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ABSTRACT

Photofragnentation of H,0 and HjS in the first absorption

continuum has been Investigated experimentally and theoretically by

several authors. The fragmentation dynamics of both molecules are

reviewed in this article. While the excited H^ state in H^O is

responsible for the first continuum, ambiguity exists In the true nature

of the upper state of the first continuum In H2S. From the evidence

available so far, it Is proposed that both in water and hydrogen sulphide,

a single state of Bj symmetry, which is of Rydberg type for short

internuclear distances and of valence type for large internuclear

distances, is the possible upper state which dissociates to produce

the absorption continuum.
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I, INTRODUCTION

Excited electronic state* of molecules are mostly unstable. The

bound states can be studied by conventional apectroscoplc techniques but the

repulsive states elude relevant scientific information. Photofragment

spectroscopy is a very important tool to study such unbound states. In this,

a stable molecule in its ground electronic state is excited to a dissociative

or predlssociative state, upon absorption of photons of appropriate wavelength

from a pulsed laser. This results in molecular fragmentation. Pure

dissociation Involves a single upper potential surface, while predissociation

involves two or more potential surfaces. In this article, only electronic

dissociation or predissociation will be considered, without taking into

account vlbrational or rotational predissociation. Excellent review

articles by Gelbart (1977), Okabe (1978), Oe Vries (1982), Greene and Zare (1982),

Leone (1982), Shapiro and Bersohn (1982), Bersohn (1984) and Simons (1984)

exist on the subject of photofragnentation. Formal theories on the photo'

fragmentation of bent triatonics are also very well developed (e.g. see

Balint-Kurti 1986, and references therein). In general, the photodissociatlon

cross section is given by

<*1iM-£r*J"
>>

where the initial bound electronic, vlbrational and rotational state is given

by tj. the transition dipole moment coupling the initial state to the

excited state is Jt, and f^~ is the final scattering state which is

normalized to have unit outgoing flux in channel f. In the case of

direct dissociation, •« is a scattering state on the excited electronic

potential surface. For predissociation, it is a solution for scattering on

two or more coupled Born-Oppenheimer surfaces. The conservation of energy

applied to the photodissociatlon process of a molecule ABC is

hv Ef,nt ABC* DQ(A-BC)

where hv is the photon energy, %\nt is the initial energy of the parent

molecule which can be reduced to a snail value by supersonic cooling,

DQ(A-BC) Is the dissociation energy assuming that both A and BC are in

their lowest possible energy states, E_ is the relative translational

energy of the fragments, and E l n t "• E^ + Ey + Zg is the internal energy of

the fragments, i.e. the sun of the electronic, vibrational and rotational

energy of the fragments. When both A and BC are in their ground

electronic states, E e • 0 and the excess energy available after

dissociation into various channels is
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Further, we can define the various fractions

going into various channels such that f^ " ̂ I

fT, fy and fR

, with the condition

In the photofragmentation experiments, the photofragnents are analysed by

methods like "time of flight" (TOF), "laser induced fluorescence" (LIF)

or from "fragment emission" (FE). When the fragments are analyzed for mass

and velocity, such Information like DQ(A-BC) and distribution of excess

energy among various channels can be obtained. A study of the angular

distribution of photofragmenta yields information on the change in symmetry

of the electronic state during photon absorption, the lifetime of the

excited state and also the dynamics of the fragmentation process. The

normalized distribution of photofragment flux is given by

1(9) - (An)"1 [1 + 23P2(cos9)] ,

where P.(cos8) is the second Legendre polynomial in cosB, 6 being the

angle between the polarization vector E of the laser radiation and the

direction of detection, and (J is the anisotropy parameter. This parameter

depends on the rotation of the molecule before and during dissociation

and also on the direction of the transition dipole moment. The anisotropy

parameter $ is given by the approximate method of Busch and Wilson (1972)

as

p • Pz(cosx) [P2(COSC0 + *
2 - 3$ sina cos» 1 (1 +

where x Is the angle between the transition dipole moment u and the

recoil direction, n is the angle of rotation during dissociation and •

is the angle (in radians) of rotation during the average lifetime of the

excited state. For a trlatomic molecule ABA with bond angle at 90°, the

value of p Is -0.S when y is perpendicular to molecular plane and

0.25 when 0 Is the plane of the molecule; if the dissociation is assumed

to be immediate after photon absorption.

Hater and hydrogen sulphide are the simplest yet fundamental

trlatomic molecules whose fragmentation dynamics have been investigated

over the last several years. These are also molecules where the powerfulness

of theory can be tested against refined experimental results- The present

state of matters is such that interesting experimental results are always
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forthcomlng and theory seems to be catching up, especially in the case of

quantum state selective photofragmentation. However, the dynamics of

photofragnentation of both HjO and H^S in the first continuum are still

subject to discussion and opinions are varied, and hence a critical survey

in this topic is only too appropriate.

II. DISSOCIATION CONTINUA OP HjO and HjS

The ground electronic structure of H-,0 is given by

(lb 2)
2

The composition of various molecular orbltals from various atomic

orbitals is well known (for, e.g. see Herzberg 1966). The ground state has

four bonding electrons (lb,) and (3a.) while the (lb.) electrons are

non-bonding. All the excited states are Rydberg states and the first

excited state has the configuration ... (3a,)2 (lb1) (4a.) X H. . The

4a, orbital is OH antibondlng and is therefore unstable. This is

responsible for the first dissociation continuum of H.,0 from 186 nm to

140 nm.

Identical conditions apply to the HoS molecule whose ground

electronic state Is given by

(lb 2)
2 (2b 2)

2

The first excited state is obtained by promoting the 2b. electron

to the 6a1 orbital with configuration ...(Saj)2 (2b^) {ba.^} H 1B 1 .

This is the first member of an ns-type Rydberg series. The 6a1 orbital

is SH antibonding in nature. Several authors have also calculated a valence

like XA2 state with configuration ...(Sa1)
2 (2bx) (3b2) *A2 to lie in

the energy range of the B, state. The molecular orbltals 6a, and 3b,

are occasionally denoted by 4sa^ and 3db_ respectively, which indicate

the corresponding Rydberg states of the united atom, which for (LS is Argon.

Roberge and Salahub (1979) have discussed the contour maps of the 6a. and

3bj orbltals corresponding to excitation from the 2bj orbital. Both orbitals

show nodes along the SH bonds.

However, the upper state of the first absorption continuum of K.,S

from 270 nm to 190 nm has been the subject of much controversy over the

last several years. The following table gives the transitions calculated

by several authors, causing the first dissociation continuum of H,S,



AUTHOR

Carroll at tl. (1966)

Hlllier and Saunders (1970)

Poleczo et *1. (1970)

Hurrell et al. (1971)

Shih et al. (1976)

TRANSITIONS

V
V
V
V

V
V
V

V

V
\
\
\
\
\
\
\
\

ENERGY (eV)

7.24

7.41

6.82

6.70

5.14 - 6.15

7.24

6.13

5.75

Hatano (1978) 1.
* Al

3. 1.
B * A

6.62

6.14

Roberge and Salahub (1979) 6.08
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Hovever, the true nature of the upper state(s) of the continuum

can only be investigated by performing photofragmentatlon experiments In-

volving angular distribution measureaents.

III. PHOTOFRAGHENTATION OF h*2S IN THE FIRST CONTINUUM

Photofragmentation of H-S in the first continuum yields SH( n

•nd H( S) wherein a change of symmetry from Cjy to C is involved.

synnetry la conserved, then the dissociation products

(1D

However, if the v

would be ^ ( X 1 ^ * ) and S(1D). The Utter process has not yet been

experlnentally observed. Hawkins and Houston (1980, 1982) have measured
the internal energy content of the SH and SD radicals upon dissociation
of HjS and D2S at 193 nm, by using the LIF technique, and found that there
was no vlbrational or rotational excitation of the diatomic fragment. The
rotational population distribution of SH will be discussed later.

The dynamics of photofragmentatlon of H,S at 193, 222 and 248 nn

were investigated by Van Veen et al. (1983) by the TOF method. The SH

fragnents produced were found to be mainly In the V - 0 state but also a

part of the radicals were found vlbratlonally excited. The Franck-Condon

principle demands that if the equilibrium bond lengths are considerably

greater in the upper excited electronic state than that in the ground state,

then the diatomic fragment will be born with a high vlbrational energy

content. Thus If we take a hypothetical molecule ABC and photo-excite It

to the ABC* state, then a very high proportion of the excess energy appears

in the vibration of BC if the B-C bond lengths were to lie in the order of

BC < ABC < ABC* (Simons and Yarwood 1963). Such a condition is found to

be true in the case of photofragaentatlon of SO, at 193 run by Freedman

et al. (1979) where the SO fragments are found to be vlbrationally excited.

The H-S molecule Is a peculiar molecule. The HSH bond angle remain* close

to 90 in the electronic ground and excited states as the 2b1 orbital

excitation does not open up the bond angle. At the Instant of dissociation,

the departing H aton leaves the original SH bond almost at right angles to

It and hence cannot cause any vibratlonal excitation of SH. The SH bond

lengths in H2S (ground state
 1Hl), «2S* (excited state

 1B 1) and

SH(ground state X 2 ^ ) are known to be 1.328 t (Allen and Pyler 1956),

1.35 i (Guest and Rodwell 1976) and 1.341 t (Huber and Hen berg 1979)

respectively. A calculation based on the Franck-Condon picture of

dissociation gives about 99.52 of SH fragments to be produced in V • 0

and the rest in V - 1. But quite interestingly, in the results of

VanVeen et al. (1983), at 193 nm for example, at least 10.5X of the SH

fragments are found to be vlbrationally excited over V « 1-5. From the
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angular distribution of the H atoms. It has been found that the anisotropy

parameter g has values -0.48 + 0.01, -0.42 + 0.01 and -0.33 + 0.03 at

193, 222 and 248 nm respectively. Hence there is a decrease in 0 with

increase in wavelength. From the observed B values and also from the

observed sin 8 distribution of the photofragment flux, it has been

established that the transition moment C I s perpendicular to molecular

plane, Indicating that the transition is predominantly B^«- A^ at

193 nm and of similar type at other wavelengths.

The mechanism of H^S dissociation in the first continuum has been

proposed to be that of a case I type heterogeneous predissociation from

the vibronic species of the bound *Bj Kydberg state to the vibronic species

of the A2 valence state at 193 nm, and a direct excitation to the

vibronic state of *A, state at 248 no, by Hohamed (1981). A qualitative
1 1

explanation of the predissociation mechanism involving the A^, Bj and
:A 2 potential surfaces has been given by Van Veen et al. (1983) wherein

the A2 state is assumed to predlssociate the Bj state. The calculations

of Kulander (1984) have shown that the mechanism proposed by Van Veen et al.

can explain the observed vlbrational distribution. Kulander also proposes

that the probability of direct dissociation due to excitation of the

electronically forbidden but vlbronically allowed A_*~ A. transition

cannot be ruled out, in accordance with the proposal of Hohamed (1981).

Production of vibratlonally excited SH molecules as a result of

photofragmentation of H.S at 193 nm, as reported for the first time by

Van Veen et al. (1983), has been contributing to explain certain Interesting

experimental features involving hot H atoms. For example, the hot H atoms,

in the photolysis of H^S at 193 no have been used by Datta et al. (1984) to

collisionally excite CH-jF, from which infra-red emission has been observed.

Analysis of the emission profile from the v-j band at 9.6 pm showed that

it consisted of a fast rise of 2 ps.a slow rise with a rise time of 60 us,

and an exponential decay. As the ratio of the pressures of HjS to CHjF

was decreased, Datta et al. observed that the ratio of the amplitudes of

the slow rise to the fast rise also went down. They have explained that

at least part of the slow rise in the v, mode could be attributed to V-V

transfer from the 10Z fraction of SH that is vibratlonally excited following

photodlssociatlon of H^S at 193 nm. Chu et al. (1984), in their study of

collisional excitation of C02 from H atoms produced in the photolysis of

H,S at 193 nm, have measured CO, absorption changes by tuning a diode laser

to the C0 2 transition (00°l) -* (00°2) P(15). A slower rise in the

absorption profile has been attributed due to the energy transfer from the

small amount of vibratlonally excited SH fragments produced in the photo-

lysis of H2S, to the C02 (O0°l) state.
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The rotational population distribution of the SH photofragments

following dissociation of H-,S at 193 nm has been a good study to compare

theory with experiment. As mentioned earlier, the H atom, at the time of

dissociation, moves along the direction perpendicular to the remaining SH

bond and hence cannot impart any angular momentum to the heavier SH, In

the experiments of Van Veen et al. (1983), the rotational distributions

of SH cannot be measured due to limitations in such experiments. The LIF

technique on the other hand,is a good one to probe rotational distributions.

Hawkins and Houston (1982) had used a supersonic pulsed valve to cool H^S

to roughly 3°K, at which temperature, over 94JC molecules are bound to be In

the J « 0 level. After dissociation at 193 run, the SR fragment rotational

distribution was measured by LIF. The rotational temperature for the i n -

state was 188 ± 10°K and for the Z* 1 / 2
 s t a t e ' 7 5 ± 1 0 ° K * Almost all of

the 2 x 10 cm available energy was found channelled Into fragment recoil

and only 70 cm of energy appeared in the SH internal dgerees of freedom.

The normalized rotational population was found to follow a Boltzmann

distribution. The average SH angular momentum produced by the dissociation

process wa« 1.25 ft which Is close to the theoretical value of 1.3 ti (Hawkins

and Houston 1980). Thus the rotational momentum of the SH fragment is equal

to the original rotational momentum of the parent H,S molecule.

In their Kranck-Condon type calculations. Horse and Freed (1983)

have predicted that in the photodissoclation of HjS at 193 nm, since the

transition moment within the molecule is out of plane, an oscillatory

rotational distribution for SH Is to be expected. Such oscillations are

not found experimentally (Hawkina and Houston 1982). Horse and Freed have

argued that when theoretical distributions are rapidly oscillating on the

scale of one or two units of angular momentum, the half collision broadens

these narrow peaks and possibly washes out these oscillations. Quite

recently, Chen and Pel (1986) have calculated the SH rotational distri-

bution following photofragmentation of H^S in the J • 0 state. They have

obtained a Boltsmann type distribution of the SH rotational states, in

agreement with experimental results as discussed above.

IV. PHOTOFRAGMENTATION Of H20 IN THE FIRST CONTINUUM

The photofragmentation of H,0 In the first continuum is a rather

straightforward process, Involving only a single upper state characterized

by (lbj) (4a1) A*
 1B 1 . The 4aj molecular orbital is antibonding with respect

to the asymmetric dissociation channel, with a node between the 0 and H

atoms (Miller et al. 1969). Calculations over the A S^ potential surface

have shown that the state is purely dissociative (Theodorakopoulos et al.

1985; Staenmler and Palraa 1985). However, it is possible to find a minimum
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in the potential surface if the two OB bonds are kept at equal length

(Staemmler and Palma 1985).
*** 1

As regards the energetics, the dissociation of the A B 1 state
yields OH (X 2* 1) and H(

ZS), and also to a small extent HjtX 1^*) and

0(1D) for photon energies > 6.99 eV. Unlike in the case of fl,S, where the
1 1 1

A, state is assumed to cross and predissoclate the B 1 state, the Aj state
in HjO is 1.8 eV above the 1BJ state (Theodorakopoulos et al. 1984). More-
over, the XA_ state, when dissociated, would yield OH(ZE~) and H(2S)

2 -(Claydon et al. 1971). Also the I state of OH is repulsive and hence
the final dissociation products would be 0(3P) + 2H(2S). The threshold
for the production of these atomic fragments is 9.5 eV. Ashfold et al. (1984)
have reported the excited potential surfaces of H,O, in which the A, state

1does not have any interaction with the B. state. Thus the first dissociation
*V 1

continuum in water is solely due to the decomposition of the A B, state.

Welge and Stuhl (1967) applied the flash photolysis technique

coupled with kinetic spectroscopy to study the dissociation of H-,0 in the

186-140 nm continuum and found that the OH(X i^) was produced primarily

in the V - 0 level and to a small extent in the V - 1 level. The OH

rotational distribution was practically equal to that expected in the room

temperature equilibrium. This result is quite understandable because during

the excitation of the lb^ orbital, the bond angles do not open much. Also

because the H atom flies away from the centre of mass with very small impact

parameter, it cannot impart mich angular momentum to OH. On the other hand,

Rydberg states formed from excitation of the inner 3a. orbital are expected

to have quite large equilibrium bond angle (Buenker and Peyerlmhoff 1974).

The B A. state in H-0 is an example with the configuration

(lb,)Z (3a.) (lb,)2 (4a,). Once In the T state, the HOH bond angle opens
2 +

and the dissociated OH(A I ) fragments are born with strong rotational

excitation (Hodgson et al. 1985).

The picture of photodissoclation of water in the first continuum

has become clearer after the recent classic experimental studies of

Andresen and Rothe (1982, 1983) and Andresen et al. (1983, 1984, 1985).

Their experimental results have been supported by the dynamical calculations

of Schinke et si. (1985a,b,c). Some significant results of modern work are

described below:

Andresen et al. (1984) have studied the nuclear and electron dynamics

in the photodissoclation of H,0 at 1S7 nm, by using an excimer laser. The

excess energy after dissociation was 2.89 eV. The fragments were probed by

LIF. The following results were obtained:
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a) Partitioning of the excess energy Into translation (T), vibration

(V) and rotation (R) was

b)

c)

d)

fT s fv s fR - 0.885 i 0.095 : 0.02

The distribution of vlbrational energy in the product OH radicals

was

n(V - 0) i n(V - 1) i n(V - 2) - (1.0) : (0.96 ± 0.01) : (0.15 ± 0.05)

the higher vibratlonal states were not accessible via LIF due to

predissociation In the Z E + state (e.g. see Huber and Hertberg 1979).

The rotational distribution of OH depended strongly on the H,0

temperature. When water at 300°K was used, the OH rotational

distribution was found to be of Boltsmann type, with rotational

temperature of 930°K and 840°K for V - 0 and 1, respectively.

However, results obtained from 10°K water Indicated that the OH

rotational distribution was devaitlng from Boltzmann behaviour,

showing that a certain amount of rotational excitation had taken

place during dissociation.

There was a preferential population In the upper (w ) A doublet

of OH compared to the *+A doublet states. Water at room

temperature generates statistically populated A doublets

upon dissociation. Decreasing water temperature causes an in-

creasing preference for upper A doublet. This behaviour has

been shown in both spin states *i/2 and *3/2"

The vibrational distribution of OH is rather surprising because

the equilibrium OH bond lengths in H20 is 0.9572 A (Herzberg 1966) and

that of OH (X2i) is 0.9697 A (Huber and Hercberg 1979), which are almost

equal. Similarly, the OH vibratlonal frequencies in the symmetric and

antisymmetric modes of H,0 are 3657 cm* and 3756 cm' respectively

(Henberg 1966) and that of O H (X2*) la 3738 cm'1 (Huber and Herzberg 1979).

Calculations based on simple dynamical models like the Franck-Condon

picture of dissociation, do not predict considerable vibrational excitation.

Calculations of Schinke et al. (1985b) have shown that the OH

rotational distribution depends primarily on the initial preparation of

the state, i.e. on the Franck-Condon principle. The normalized rotational

state distributions show oscillations, contrary to the experimental

results of Andresen et al. (1984).
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Quantum state selected photodissoclation of H^O gives interesting

results. Andresen et al. (19SS) have prepared a single rotational level

in an excited vibratlonal state of H.,0 with a tunable IR laser, the

excitation being done in the range of symmetric and antisymnetric stretch

at 2.7 u, where H,0 has a strong absorption band. About 50 nanoseconds

after IR excitation, an ArF laser was fired. The absorption cross section

of H,0 at 193 ran is very small and direct photolysis at this wavelength

would yield very snail number of OH radicals. Because the vibrationally

excited state has approximately 0.5 eV more energy, the absorption cross

section of vibrationally excited H_0 is nearly 500 times larger. On

probing the OH rotational state distributions, a non-Boltzmann, oscillatory

behaviour was found out. Also the distributions of the * states of both

it,,, and *]/2 fere found to be similar, Indicating a statistical spin

population. This result is contrary to that obtained without prior state

selection, wherein there is preferred population of the upper * A doublet

of OH (Andresen et al. 1983, 1984).

The calculations of Schinke et al. (1985c) on the state selected

H^O (exactly as was the case in the experiments of Andresen et al. 1985)

show complete agreement between theory and experiment, regarding OH

rotational distribution. In their calculations, Schinke et al., have

used numerically exact wave functions for the rotationally excited level

of H20, expanded the dissociative wave function in terms of the 0H(X
2i)

wave functions, and have assumed that the inelastic effects in the excited

state are negligible.

V. CONCLUDING REMARKS

In this survey, the photofragmentation dynamics of HjO and H,S

in the first continuum have been overviewed. In both cases, the upper state

of the continuum is the Bj state which is considered to be of Rydberg

type and also antIbonding. The dissociation process XH, + hv -• XH + H

involves a change in syasetry from C ^ to Cg. The possibility of a low

lying A2 state in H2S. characterized by (2b:) (3db2/3b*) also exists,

which is assumed to be purely dissociative and of Rydberg/valence character,

and this state is considered to predissociate the 1B 1 state (Van Veen et al.

1983). However such a low lying ^ state has not been detected experimentally

so far, since for single photon absorption, the transition A-*- A. is

symnetry forbidden. In water, the first excited XAj state is 1.8 eV higher

than the A Bj state at equilibrium geometry (Theodorakopoulos et al. 1984),
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After convincing proof of the A. state existing in the region of

the 1B. state in HjS experimentally (Van Veen et al. 1983) and theoretically

(Shin et al. 1976; Roberge and Salahub 1979), Ashfold et al. (198S) have

proposed a new labelling scheme for the low-lying singlet excited states of

HjS and D2S. Under this classification, the X1B1 state Is designated as

a^oa*) and the l\ state as (Sa^2 (Zb) (3db/3b*)(5a1)
2 (2bx) Usa^oa*) and the l\ state as (Sa^2 (Zbj) (3db2/3b*).

The latter state lies above the former and shows evidence for homogeneous

predissociatlon. However, predissociatlon affects all Rydberg states of lUS

to some extent (Hayhev et al. 1987) and therefore ambiguity exists concerning

electronic spectroscopy of H,S and DjS. The "time of flight" experiments

and angular distribution studies have yielded most of the dynamics of

fragmentation of H^S in the first continuum (Van Veen et al. 1983), and also

did the LIF measurements at 193 ran (Hawkins and Houston 1980, 1982). But

such experimental data are required over a wide range, to get the complete

picture of dissociation.

A novel form of photofragment translational spectroscopy has been

applied to study dissociation in the 1) A. 4-X A. absorption band in H,0
~*1 '̂ 1

(Krautwald et al. 1986), which has given ideas on the B A.-» A B, radiation-
**1

less transfer and also on some properties of the A B^ state. Such experiments

are however,to be carried out yet, in1 the first absorption continuum; which

might supplement the existing ideas on the dissociation dynamics.

Dutuit et al. (1985) have proposed that the first excited state of

water (Ib,^) O s a ^ iaj) Bj is of an intermediate type, with a valence

character for large internuclear distances and a Rydberg character for

shorter distances. It can be argued that the same situation exists for the

first excited state in H2S also. Thus most probably it is the decomposition

of the (2b.) (4sa,, 6a, KB, state that is solely responsible for the first

dissociation continuum of H.S. Photofragmentation experiments at various

wavelengths (Van Veen et al. 1983) have shown that the upper excited state

in H^S in the first continuum has indeed an electronic/vibronic symnetry

of Bx type.
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