94132, USA
Received 22 February 1984

Photodissociation of H-0,

at 157 8 nm yields electronically excited OH radicals. The state distnbution of nascent fragments,

OH(‘E. o’, N’). has beenoikined
by spectrally resolved resonance transitlons of the OH (A + X) fluorescence. The OH(A)
rotational excitation shows a distnbution with a maximum at N’= 21 =tith 43% of the total available energy (14040 cm-‘)
appearing in rotatton of the electronically excited fragment. In contrast to rotation, the OH(A) vtbrational mode is cold. Only
3% of the OH(A) radicals are m the OH(d=
1) state_ The fragments are formed statistically between the two spin components
of OH( ‘E+ )_ The rotational ercttation cannot be explained by a simple repulsion of the two fragments. The experimental
results strongly suggest that the vlbrationd OH torsion mode of the parent HzOz IS promoted into rotation of the fragments,
which is also supported by theoretical arguments. Accordmg to these conslderatrons the excess energy 1s mainly partitioned as
rotational energy among the two OH product radicals.

1. Introduction

system

The photochemistry of small molecules in the
gas phase has made remarkable progress in recent
years [l]. The development of high-power lasers
which emit monochromatic light in the UV and
vacuum UV wavelength region has made possible
the detection of primary photochemical products
under collision-free conditions even in a bulk experiment. A detailed study of the degrees of freedom of the photofragments gives a deep insight
into the photodissociation dynamics.
The radiation of electronically excited products
can be analyzed in a state-resolved manner. The
laser-induced fluorescence or multiphoton iomzation are sensitive diagnostics which are well suited
for measuring internal degrees of freedom of products and translational energy distribution, if these
products are formed in the electronic ground state.
Hydrogen peroxide appears to be an excellent

for

the study

of

the photodissociation

dy-

because the main
photofragments are two OH radicals which can be
probed simultaneously by sensitive spectroscopic
methods [2]. H&I, exhibits a continuous, almost
non-structurid absdrption-.sp&rum
in the UV
indicating a short-lived electronic excited state [3]_
The dissociation mode is a rupture of the relatively
weak O-O
bond, resulting in two electronicground-state hydroxyl radicals, OH(X ‘II) [4].
In the vacuum UV one of the two OH fragments can be formed as electronically excited
species, thus giving rise to the characteristic OH
resonance radiation near 310 nm A ‘2’ --, X ‘II
[5,6]. The partner molecule carries only vibrational, rotational and translational energy, which
can be probed by laser-induced fluorescence.
Besides its importance for studying of photodissociation dynamics, hydrogen peroxide is involved
in a number of photochemical processes which
namics
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affect the steady concentration of H,O1 in the
atmosphere. Hz02 is mainly produced by recombination of two HOz radicals and removed by photodissociatron in the UV [7], thus giving rise to the
production of the atmospherically important hydroxy1 radicals. Its participation in acid rain formation has been claimed [8].
The following paragraphs will discuss the first
part of a photodissociation study. The distribution
of energy among the different vibrational and
rotational states in the eIectronicaIIy excited OH,
produced by photodissociating
HzO, with the
radiation of an excimer Iaser at 157.8 nm, 1s observed. The observation of this resonance radiation opens a method to sensitively monitor trace
quantities of hydrogen peroxide in the atmosphere.

2. Experimental
The photodissociation of H202 was carried out
with the aid of an excimer laser at the FZ emission
wavelength (157.8 nm). Fig. 1 shows the schematic
arrangement of the experiment. The photolyzing
laser (EMG 200, Lambda Physik) was operated at
8.5 Hz The unpolarized and rapidly diverging
beam had a rectangular cross section of 30 x 10
mm. With a MgF, lens (I= 300 mm), it wds
weakly focused into the reactron cell. which was a
cubic aluminum chamber equipped wih d baffled
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Fig. 1. Schematicdtagramof the experimentalarrangement.
P-D.: Photodetector.
PMT: Photomuluplrer.

of H20,

arm to reduce stray Iight from the MgF, entrance
window. In order to avoid absorption of the
vacuum UV radiation at 157.8 nm by atmospheric
O2 moIecuIes, the 60 cm long path of the light
between the laser and the cell was flushed with
nitrogen. Laser output energy was 15 mJ per pulse,
at a puIse width of 12 ns. The Iaser showed a
decrease in pulse energy to 8 mJ after 10000
puIses, which was the usual Iaser operation time.
For subsequent experiments. the Iaser was refiiled
with a fresh F,/He/Ne
mixture. Part of the emission intensity of the laser was monitored to correct
for thrs reduction in power but aIso to correct for
the 20% shot-to-shot fluctuation of the output
energy. The intensity of the blue phosphorescence.
which occurs when the laser radiation transmits
through the MgFz window of the cell, was taken as
a measure of laser energy. After detection with a
photodetector
PD (photoelement
BPW 34. Siemens), amplification
and A/D
conversion, this
value was read into an Apple II microcomputer.
The fluorescence light of the A zZ+ + X ‘H
transitions was observed in a direction perpendicular to the laser beam. A quartz lens was used to
focus it on the entrance slit of a 0.5 m grating
monochromator (Minuteman, 1200 g/mm. scanning speed 1 A/mm). The spectrally resolved fluorescence light was detected with a photomuitiplier
(EMI 9635QB) which has a quantum efficiency of
> 25% in the region between 300 and 420 nm. The
multiplier’s rise time was 25 ns. To increase the
signal, the detector was terminated with 1 MS1.
For time-resolved
measurements of total fluorescence, a smaller resistor (50 a) was chosen, and
the monochromator’s slits were fully opened.
The signal was then fed into a boxcar averager
(PAR 164) and, after A/D conversion (12 bit),
also into the microcomputer which stored the data
after each laser pulse. Both instruments were triggered from the laser. This fluorescence signal was
divided by the output energy of the excimer laser
on a shot-to-shot basis and the final data, which
were now normalized to a constant !aser output,
were monitored on a chart recorder_
HzOz (86% purity) was generously supplied by
Degussa. It was stored in a Pyrex glass bottle,
mounted under the reaction cell. The vapor was
introduced through a glass valve and a short,
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teflon-coated
tubing. Prior to an experiment, it
was allowed to flow through the chamber for l/2
h to passivate the wal’ls. At room temperature, the
partial pressure of H,Oz vapor is nearly l/5 of the
total pressure of the H,O,/HzO
vapor mixture,
which was measured with an MKB
Baratron
capacitance manometer. .4 vacuum system consisting of a rotary pump zmd a diffusion pump
permitted the total vapor pressure in the cell to be
varied from 1 Torr to 1 mTorr. It wa: kept constant within 5% during the recording of a rotational spectrum of the product. Nz or Ar could be
added
for studying
rotational
relaxation
or
quenching processes of the excited dissociation
products_

3. Results
Irradiation of H202 in the UV and vacuum UV
shows a continuous absorption
spectrum. The
lowest excited states of the molecule correspond to
excitation of O-O antibonding states_ Dissociation
of the molecule results mainly in a break of the
weak O-O bond and formation of two OH radicals in their electronic ground state:
H,02 + Av --, OH + OH.

0)

At a certain energy one of these OH fragments can
be m an electronically excited OH(A 2Et) state
and should emit light when passing back to the
ground state. The sum of the energy D, = 17340
cm-’
to form two OH radicals in the electronic
ground state OH(X 2113,2) and the energy of the
lowest electronic excited OH level T, = 32440 cm- ’
[9] suggest a threshold energy Ed for that behavior
of
Ed=&+

T,=49780cm-‘,

HrOz + hv -

OH*(A)

with a photolyzing

+ OH(X)
wavelength

193 nm. A detectable OH(A -X)
fluorescence
starts to appear at 172.2 nm. At 157.8 nm, the
wavelength of the F2 excimer laser, the a&al
quantum efficiency for 0H(2Et)
production is
not greater than 0.07, still leaving the production
of two ground-state OH radicals as the main dissociation channel.
The present investigations were mainly carried
out to measure the nascent rotational-state distribution of the excited radicals formed in the dissociation of H,O,. As already mentioned one of
the aims of our studies was to find a method to
optically detect H202 in atmospheric environments by simply monitoring the OH fluorescence.
Another interest was to obtain a deeper insight
into the dissociation dynamics of that molecule.
For that reason the fluorescence light from the
OH( ‘Z+, u’, N’ --, ‘Kl, u”, N”) transition was detected with a resofution sufficient to separate the
different rotational transitions in the spectrum.
From these measurements, we caIculated the rotational distribution of the excited OH fragments
(fig. 2). Transitions were assigned on the basis of
the work of Dieke and Crosswhite [lo]. The relative rotational populations P( N’) were found from
the observed fluorescence intensities of the Q7 and
P, branches divided by the corresponding transition probabilities [ll] and are plotted versus the
rotational quantum number N’ of the upper state,
F2. Also from the F, spin system several high

0
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0

OH(*E: v’ =o)

0

(2)

which corresponds to a wavelength of = 210 nm.
But in contradiction to this result, even at 184.9
nm, the mercury resonance line, no enussion was
observed [5].
In a recent study, Suto and Lee [6j reported the
quantum yield of the process
(3)
between
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excited OH fragment in arbitrary units
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with data from ref. [14].

of the electronically
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rotations were observed. This spin system shows a
similar distribution among the different rotational
states, which means that the rotational energy is
partitioned statistically between the two spin systems_
One problem in the study of nascent product
distributions in a photodissociative process is the
non-radiative energy transfer by collisions between
excited- and ground-state molecules (rotational relaxation. quenching)_ Measurements at 100,lO and
1 mTorr total vapor pressure.of the H,OJH,O
mixture show the same relative intensity distribution in the rotational spectrum, indicating that
there is no rotational relaxation in this pressure
range.
Quenching cannot be avoided. Lifetime measurements of total fluorescence at 1000, 100, 10
and 1 mTorr agree within 10% with calculated
values [12], when Hz0
(ka = 13 f 2.5 x lo6
Torr-‘s-i)
is assumed to be the main collision
partner. However, because only the signal intensity is affected, quenching processes depopulate
the excited rotational levels randomly_
To be sure that relaxation was observable in the
experiment, the rotational distribution of OH
(A 2X+, v’, N’) was also determined at very high
collision rates with argon and nitrogen as collision
partners_ Nz or Ar bubbled through the H,OJ
Hz0 solution at 800 Torr. The analyzed fluorescence spectrum shows that both gases depopulate
the higher rotational leveis. In addition, nitrogen
quenches the integrated signal intensity more than
does argon, because the quenching constant of N1
is = 77 times that of Ar [12].
Final experiments were always performed at
total pressures smaller than the pressure at which
relaxation phenomena could be detected_ All data
obtained for the rotational distribution were taken
from measurements in the range l-10 mTorr.
Because predissociation shortens the lifetime
(and therefore the fluorescence intensity) of rotational levels with N’ > 23 in v’ = 0 [13], populations for these levels are corrected. The true value
was determined by multiplying the signal intensity
with the factor 1 + 7radPr,red
(7rad is the radiation
lifetime, P,,& the predissociation probability [14]).
In fig. 3 the natural logarithm of the ratio of
rotational population P(N’)
and degeneration is
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Fig. 3. Boltzmann plot of the experimental rotational dlstribution of OH(‘Z*.
v’= 0). Also shown IS the calculated
(strongly deviating) prior distribution for c’= 0.

plotted versus the internal energy Ev,,, + E,,, [9]_
The distribution is not a Boltzmann distribution
and population densities increase between N’ = 10
and N’ = 21 (which in principle opens the possibility of a rotational laser).
The maximum rotational excitation is centered
around N’ = 21, corresponding to a rotational en[9]. The mean rotational
ergy E,,, = 7410 cm-’
energy
(E,,)

=xP(N’)E,,,(N’)=6158cm-i
Iv’

(4)

corresponds to an OH rotational quantum state of
N’ = 19.
Detection of the distribution of photofragments
in vibrationally excited OH( A 2X+, v’ = 1, N’)
states is difficult due to overlapping with transitions from v’ = 0 states, reduced transition probabilites, and mainly the much lower amount of
radicals formed in these levels. The data obtained
are insufficient to justify the plot of a rotational
distribution for v’ > 0 states. But we conclude that
almost all OH(A ‘2,)
are produced in v’ = 0, and
only a very small part (< 3%) can be found in
v’ = 1. No fragments could be found in v’ = 2.
Thus the dissociation proceeds without vibrational
excitation but with extremely hi,& rotational levels.
This result is in good agreement with results
obtained at much higher photon energies. Becker
et al. [S] have observed OH(‘Z+ -‘II)
fluores-
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cence at 123 and 147 nm. Although no information on the overall pressur& in the experiment is
given, their rotational distributions show a very
similar structure tith the maximum population at
N’ = 20-21. No information on vibrationally excited states were given. It is interesting to notice
that the width of the rotational distribution -is
noticeably larger than in our experiment and that
this width increases with the energy of the dissociating radiation. The photolysis of H,O, at 193 and
248 nm produces only ground state fragments [4]_
As in the photolysis at 157.8 nm, no vibrational
excitation was observed, but the total excess energy was found to be almost exclusively translational energy of the fragment%.

of OH from photoksociarion

4. I. Energy partitioning

The total excess energy Eay which is avalable to
the electronically excited fragment is determined
by the initial internal energy E,,(H,O,)
of the
parent H@,, the photon energy (hv = 63370 cm-‘,
X = 157.8 A) and the threshold energy Ed = 49780
cm-’ [see eq. (2)]:
Eay = hv + E,,(H,O,)

-Ed_

(5)

H,O, is at thermal equilibrium at room temperature (T= 300 K) and has the internal excitation
L(H,O,)

= E&HzOZ)
+ E,,,,(H,O,)

cm-‘,

-450

(6)

97

where most of the vibrational energy, E,,,,(H,O,)
g 120 cm-‘,
originates from the VITO-H tori&
mode (see also table 1.)
The total energy available for excitation of the
two OH products is therefore
EsLy= 14040 cm-‘.

(7)

The fraction of the available energy partitioned
into the various degrees of freedom of OH(A 2Z+)
and OH(X ‘II) is defined in the usual way:
f,(A)

= (E,),/L

f,(A)

= <E,),/E,,,

(8)

f,(X)

= (E,)x/E,y,

f,(X)

= (E~)x/Eav,

(9)

f,(A)

=f,(X)_
= 411 ---f,(A)

4. Discussion

of H_&$

--r,(X)

--L(A)

-L(X)]

9 (10)

where (10) is a consequence of the conservation of
energy and linear momentum.
The fraction of internal excitation of the electronically excited OH(A 2x+)
fragment, determined in this experiment is
f,(A)

= 43%,

f,,(A)

= 1%.

01)

Even if the other fragment, OH(X ‘II), has absolutely no internal excitation the percentage which
is released into translation of OH(A ‘Zf)
is still
lower than the percentage of the fraction which is
released into rotation:
max.ft = 28%.
The translational distribution
measured because of the low
monochromator.

02)
was not directly
resolution of the

4.2. Surprisal analysis
Table 1
Normal modes

of H202

vIbrationa’

Mode i

Nuclear

1
2

O-H symmetric stretch
OOH symmetric bend
O-O stretch
OH torsion
O-H asymmetric
stretch
OOH asymmetric
bend

3
4
5
6

a) From ref. [16].
b) ‘,; is the energy
ground state.

motion

of the vibratIonal

0:
3600
1380
890
465
3610
1266

mode

(cm-

’ ) b,

f,
0.45
0.46
0.45

I of the electronic

A reduction of the huge amount of experimental data to a set of few variables and a small
number of parameters is quite often obtained by
using an information theoretical approach to the
fragmentation [15].
The basic, or prior, assumption is that the fragments will be form& m a microcanonical equilibrium, i.e. all quantum states which are energetical accessible will be populated with the same
probability PO. The prior distribution P” of the
fragments is proportiorial to the degeneracy of the
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transIation
P” a

E:jq,

(13)

where E, is the translational energy. The prior
distribution P’(v’. IV’) needed to observe OH in
the A ‘Z‘
state is then given by
P”( G’. N’)
x(E,,

a (2N’
-

%lL, %I,.
L 1) C
C (2N”
_\” L’

e

+ 1)

EC.,
- Ezv,- E,,,
- E,$".

Q

0

.o

-5

0

o

-

0

0

0

a

0
0

I

0
(14)

(15)

for the different vibrational levels deviates even
more From the experimental findings. According to
eq. (15), the relative populations for u’ = 0.1,2,3,4,
and 3 should be 56.07% . 27.48%. 11.66%, 3.93%,
0.84%. and 0.02%. respectwely. The experimental
findings were 97% for o’ = 0 and 3% for u’ = 1.
Thus the available energy E,, is not distributed
equaIl> ober the accessible quantum states and the
fragmentation must be very specific for the different degrees of Freedom.
Quite often the deviation of the prior distribution from the experimental distribution P_,
(0'.
AJ')can be described by a linear surprisal I.
which is &en by
%,tf)/p”(f)].

0

0

.

‘0.2

Of.

06)

with f = EJE,, .The surprisai for u’ = 0 is shown
in fig. 4.
It is obvious that the surprisal is non-Iinear md
the rotational or vibrational distribution cannot be

.

06
L’

P”( c’) = c P”( U’. N’)
Iv

= -ln[

so
12
+

where EC,.and E,.are the vibrational energies of
OH in II” and II’. respectively. E, stands for the
rotational energy of rotational state N_ The relatively small difference in energy of the k and spin
doublets in comparison to the rotational energy
has not been taken into account_
The prior distribution P’(O. N’) as well as the
experimentally observed distnbution are shown m
fig_ 3. As can be seen. the two distributions are
quite different_ Obviously. the prior distribution
does not fit the nascent distribution of OH(A ‘2*.
u’ = 0, N’).
The prior distribution

Z(f)

0
0

.

.

06

,

1

EC. -

Fig 4 Surprisal plot of the OH(‘S+
dlssocrarion of H202 at 157.8 nm.

) population

for the

described by two parameters_ Only in the Iimited
region between IV’ = 10 and N’ = 21 can a linear
behavior be assumed. But in this region. which
only corresponds to a small part of the total
produced OH, a Boltzmdnn plot (fig. 3) can also
be characterized by a straight hne. Thus a surprisal
analysis also indicates a very specific dissociation
process.
4.3. Angular

tt~otttetttrun

The total angular momentum J, of the electronically excited H,Oz
and of both OH fragments
after dissociation is conserved,
J, =J(H,O,)
=J(OH(A))

+J(hv)
+J(OH(X))

+L,

(17)

wereJ(H,O,)
is the ground state rotation of HzOz,
J(izv)
the contribution
of the excitmg photon
[J(/zv) = lt2], and J(OH(A))
and &OH(X))
is the
rotation of the photofragments
in the electronically excited state and in the electronic ground
state, respectively. L is the orbital momentum of
the HO-OH
system and can be calculated classically:
L = I._% = :ws,

(18)

where p is the reduced mass of the HO-OH
system, s is the impact parameter, and v is the relative
velocity of the two fragments_ if the translational
energy E, of the fragments is known, this velocity
is obtained from
v = (2 EJ~)‘?

(19)
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-The most probable angular momentum J(H,O,)
of H,O, can be calculated from spectroscopic
constants 1161 of the parent:
J(H,O,)

= lOti.

cm

Thus a total angular momentum of J1= llh [see
eq. (17)] has to be conserved. Let us now consider
the most probable rotation of electronically excited OH which was found to be &OH(A)) = 21ti
corresponding to a rotational energy of E,(f) =
7410 cm-‘. According to eq. (17), this rotation has
to be compensated to J, = 11A by the rotation
J(OH(X))
of the simultaneously formed ground
state OH fragment and by the orbital momentum
L.
If we assume that the dissociation starts from a
H,O, configuration similar to the ground state
(only O-O repulsion), then the angular momentum of the OH(X) is nearly perpendicular to that
of OH(A) because of the dihedral angle (see fig. 5).
Therefore the OH(X) rotation can compensate for
only a small part of J(OH(A)).
The orbital momentum L has its maximum
when

all the remaining

energy

E,

= Eay -

E,( 7)

= 6630 cm-’

is transferred into translation. Eq.
(18) gives for L the low vahte of L = 1_7ti, if we
take for the impact parameter s
s=(mH/mo+mH)do,-O-06,&

(21)

is the OH bond length in H,O,). Thus the
basic assumption of a decomposition of H,O, in a
configuration similar to the ground state configuration is untenable because the total angular
momentum is not conserved_
(dOI.

Fig. 5. H,Oz ground-state configuration with values taken from
ref. [16j
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Assuming that the remaining energy E,.,,., is
completely transferred into rotation of OH(X),
this rotational energy, 6630 cm-‘, corresponds to
J(OH(X)) = 18.5. The necessary relationship
7(01-i(~))

- J(oH(x))

~4

= iiti

is fulfilled, but J(OH(A)) and J(OH(X))
point in opposite directions.

(22)
have to

4 4. Internal state distrrbution
4.4. I. Vibration
_
The Franck-Condon principle explains the observation that the OH photofragment is vibrationally cold. The OH bond length in the parent H,O,
molecule is 0.965 A. In the free OH photoproduct
it is nearly the same, d,, = 1.012 A. This implies,
similarly to the photodissociation of HONO [17],
that the Franck-Condon factors for the decomposition of H,O, to OH(A *g+, 0”) are diagonal,
suggesting a fragmentation into vibrationless products.
An impulsive model (see below) predicts essentially no vibrational excitation in the fragments.
The HO0 angle is close to 90” and any force
exerted between the two oxygen atoms has only a
small component along the H-O bond axis. Consequently this bond will not be compressed or
stretched and practically no vibrational excitation
of the OH fragments will occur.
4. X 2. Rotation
The most striking feature in the dissociation of
1-1,02 is the extremely high rotational excitation of
the product molecule OH(A).
Several possible
sources for the fragment rotation have to be considered :
(a) The OH rotation should be related to the
ground state rotation of the parent molecule. The
rotation of the free radical will mainly originate
from the rotation of HzO, around the O-O axis. If
this angular velocity of OH in the parent is transferred to the OH fragment, then this mechanism
counts to less than 100 cm-’ of OH rotational
energy. Thus this contribution is far too small to
explain the extremely high rotational excitation of
the observed fragment.
(b) Another possible explanation for the OH

loo
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rotation could be an impuIse which directs aIong
the central O-O bond during the dissociation process_ This impulse will cause a torque on the 0
atoms in HzO,, which can be observed as OH
rotation after fragmentation. This model implies a
sharp-peaked rotational distribution which cannot
be assigned to a temperature-like Bohzmann distribution. If the HzO, configuration in the excited
state is sirmlar to that of the ground state. then
both fragments. OH(A ‘ZE*) in the electronically
excited state as well as OH in the ground state.
should have the same amount
of rotation,
J(OH(A))
= J(OH(X)).
This mode1 [lS] demands that the OH behaves
like a rigid rotator. The H atom would “follow”
the torque exerted on the 0 atom resulting in a
rotation of the OH fragment_
We assume that the impulse is directed along
the O-O axis. Thus all the available energy. EL,,,
will cause a translation of both 0 atoms (in opposite directions)_ The formation of this translation
should be independent of the H atoms in the HzO,
molecule_ This assumption is valid if the dissociation is fast. i.e. the hfetime of the excited parent
molecule is less than a rotational period. The
translational energy of the 0 atoms is then partitioned among the different degrees of freedom
(translation, rotation, vibration) of the fragments.
The rotational energy is obtained if it is assumed
that the angular momentum (caused by the velocity of the recoiling 0 atoms about the center of
mass of the OH fragments) is transformed to OH
rotation_ This rotational energy is given by [lS]
E,(OH)

= ( ~~zOHr,sin’S/26,,)

E,, ,

(23)

where d is the bond angle of HO0 in HzO?, ‘; is
the distance of the 0 atom from the center of mass
of the fragment_ and BOH is the moment of inertia
of the free radical [19]_ Then the rotational energy
for electronically excited OH is
E,(OH(A))

= 410 cm-‘.

f,(A)

= 3%.

(24)

This energy corresponds to an IV’ of only = 4.
Thus the model fails to predict the high rotational
excitation of the fragments. but might explain the
rotation of OH in lower rotational states which
was also observed in the experiment_

(c) Another

of H-D,

source of product

rotation

is the

breaking of a vibrational mode [6] (see table 1) in
the excited parent molecule_ The H,O, absorption
profile is structured_ Therefore thehfetime of the
eIectronically excited state is sufficiently long for
the development of well-defined vibrational modes
which must enter any model calculations. Three
possible vibrations exist in H,O, which might be
responsible for OH-fragment
rotation: the symmetric bending vibration v2 (1380 cm-‘),
the
asymmetric bending vibration v, (1266 cm-‘),
and
the OH torsion v, (465 cm-‘).
Model calculations [20] have been used to characterize the photodissociation of a triatomic system_ We adopt this general model for the H,O,
system, but regard one of the terminal hydrogen
atoms as part of the neighboring oxygen atom,
HO(OH).
For a non-rotating parent the rotational energy
(E,)
induced by the v, vibration is then given by
(E,)

=f,w:(

v,’ + $).

(25)

where w: is the energy of the vibrational mode I m
the electronically excited state andf, is the fraction
of this vibrational mode which will be transferred
into rotation of the fragment_ The computed values of I, are also listed in table 1.
The calculations indicate that each OH radical
carries = 45% of that vibrational energy as rotationai excitation. From the fluorescence measurements follows that the observed OH(A)
radicals
contain 43% of the availabie energy.
All the vibrational modes ( vlr vJ. and ~~6)induce
an angular momentum of the OH fragments_ These
momenta are of opposite sign in the case of v2 and
the sum of the anguIar momenta of OH(A)
and
OH(X) is zero. In the case of the v, and vs mode a
large value results_ From symmetry considerations
one would expect that the latter case is less probable because this would have to be counteracted by
large orbital angular momenta of the fragments to
conserve the total angular momentum [eq. (17)].
In addition we have to consider the internal
excitation of the parent molecule HzO, at 300 K.
As HzO, is non-linear the molecule has three axes
of inertia_ The rotation about the O-O axis is the
one with the smallest moment of inertia. The other
two axes are almost equal. Due to the ratio of
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nearly 10 for the two different moments of inertia,
rotation about the O-O axis can be considered
as only loosely coupled to the two others. The
rotation about any axis vertica1 to the O-O axis
which has the largest angular momentum contributes mainly to the orbital angular momentum of
the two OH flying apart. If the ut is the promoting
mode then the contribution of the H,O, rotation
about the O-O axis will cause a smaI1 asymmetry
of the rotational excitation of the two OH. On the
other hand the energy stored in this rotation is
very small compared to the observed rotational
energy of the fragments. A repulsive force along
the O-O axis alone cannot explain the rotational
excitation of the OH. The contribution from vibrational modes of the parent molecule seems conclusive. From the above considerations the vI mode is
an excellent candidate for the promotive mode.
the

4.5. Upper

electronic

state

The interpretation of the experimental findings,
rotation of the fragments caused by the excited-OH
torsion in the parent, is also supported by ab initio
calculations. The basis set used is a double-zeta
basis enlarged by polarization and diffuse functions [21].
The ground state of H,O, shows only a minor
energy dependence of the dihedral (torsion) angle
9. But all excited states, with the exception of the
cm* 3B, state, show a very strong dependence of
the energy (several eV) on the torsion angle.
In the ground state both lone-pair orbitals 4b
and 5a are completely occupied. If the 46 orbital
has an unpaired electron (‘B ion; nc* 3A r-m* ‘A;
Ry 3B, Ry ‘B), then a dihedral angle 6 1180”
is
preferred_ On the other hand, if the Sa orbital has
an odd electron (‘A ion; nu* 3B, nu* ‘B; Ry 3A,
Ry ‘A), then the torsion angle will be 9 = 0”. Thus
the energy of the 4b orbital decreases with decreasing 9, while with increasing torsion angle the
energy of the 5a orbital decreases_
At 157.8 nm only two different excited states of
HzOz can be produced. These are the nu* ‘A or
the nu* 3B states, which can dissociate to OH( ‘II)
+ OH( ‘X+).
From purely qualitative considerations it cannot be decided which of these is
responsible for the fragmentation. However, the ‘A
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no* 4b’ 5b’ state has a much lower energy at 9 =
180° than at the angle of the equilibrium confrguration, while the energy of the 3B nu* Sa’ 5b’
state shows a strong gradient to 9 = 0”.
Thus both states can induce a high rotational
excitation of the fragments either by increasing (‘A
state) or by decreasing (‘B state) the torsion angle
6. As a consequence the rotations of the two OH
fragments should have opposite direction.
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