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ABSTRACT

Highly excited electronic states of iodine monochioride, Id,
have been studied using single and two-photon absorption techniques.
Single photon, vacuum ultraviolet (VUV) radiation was supplied by the
Synchrotron Radiation Source (Daresbury Laboratory) and
ultraviolet/visible photons by an excimer pumped dye laser system.

Fluorescence excitation, absorption and dispersed
fluorescence spectra of ICl were collected following single photon,
VUV excitation. IC1 has a rich, VUV absorption spectrum but the
corresponding fluorescence excitation spectrum shows that not all
populated states fluoresce. Below 158 nm ICl absorption occurs to
many Rydberg states but direct fluorescence was not observed from any
of these states. However, fluorescence assigned to the D'(2) -, A1(2)
(ion-pair + valence) transition was observed to the blue of 140 nm, as
a result of collisions between excited I atoms and ground-state IC1
molecules.

Between 158 nm and 195 nm, excitation to both Rydberg and
ion-pair states is observed. Ion-pair absorption occurs mainly to the
E(0) state, the lowest ion-pair state of this symmetry. No evidence
was found for a AQ = 1 transition from the ground state, in agreement
with an empirical rule for valence

4

ion-pair transitions. Weak

fluorescence from the f(0) state, the next highest (0) ion-pair
state, was observed although it is not known whether this state is
populated directly by absorption or by interaction with the E(0)
state. Both 2 = 0 and 1 Rydberg states lie in the same energy region
as the E(04 ) state. Consideration of the absorption and fluorescence

excitation spectra in this region suggests the existence of
interaction, or mixing, between the E(0) and neighbouring Rydberg
states. Two types of perturbation are proposed; heterogeneous mixing
between the E(0) state and an Q = 1 Rydberg state and homogeneous
mixing between the E(0) state and a previously unreported 2 = 0
Rydberg state. Both types of perturbation lead to loss of E(0)
fluorescence through coupling with the Rydberg states which appear to
be predissociated.

The interaction between ion-pair and Rydberg

states is more severe for the homogeneous perturbation. However, even
in this case the diabatic (curve-crossing) model of the E(0 4

)

ion-pair

and 2 = 0 Rydberg potentials is found to best describe the
experimental results.

Time resolved studies were also carried out in the 158 195 nm regions and support the theory of interaction between the E(0)
ion-pair and 9 = 0', 1 Rydberg states. A radiative lifetime of
approximately 50 ns was found independent of excitation wavelength and
was attributed to fluorescence from unperturbed ion-pair levels.
However, the number of exponentials (lifetimes) required to fit the
experimental decays varied with excitation wavelength. Two decays
were necessary in areas of heterogeneous perturbation while three
decays were needed in the region of strong homogeneous interaction.
The additional lifetimes obtained were shorter, reflecting the opening
of predissociation pathways through Rydberg/ion-pair interactions.

The reaction of IC1 with Xe and Kr was studied following VUV
excitation of static cell mixtures. Reaction with Xe was found to
proceed via the IC1* ion-pair states producing both XeCl* and XeI* in
the 3( 1 / 2 ) excited states.

XeI* formation was observed from its

thermodynamic threshold (174.4 nm) but no reaction was observed
between IC1 and Kr since the KrC1* threshold lies on the high energy
border of IC1 ion-pair absorption.

Optical-optical double resonance excitation employing two
UV-VIS laser photons was employed to study the E(0 4

)

ion-pair state

from v' = 3-116. Dispersed fluorescence from several known E(0)
rovibrational levels was collected and, along with data from
synchrotron radiation experiments, was used to construct an E(0)
potential curve.
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INTRODUCTION

1.1

Introduction

This thesis is concerned primarily with the ion-pair and
Rydberg states of IC1. Spectroscopic observations on these states
together with observations on their collisional and chemical behaviour
will be presented. Ion-pair states, as their name implies, possess a
strong degree of ionic character which greatly influences the form of
the potential curves and their behaviour. As early as 1934, it was
proposed [11 that the 1 2 (D 'E) state dissociated to ions rather than
atoms, as deduced for the B('E) state of 11 2 [2]. Over the years
several absorption and emission systems were assigned to ionic states,
not only of iodine but also of other halogen/interhalogen molecules.
However, information on these states was sparse. In Mulliken's review
paper of 1971 [3] only three of the twenty 12 ion-pair states had been
observed experimentally. This is due, in part, to the high vertical
excitation energies of the halogen/interhalogen ion-pair states which
consequently require highly energetic photons (X < 200 nm) for single
photon excitation.

The availability of tuneable vacuum ultraviolet (VUV)
radiation, such as synchrotron radiation (SR), and the development of
optical-optical double resonance (OODR) excitation techniques have
since combined to allow a more comprehensive study of ion-pair states
to take place.

-2In this chapter, the fundamental differences between Rydberg,
ion-pair and valence states will be considered together with the
effect that these differences have on the shape and location of the
potential curves. Previous work on valence and ion-pair states will be
reviewed as much new data has accumulated since publication of the
monograph of Huber and Herzberg in 1979 [4].

1.2

Classification of Electronic States

The electronic states of a diatomic molecule may be
subdivided into three categories; valence, ion-pair and Rydberg
states, dependent on the diabatic dissociation limits of the state.
All three categories arise as a consequence of excitation of a valence
electron, ie. an electron occupying a molecular orbital formed by a
linear combination of the atomic orbitals of the relevant ground-state
atoms. Excitation of lover shell (core) electrons requires
significantly higher energies (ie. X-ray excitation) and will not be
discussed here.

Consider the different classes of electronic states using the
ICl molecule as an example. These are:

(i)

Valence states, which correlate with ground-state iodine
and chlorine atoms

(2P312,

1,2)

with outer electron

configurations of 5s 2 5p 5 and 3s 2 3p 5 respectively.

-3Rydberg states, which dissociate to one ground-state
atom and one Rydberg atom. For example, the lowest
Rydberg dissociation limit for the IC1 molecule is
1* (5s 2 5p 4 6s, 4 P 512 ) and Cl (3s 2 3p 5 7 2 P 3,

, 2 ).

Ion-pair states which correlate with ionic rather than
atomic dissociation products, 2g. 1 (5s 2 5p 4
'D and 'S) with Cl - (3s 2 3p 6

,

1

,

3

P 210

,

S).

The three types of states are shown in Figure 1.1.

The Rydberg potentials of Figure 1.1 are approximations only
since little spectroscopic information is available for these states only the C*e and oexe values [4]. The equilibrium internuclear
bondlengths of these states (the re values) are not known and in
Figure 1.1 the a 6 (1) and b 6 (l) Rydberg states have been positioned at
the re of the ground state, X 'E'. This approximation can be
justified by considering the change in molecular orbital (MO) electron
configuration on excitation from the ground to a Rydberg state.

The outer electron configuration of the IC1 ground state can
be expressed as 0 20 n*4a*0 where the a,a and

molecular orbitals

are formed by linear combination of the npa and npn atomic orbitals

respectively (with n = 3 for Cl atoms and n = 5 for I atoms).
Hereafter the electron configurations will be denoted in terms of the
orbital occupancy, ie. 2440 for the ground state, X 1E.

-4-
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Figure 1.1 - Some known valence, ion-pair and Rydberg states
of M. Several states are listed beside each
ion-pair potential since the ion-pair states
lie in clusters (see text).

-5—
Excitation to the lowest energy Rydberg state occurs by
promotion of a Jt electron to a 6sa iodine atom-like orbital giving a
resultant electron configuration of 2430 6sa [5]. Since the n
orbitals are mainly atomic (non-bonding) orbitals centred on the
iodine atom this excitation has little effect on the bonding
properties of the molecule. The Rydberg state so formed has similar
molecular constants to the ground state (and also the IC1' ion) [1]
but is translated to higher energy by the n*

9

6si

excitation energy.

By contrast, Figure 1.1 shows that the ion-pair states differ
radically from the ground state. Ion-pair states are characterised
by:

The width of the states. Ion-pair states possess a soft
attractive limb resulting in a wide potential and thus
large amplitudes of vibration for the higher vibrational
levels.

Large equilibrium internuclear bondlengths;
compare an re of 2.321

A

for the IC1 X 'E' ground state

[6] with that of the E(0') ion-pair state,
3.258

A

(see Table 1.3).

The large dissociation energies (De) of the states;
. for IC1 D. (X 'E') = 17,558 cnr' [7] while
D. (E(04

))

= 33,700 cm' (see Table 1.3).

-6-

(iv)

The tendency of ion-pair states to cluster together
dependent on their diabatic dissociation products. The
three ICl ion-pair states from the 1

( 3

P 2 ) and

Cl('S) dissociation limit all lie within 50 cm-1 of one
another [8].

The above properties are all a consequence of ion-pair states
dissociating to ions rather than atoms. The medium and long-range
attractive potential of an ion-pair state is dominated by an r'
Coulombic attraction term rather than the r 6 term which describes the
attraction at large r between valence state atoms. Thus, ion-pair
states which correlate with the same dissociation limit possess
similar attractive limbs and are found at approximately equal T e
values.

The V(r)

e 2 /r attractive limb is also responsible for the

width and depth of the ion-pair states since the r 1 term produces an
extremely long range, gently sloping potential extending to large r.

Until recently the ion-pair states had been studied less
extensively than valence states for several reasons, one being that
valence states are readily accessible by UV/VIS radiation whilst the
ion-pair states are not. Although the lowest ion-pair state of Id,
the E(0) state, has a T. of 39,059 cm -1 (- 256 nm) and lies in the UV
region, low vibrational levels cannot be populated in a single photon
transition. From Figure 1.1 it is apparent that a vertical, FranckCondon allowed transition from the ground state populates high
vibrational levels of the E(0) state requiring energies in the vacuum
ultraviolet (VUV) spectral region. This is a consequence of the large

MM
shift in r0 between the ion-pair and ground states and is typical of
all single photon, ground to ion-pair state transitions.

The study of ion-pair states has also been inhibited by a
poor understanding of the nature of these states. While
halogen/interhalogen Rydberg states can be regarded as the ground
state translated to higher energies no such analogy exists for ionpair states. Early research on IC1 ion-pair states (pre the 1970 1 s)
was performed mainly by discharge excitation techniques, sometimes in
the presence of a foreign gas (see Section 1.4). The emission systems
from the populated ion-pair states were then analysed. Such
excitation methods were non-state selective and also depended on good
characterisation of the lover states in the emission systems for
extraction of ion-pair molecular constants.

Ultraviolet/visible fluorescence from high vibrational levels
of ion-pair states generally terminates on repulsive states or unbound
portions of bound valence states - another consequence of the large
shift in equilibrium internuclear bondlengths between the ion-pair and
bound valence states. A theoretical explanation of such bound-free
transitions, which result in complex, structured continuum emission
systems, was not reported until 1971 [9] further hindering the
comprehension of the halogen/interhalogen ion-pair states.

1.3

The Valence States of IC1

Twenty-three valence states correlate diabatically with
ground state

(2P312

1/2)

iodine and chlorine atoms. Very few of

-8these states are bound to any great extent [3] making characterisation
difficult. However, to date, molecular constants for eight of the
twenty-three valence states have been reported (see below). Knowledge
of the valence states and their interactions has been important in the
study of the ion-pair states since several groups (principally Brand
and coworkers) have employed various valence states as intermediates
in optical-optical double resonance excitation to the ion-pair states
[10]. In turn, emission from ion-pair states at large r has probed
the van der Waals minima of otherwise repulsive valence states [11].

Figure 1.2 shows a schematic correlation diagram of the
valence states of M. On the left the electron configurations and
the Hund's case (a) through Hund's case (c) signatures of the
electronic states are shown with correlations to the separated atoms
on the right. The letter codes of the characterised states are also
shown, excepting the b(1) state which correlates with one of the two
Q = 1 states dissociating to I( 2 P 312 ) and Cl

( 2

P 12

)

[

11].

Of the 23 valence states only three states, excluding the
ground state, are bound significantly. These three states; the
A( 3 fl1 ), B( 3 110 +) and A'( 3 112 ) states, all possess the 2431 electron

configuration which has a net bonding effect [3]. The molecular
constants of the known valence states and their diabatic dissociation
limits are summarised in Table 1.1.

The UV/VIS absorption spectrum of IC1 has been studied
extensively over the years [19]. Seery and Britton have reported the
extinction coefficient, c, over the range 220 - 600 nm [20]. In this
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- 11 region, two maxima in absorption are observed, one at 470 nm and the
other in the ultraviolet region at-240 nm. Both maxima correspond to
absorption to repulsive portions of valence potential curves.

Structured absorption, attributed mainly to the
- X('E) system, occurs below the first dissociation limit at

A(3n1)

17,558 cm-1 (569.5 nm). The A'( 3 112 ) state is not observed in
absorption, even though it is the most deeply bound of the 2431
states, since a AQ = 2 transition is disallowed in single photon
absorption. Bound levels of the B( 3 110 +) state extend to shorter
wavelengths as the B( 3 110 +) state correlates diabatically with a ground
state

( 2 P 32 )

iodine atom and an excited

( 2 P 112

) chlorine atom at

large r. However, the B( 3 110 +) state is interrupted above the v = 3

level by an unbound state of the same symmetry, the Y(0) state,
resulting in a well-documented avoided crossing [18,21-22]. The soformed lower adiabatic B(0) state then correlates with ground state
( 2 P 312 )

iodine and chlorine atoms (as shown in Figure 1.2) via a

potential maximum at - 3.6 A [18]. A new, weakly bound state, the
B'(0) state, correlating with I( 2 P 312 ) + CJ( 2 P 112 ) atoms is also
formed. The maximum in the lower adiabatic B(0 4 ) state occurs at
- 18,140 cm' (relative to the minimum of the ground state). Thus,
structured absorption bands are observed to the blue of the first
dissociation limit at 17,558 cm-1 corresponding to absorption to the
B( 3 110 +) state.

The absorption system with a maximum at 470 nm is assigned
mainly to the repulsive limb of the B( 3 110 +) 2431 state, with small
contributions from 1 . 3 11 (2431) 4- 'E (2440) transitions. The lower
system peaking at 240 nm is attributed to absorption to the
corresponding 13 JJ states of the 2341 electron configuration with the
!I+, Y(0), absorption again dominant [1].

- 12 The two, excited valence states which are of prime importance
to this work are the A( 3 111

)

[

14-15, 23-24] and B( 3 110 +) [16,18,25]

states, since these states were employed as intermediates in the OODR
excitation study of the E(0) ion-pair state. Both states have been
studied extensively and their molecular constants are well known.

1.4

The Ion-Pair States of IC1

Twenty ion-pair states correlate diabatically with ionic
dissociation limits; ten to 1 and Cl - and ten to Cl and 1 ions.
Figure 1.3 shows the various ion-pair and Rydberg dissociation limits
alongside the ionisation potentials to the two lowest ICl states.
All energies are relative to the minimum of the IC1 ground state. The
9 values and designated letter codes of the lower lying ion-pair
states are listed beside the appropriate dissociation limit in
Table 1.2. The ion-pair dissociation limits were calculated with an
iodine ionisation potential of 10.454 eV [26] and a chlorine electron
affinity of 3.613 eV [27]. A De value of 17,558 cm-1 for the ICl
ground state was employed [7]. The energies of excited atoms and ions
are listed in Moore [26,28].

Ionisation potentials to the ground-state ICl'
and the spin-orbit excited ICl

( 2

111

, 2 )

( 2

113

, 2 )

ion

ion have been reported by

Veñkateswarlu [5] as 81,362 cm' and 85,996 cm' respectively.

The ion-pair states correlating with the lower 1 and C1
ions are reasonably well characterised around their potential minima.
Of the six ion-pair states which comprise the two lowest clusters,

100,- Ion-pair

Rydberg

Ionisation
potentials

- Cl'(P 2 )+I - ('S)

Cl*(4P 5/2 )+I(2P32)

-

"

E
C)

1 ('D 2 )+C1 ('S)

0

ICl( 2 II)

I

ic1(211312)

80

-

1+(3P1)+Cl-('S)
I(3P0)+Cl-('S)

-

I*(2P112)+Cl(2P312)
I*(4P 3/2 ) + Cl(2P 3/2 )

1* (4 P 112 )+Cl( 2 P 312 )

1* ( 2 P 3,, 2 )+Cl( 2 P 32 )
I*(4P 512 ) + Cl(2P 32 )

Figure 1.3

- The dissociation limits of the IC1 ion-pair and Rydberg states. The two lowest
ionisation potentials of IC1 are also shown. All energies are relative to T e
of the X('E) state.

- 14 TABLE 1.2

THE DISSOCIATION LIMITS AND PRODUCTS OF SOME ICI
ION-PAIR STATES

Dissociation Products

Dissociation

Correlating States

Limit/am-1

I( 3 P 2 ) + C1('S)

72,759

E(0), (1), D'(2)

I( 3 P0

)

+

C1(IS)

79,210

f(0)

)

+

C1( 1 S)

79,849

9 = 0, G(1)

I( 1 D)

+

C1('S)

86,490

9 = 0, 1, 2

I+( 1 S)

+

C1( 1 S)

105,388

2 = 0

I( 3 P 1

1( 1 S)

+

C1( 3 P2

)

97,844

2 = 0', 1, 2

- 15 molecular constants have been reported for five (see below). The
states dissociating to the 1

( 3P1

) and

( 3

P0

)

ions are classed as a

cluster since the two dissociation limits are separated by only
639 cm-1 with a resultant AT, of 629 cm -1 between the Q = 1

( 3 P1

) and

Q = 0 (P,) states [29-30]. The only state in this group of six
which has yet to be identified is the Q = 0 -

( 3P1 )

state. This state

is difficult to access due to its negative parity since

+ 4-' -

transitions are disallowed, limiting the possible excitation pathways.

The Te values of the 0 states of the 3 P 2 and 3 P0 clusters
are separated by 5,864 cm-1 while the 3 P 2 and 3 P 1 2 = 1 state
separation is 6,449 cm -1 (see Table 1.3). Since the energy
differences between the relevant dissociation limits are 6,451 cm -1
and 7,090 cm-1 respectively [26], it is reasonable to assume that all
ion-pair states follow approximately similar paths, with location
determined mainly by the energy of the dissociation limits. Thus, the
ion-pair manifold can be considered as a stack of parallel states
which lie at energies dependent on the state of the pertinent I (or
Cl) ion.

The four states correlating with 1

( 1 D,

'S) ions lie above

the IC1 ionisation potential as do all states which dissociate to Cl
and 1 (see Figure 1.3). Consequently, none of these states have been
observed experimentally.

Figure 1.3 shows that the ion-pair and Rydberg dissociation
limits lie in the same energy range. Many ion-pair states must
therefore undergo avoided crossings with Rydberg states of the same
symmetry and dissociate to atomic rather than ionic species at
large r [3].

- 16 The ion-pair states of IC1 were first observed in emission
following non-selective discharge excitation. As early as 1928,
Filippov [31] reported an emission system from an Id/N 2 mixture with
a maximum at 435.0 nm. With hindsight this is assigned as the
emission spectrum analysed in detail by Tellinghuisen et al [32], with
contributions from both D 1 (2) 4 A 1 (2) and (1) - A(1) transitions. In
1947 Asundi and Venk.ateswarlu [33] observed several emission systems
in the ultraviolet/visible region, tentatively assigning the upper
states as two previously reported by Cordes and Sponer to lie in the
vacuum ultraviolet region [34]. However, these states have
subsequently been identified as the a 6 (1) and b6 (1) Rydberg states
[5] with scant evidence for emission in the ultraviolet/visible
regions. The fluorescence observed by Asundi and Venkateswarlu must
also be attributed to the ion-pair states.

Haranath and Rao completed a detailed investigation of
emission in the 380 - 440 nm region [35], assigning this system as
fluorescence from an ion-pair state to the A( 3 111 ) valence state. The
value of 173.2 cm -1 and the implied T e l of 37,740 cm-1 obtained
from their analysis is in reasonable agreement with the accepted
constants of the lowest ion-pair states [36], although the Te value is
rather low. Tellinghuisen's analysis again suggests that

D 1 (2)

9

A'(2) fluorescence is also present in this region. State

selective studies of the (1) and D 1 (2) states are required to clarify
this situation.

Selective excitation of the ICl ion-pair states was first
achieved by optical-optical double resonance excitation. This

- 17 technique allows access to low vibrational levels of ion-pair states
by utilising the outer turning points of real intermediate states, as
shown in Figure 1.4. OODR excitation has several advantages over
single photon excitation:

UV or VIS radiation is suitable for both excitation
steps.

A two step process circumvents the Franck-Condon
restrictions of single photon absorption.

In 1974, Barnes et al [37] reported two-step excitation to an
ICl state lying at - 4.8 eV (38,700 cm'). Spectroscopic analysis of
this state was not carried out but its location and the intermediate
state employed, the A( 3 111 ) state, suggests that it is the 9 = 1 state
of the lowest cluster. King et al subsequently excited the same 9 = 1
state and reported a Te of 38,916.0 cm' [38]. King designated this
the E(1) state but it is more commonly known as the (1)

( 3

P 2 ) state,

after the notation of Brand et al [8]. Since 1983 Brand and coworkers
have reported a comprehensive OODR study of the ion-pair states of
Id, providing spectroscopic constants for five of these states. The
molecular constants of the known ion-pair states are given in Table
1.3.

Table 1.3 shows that the known molecular constants are valid
only around the potential minima. The lowest cluster is the most
extensively characterised with constants extending to v = 30 for all
three states. Such constants are valid only within the stated
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Figure 1.4 - Scheme for OODR excitation to the E(0) state
of M. By utilising the B( 3 110 +) state as an
intermediate, E-state vibrational levels
from v' = 0 to v' = 116 were accessed (see
Chapter Four).
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- 20 range since heterogeneous perturbation occurs between the three
states. Consequently simultaneous analysis of all three states is
necessary to obtain molecular constants which fit the experimental
data [36]. Extrapolation to higher v is therefore meaningless. The
occurence of heterogeneous perturbation between ion-pair states of the
same cluster is not surprising since the states lie superimposed on
one another.

Brand and coworkers limited their investigation to low ionpair vibrational levels but in this work levels of the E(0) state up
to v = 116 were excited by the OODR technique (see Chapter Four).
Excitation to yet higher levels was achieved by single photon
absorption of VUV synchrotron radiation.

The two excitation techniques, absorption of single photon
synchrotron radiation and laser OODR excitation, should be regarded as
complimentary to one another. Double resonance experiments are
ideally suited to sample the ion-pair states around their potential
minima while the shift in re between the ground and ion-pair states
dictates that single photon absorption accesses high vibrational
levels only. Both techniques are state selective, given the
AQ = 0, ±1 selection rule for each photon absorbed. However, the
degree of selectivity is quite different for each technique.
Employing narrow bandwith laser excitation (X - 0.2 cm'), single
rovibrational levels can be populated whilst broad bandpass
synchrotron radiation (typically AX - 0.1 nm) populates several
vibrational levels.

Maw
The ability to excite single rovibrational levels by laser
OODR has been used extensively by Brand and coworkers, and also in
this work, as a diagnostic tool. Ag = 0 electronic transitions are
characterised by P(J = -1) and R(&J = +1) rotational lines, where J
is the rotational quantum number, while Ag = ± 1 transitions possess
P, Q(&J = 0) and R branches. Since the spectroscopy of the common
intermediate valence states is well known (see Table 1.1) the term
values of the upper state can be found accurately and its Q value
determined. Although both Ag = 0, ± 1 electronic transitions are
allowed, Brand et al have noted an empirical rule limiting
valence -' ion-pair transitions to those between states with the same
Q value [17]. Brand and coworkers have only observed exceptions to
this rule when perturbation or collisional population pathways are
involved. Excitation to known rovibrational levels also facilitates
extraction of data for the determination of molecular constants.

By comparison, synchrotron radiation excitation is a rather
less selective technique. At best several vibrational levels are
excited simultaneously. This is, in part, due to the high density of
states in the upper regions of the ion-pair states but is mainly due
to the low photon flux of synchrotron compared to laser radiation
which limits the excitation bandwidth. Although synchrotron radiation
excitation is second to laser excitation in terms of selectivity it is
superior in other respects. For example, synchrotron radiation can
easily be scanned over a range of several hundred nanometers, the
wavelength limits being restricted only by the dispersive and optical
elements employed. Synchrotron radiation also possesses a quite
unique temporal profile with the SRS at the Daresbury Laboratory

- 22 providing pulses of - 160 Ps duration at a repetition rate of 500 MHZ
in multi-bunch mode. When operating in single bunch mode these short
pulses are produced at intervals of 320 ns, providing an ideal source
for 'real time' lifetime measurements [39].

Finally, synchrotron radiation not only supplies tuneable
radiation over a large energy range but also in regions where other
tuneable sources are scarce or unknown, ie. the X-ray, VUV and near-IR
regions. Tuneable VUV radiation allows access to high vibrational
levels of the E(0) ion-pair state of Id, the lowest 2 = 0 ion-pair
state, in single photon transitions.

In this study, due to the relative positions of the ground,
excited valence and ion-pair states, it transpires that single photon
absorption populates the E(0) ion-pair state at vibrational levels
above v = 104 slightly below the maximum level (v = 116) accessed by
OODR excitation. The E(0) ion-pair state is thus well characterised
by combination of these two techniques. However, when homonuclear,
rather than heteronuclear diatomic molecules are excited the two
techniques populate different electronic states. This is a
consequence of homonuclear g, u selection rules which allow g 4-) U
transitions but forbid g 4-4 g or u -9 u transitions. In homonuclear
spectroscopy, single and double resonance excitation techniques offer
choice not only in the region of the ion-pair state excited but, also,
in selection of the state itself.

Synchrotron radiation studies of the E(0) state of ICl form
the bulk of this thesis. Since absorption to IC1 Rydberg states

- 23 also occurs in single photon excitation from the ground state (see
Figure 1.1) these experiments provide a good opportunity for study of
Rydberg - ion-pair interactions. Such interactions occur when Rydberg
and ion-pair states lie in the same energy region and it has been
found that an adequate description of the experimental results
presented here cannot be achieved without invoking some form of
coupling between the two types of states.

The E(0) ion-pair state of IC1 is the analogue of the
D('E) state of iodine, both being the lowest O( U ) state in the ionpair manifold. The 1 2 D('Z) state has a MO electron configuration
of 1441 and has been likened to the 1 E 1sa9 1sa
[401 as the filled 12

Intense a

pit

ionic state of H 2

orbitals make little contribution to bonding.

transitions are predicted theoretically [3] and indeed

an extensive banded system peaking at 182.5 nm, designated the Cordes
system, is attributed to the I2(D(1E)
1441

4-

4

X(E)) transition. The

2440 absorption is intense since it involves a one electron -

one photon transition. Figure 1.2 shows that only one IC1 state from
the 1441 electron configuration does not correlate with 2 P groundstate iodine and chlorine atoms. This is the aforementioned E(0)
state. The other ion-pair states are based on the 2332 or higher
electron configurations. Absorption to these states from the 2440 'E
ground-state involves a two electron jump and accordingly weaker,
single photon transitions are expected.

Although the description of an ion-pair state by its MO
electron configuration applies well around the ground-state r 0 of a
molecule, as the internuclear separation increases this approximation

MVIE

breaks down. It is well established that the outer limb of an ion-pair
state is characterised by Coulombic attraction between the two
dissociative ions. It therefore follows that neither description
applies across the entire width of an ion-pair state and care must be
taken when applying either of these simple models in interpretation of
experimental results.

Much progress in the -study of ion-pair states has been made
since 1971 when Mulliken [3] shoved the important role that ion-pair
states possess in the spectroscopy of halogen/interhalogen molecules.
These states are of interest both fundamentally - as a third class of
electronic state - and practically. For example, an optically pumped
12

laser system has been developed operating on an ion-pair

4

valence

state transition [41]; the analogue of the commercially available F 2
laser which lases on the D'(2) i A 1 (2) transition at 158 nm. The
coexistance of Rydberg and ion-pair states at the same energies
results in interaction between the two types of states, providing an
interesting theoretical problem whilst greatly affecting the
spectroscopy of the molecule.

The ion-pair states of a diatomic molecule may be likened to
charge-transfer excited states of polyatomic molecules as each is

dominated by the Coulombic attraction between oppositely charged ions.
Further parallels between the ion-pair states of diatomic molecules
and polyatomic species may be drawn if one considers the high density
of rovibrational levels in an ion-pair state. This is due not only to
the width of the ion-pair states but also because ion-pair states lie
together in clusters. In the lowest ion-pair cluster of Id, three

- 25 sets of rovibrational levels are superimposed on one another with this
number increasing as one proceeds up the ion-pair manifold. Thus,
studies of the ion-pair states of halogen/interhalogen molecules may
also shed some light on processes which occur in polyatomic molecules.
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EXPERIMENTAL DETAILS

2.1

Introduction

Experimental work was carried out employing either
synchrotron radiation or laser radiation as the excitation source.
Synchrotron radiation studies were performed on three stations at the
Synchrotron Radiation Source (SRS) of the SERC Daresbury Laboratory;
stations FS13.2, HAl2 and VUV3.2. The majority of the results
presented here were obtained on beamline FS13.2. Higher resolution
absorption and fluorescence excitation studies were recorded on VUV3.2
while some preliminary studies employed station HAl2.

A detailed account of the system on beamline 13.2 will be
given together with more concise descriptions of the other two
stations, highlighting differences between the three beamlines.

Optical - optical double resonance (OODR) laser experiments
were conducted at the University of Edinburgh utilising two Lambda
Physik dye lasers pumped by an excimer laser operating on the XeC1
(B( 1 / 2 )

2.2.1

4

X( 1 / 2 )) transition.

The Synchrotron Radiation Source (SRS)

From classical mechanics it is well known that an
accelerating electron emits a continuum of radiation [1]. This

- 30 property was noted in the use of early particle accelerators, such as
synchrotrons, and was developed until today storage rings are
dedicated exclusively to production of this type of radiation.

Synchrotron radiation is valuable and unique since it
consists of a continuum extending from the X-ray region, through
ultraviolet (UV) and visible wavelengths to the infra-red region. The
emitted light possesses extremely good vertical collimation, as a
result of electrons travelling at relativistic velocities, and is
highly polarised.

Synchrotrons and storage rings operate on the same basic
principle, each utilising an oscillating electric field to accelerate
electrons through a fixed orbit as defined by a periodic arrangement
of magnets. They differ, however, in the method of control of the
orbiting electrons.

Synchrotrons utilise a varying magnetic field to maintain
electron orbit as the electric field energy is increased. Storage
rings are designed to be more stable and maintain a constant particle
energy, thus requiring a constant magnetic field. Energy lost as
radiated light is compensated for by periodic injection of radio
frequency (rf) power.

Figure 2.1 shows a plan of the Synchrotron Radiation Source
(SRS) at Daresbury Laboratory. Electrons are initially accelerated by
the linear accelerator (linac) to an energy of 10-15 MeV (I < 20 mA).
Injection into the booster synchrotron follows with subsequent
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- 32 acceleration to 0.6 GeV (I = 20 mA). At this energy injection into
the storage ring occurs and final acceleration to 2 GeV takes place
with typical injection currents of around 300 mA.

Rf power is transferred to the storage ring by a resonant
cavity operating at a frequency of 500 MHz. Since electrons can only
be accelerated when they are in phase with the accelerating rf field
synchrotron radiation possesses an interesting time structure.
Electrons circulate in bunches separated by the period of the rf
field, in this case 2.0 ns. The number of bunches contained in the
storage ring is dependent on the diameter of the ring and the period
of the rf field. For the SRS, the ring circulation period is 320 ns
and thus in multi-bunch mode 160 bunches of electrons, each with a
bunch length of 160 ps, circulate separated by 2 ns.

Storage rings are also designed to function in single-bunch
mode with only one electron bunch circulating. This mode is ideal for
"real time" lifetime studies since it provides a succession of 160 Ps
pulses separated by the ring period of 320 ns. Lifetimes in the nsto
us range can be successfully measured employing the time-correlated
single photon counting technique as detailed in Chapter Five. An
injection current of - 15 mA is typical for single bunch operation.

Synchrotron radiation is emitted tangentially from each
bending magnet (see Figure 2.1) with the wavelength range of a work
station defined by the dispersive element employed. The three
stations employed in this study all transmit radiation in the vacuum
ultraviolet (VUV) spectral region.

- 33 Further details of the characteristics of synchrotron
radiation and its use in fields such as time resolved spectroscopy can
be found in References 2 and 3.

2.2.2

Station FS13.2

The experimental set-up on 13.2 was versatile allowing
collection of simultaneous absorption and fluorescence excitation
spectra, dispersed fluorescence spectra (both in the IJV/VIS and VUV/UV
regions) and time-resolved data.

Incoming white light radiation from the SRS was dispersed by
a 0.5 m normal incidence Seya monochromator, manufactured by Bird and
Tole, which provided radiation in the vacuum ultraviolet (VUV) region.
After the incident beam was focussed into the centre of the
absorption/fluorescence cell by a CaF 2 lens (d = 25 mm, f = 250 mm),
the cross-section of the exciting radiation was 2.5 mm by 10 mm, the
Seya entrance and exit slits being fully open (3 mm).

The bandpass of radiation with 3 mm slits is 4.5 nm (FWHM).
A resolution of - 0.1 nm was the highest obtainable from the 0.5 m
Seya.

A schematic diagram of the experimental lay-out on
station FS13.2 is shown in Figure 2.2.
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- Experimental arrangement of station FS13.2 at the Synchrotron Radiation Source
(SRS), Daresbury Laboratory.

- 35 The sample cell consisted of a 3-way aluminium cross. The
entrance and exit windows were separated by 100 mm, with the
fluorescence observation zone situated - 20 mm along the beam axis
from the entrance vievport.

LiF or Spectrosil quartz windows were

used, dependent on the transmission characteristics required.

Sample absorption was recorded by converting VUV synchrotron
radiation to visible light with an external coating of sodium
salicylate on the LiF window of the evacuated extension arm. To
isolate the sodium salicylate fluorescence from scattered light a
Kodak Vratten filter (47B) was placed between the phosphor coating and
photomultiplier tube.

The fluorescence excitation photomultiplier is mounted in the
vertical plane of the excitation beam. Total fluorescence within the
sensitivity range of the photomultiplier was collected or a portion
defined by the bandpass of a filter.

In the horizontal plane of the beam path two secondary
monochromators were sited, coupled to the cell via adaptors containing
lenses which focuss the sample fluorescence onto the monochromator
entrance slits. Both monochromators were mounted on their sides to
match the horizontal cross-section of the SRS beam passing through the
cell and thus the area of the sample which is excited.

Two secondary monochromators were employed as the first, a
0.25 m Spex (Model Minimate), operates in the UV/VIS region while the
second, a 0.2 m Acton (Model VM-502), is a VIJV/UV monochromator. A

- 36 CaF 2 lens (d = 38 mm, f = 100 mm) was the focussing element for VUV/UV
fluorescence while a Spectrosil quartz lens (d = 50 mm, f = 50 mm) was
placed in the coupling arm to the Minimate.

The grating in the Minimate was a 2400 grooves mm -1
aberration-corrected concave holographic grating with a linear
dispersion of 2 nm mm while the Acton possessed a 1200 grooves mnr'
aberration-corrected concave holographic grating which gave a linear

dispersion of 4 nm mm-1 . Both dispersion figures quoted apply for
operation in the first order.

On the underside of the cell, the pumping port and the sample
inlet were situated. Samples were prepared in pyrex bulbs on a
conventional glass vacuum line and were then transferred to the cell.

MRS Baratron pressure transducers were employed as pressure
gauges, both on the vacuum line and in the sample chamber. Throughout
this work pressures are quoted in Torr (1 Torr = 133

NM-2).

A variety of photomultipliers was used during the course of

experimental work. EMI 98830KA photomultipliers were employed on the
absorption and fluorescence excitation axes and also for dispersed
fluorescence measurements with the Minimate UV/VIS monochromator.
This tube has a bialkali photocathode with wavelength sensitivity in
the range - 200 - 600 nm.

Two solar blind photomultipliers were used. An EMI G26K314LF
fitted with a bialkali photocathode and a LiF window which extends the
photomultiplier range down to - 110 nm giving a wavelength sensitivity

- 37 of - 110 - 600 nm. Both fluorescence excitation and dispersed
fluorescence spectra (in conjunction with the Acton VUV/UV
monochromator) were collected with this tube.

VUV fluorescence excitation spectra were, also, recorded with
an EMI G26E314LF photomultiplier having a CsI photocathode and a LiF
window. The spectral response of this photomultiplier was
- 115 - 195 nm.

For lifetime studies a Mullard XP20200 photomultiplier,
cooled to -30°C, was mounted in the fluorescence excitation
configuration, collecting UV/VIS fluorescence. A broad bandpass
filter was generally in use when collecting time-resolved data.

Wavelength calibration of the three spectrometers on
station 13.2 (the Seya, Minimate and Acton) was carried out by sending
the monochromator to zero order and adjusting the grating position
until maximum zero-order light flux was observed. This was then the
true zero-order position of the instrument. Further calibration of
the Seya was achieved by observation of the Schumann-Runge absorption
bands of 02 and internal calibration with known positions of ICl
Rydberg transitions [4].

The Acton monochromator was cross-calibrated by the
appearance of atomic iodine fluorescence lines which were observed
following excitation at short wavelengths.

- 38 Data acquisition was achieved by digitising the
absorption/fluorescence photomultiplier signals via a Camac interface
and the station PDP11/04 microcomputer. Digitised data was
subsequently transferred to the mainframe computer, a NAS (AS7000) for
data processing. All absorption and fluorescence signals were
collected by conventional single-photon counting techniques.

The signal output in the time-resolved work was processed
using a time-to-amplitude converter (TAC), a fast A-to-D converter and
a multichannel analyser, as discussed more fully in Chapter 5. This
data was also transferred to the NAS (AS7000) for storage and
analysis.

2.2.3

Station HAl2

Early experimental work was carried out on beamline HAl2 with
an experimental set-up which transmitted synchrotron radiation of
wavelengths above - 160 nm. The low wavelength limit was imposed by
the sample cell which consisted of a 1 cm 2 Spectrosil cuvette fitted
with a fused 'Young's greaseless' PTFE tap. This cell was then
placed in the centre of a large evacuable chamber.

A Spex 1500 SP Czerny-Turner monochromator (im) dispersed the
white light synchrotron radiation giving a linear dispersion of
1 nm mm-1

.

The configuration of the assembly was simple with two
experimental axes; the absorption axis collinear with the synchrotron

- 39 radiation beam and a perpendicular fluorescence axis where either
fluorescence excitation or dispersed fluorescence spectra were
collected. Dispersed spectra in the UV/VIS region only were recorded
by the Spex (Model Minimate) monochromator with a 1200 grooves mnr'
grating resulting in a linear dispersion of 4 nm mm'.

VUV radiation was converted into visible light on the
absorption channel by a sodium salicylate screen as described for
station FS13.

Absorption and fluorescence signals were detected by
photomultiplier tubes bolted directly onto the metal chamber. A
filter was placed before the fluorescence photomultiplier tube to
further specify the range of observed fluorescence in the excitation
spectra.

The data acquisition system on HAl2 was as that for FS13 with
the photomultiplier signals stored initially on a PDP11/04
microcomputer via a Camac interface and then transferred to the
NAS (AS7000) mainframe computer.

2.2.4

Station VUV3.2

Higher resolution absorption and fluorescence excitation
studies were performed on beamline 3.2. The dispersing element of
this station is a 5m normal incidence MacPherson monochromator which
has a 1500 grooves mm-1 concave grating resulting in a linear
dispersion of 0.17 nm mm -1 - The highest resolution of spectrum
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attainable resolution on station FS13.2.

The experimental apparatus employed was that of FS13
transferred to the higher resolution monochromator but neither
dispersed fluorescence spectra nor time-resolved data were collected.

EMI 98830KA photomultipliers, as described previously, were
employed on the absorption and fluorescence excitation channels. The
data acquisition system was identical to that on FS13.2.

2.3

Optical-Optical Double Resonance Experiments

The experimental arrangement for optical-optical double
resonance (OODR) laser excitation is shown schematically in
Figure 2.3. The basic components of the system were two dye lasers
pumped by one excimer laser, the sample cell, fluorescence collection
and signal processing equipment.

Pump and probe photons were supplied by Lambda Physik FL3002E
and FL2002 pulsed dye lasers respectively. Both dye lasers were
pumped simultaneously by a Lambda Physik EMG 201 MSC excimer laser
operating on the XeC1 (B( 1 / 2 )

9

X( 1 / 2 )) transition at 308 nm. The

emergent excimer beam, which had a typical energy of 400 mJ per pulse,
was passed through a beamsplitter with 50% of the excimer radiation
entering each dye laser. The length of the excimer, and thus the dye
laser, pulses was approximately 20ns FWHM.

Figure 2.3

- Experimental arrangement for optical-optical double resonance (OODR) laser
excitation to the E(0) ion-pair state of M.

- 42 Rhodamine 6G in methanol (569 - 608 nm) was the lasing medium
in the FL3002E laser, providing the first photon and consequently
access to the intermediate state in the two-photon process. During
OODR experiments the first photon wavelength was held constant while
the second dye laser, the FL2002, was scanned using several dyes to
populate different regions of the upper state. The laser dyes
employed are detailed in Chapter 4. Frequency doubled dye laser
output was generated by a FL30 KDP crystal providing probe photons
below 333 nm. The second harmonic generation (SHG) light was
separated from the fundamental dye laser beam by a UG5 filter.

The output energy of the FL3002E using Rhodamine 6G dye was
- 25 mJ per pulse, while the efficiencies of the other dyes varied
from 8 to 15% of the input excimer energy.

Excitation to single rovibrational levels was achieved with a
dye laser bandwidth of 0.2 cm' at 584 nm (5th order) for both the
FL3002E and the FL2002.

The laser light pathlengths from the excimer beamsplitter
were adjusted such that the two dye laser pulses arrived
simultaneously at the sample cell.

The sample chamber consisted of a cylindrical pyrex cross
(diameter 25 mm, length 220 mm, width 50 mm) fitted with a 'Young's
greaseless' tap and a small cold finger. All windows were Spectrosil
allowing transmission of UV light. Fluorescence was collected
perpendicular to the direction of the collinear laser beams as shown
in Figure 2.3.

- 43 Two lenses were employed to maximise the detection of sample
fluorescence. The first is a collection lens with a 5 cm (f/1.5)
focal length and has two functions:

Increasing the acceptance angle of the fluorescence.

Focussing the fluorescence onto the entrance slit of the
monochromator.

The second lens (f = 15 cm) acts as a magnification element and was
placed in such a position as to try and fill the first monochromator
mirror with fluorescence.

The monochromator employed was a Jobin-Yvon HRS2 (f/7, 0.6 m)
monochromator with a 1500 grooves mm-1 grating mounted in a Czerny Turner configuration.

An EMI 9661B photomultiplier (sensitivity range 200 - 650 nm)
or a Hamamatsu R928 tube (sensitivity range 185 - 930 nm) was used to
detect fluorescence - dependent on the E(0) vibrational level
excited.

The photomultiplier signal was processed by a Stanford
Research Systems (Model SR250) gated integrator with boxcar averager.
Adjustment of the delay and width of the gate to give a maximum signal
to noise (S/N) ratio was achieved by displaying the signal and gate on
a four channel oscilloscope (Tektronix model 2445). The output,
averaged over three or ten laser shots, was routed to a Kipp and Zonen

BD9 two-channel chart recorder and an IBM PC-XT 286 microcomputer.
The boxcar was triggered from the synchronous output of the excimer
laser.

To calibrate the frequency of the pump laser a small fraction
of the beam was passed through an 12 cell by a glass plate. The 1 2
fluorescence excitation spectrum was recorded by a Hamamatsu R928
photomultiplier (wavelength sensitivity 185 - 930 nm) employing a Hoya
R64 filter (which transmits wavelengths above 620 nm only) to protect
the photomultiplier from scattered laser light.

Calibration was achieved by comparison of the 12 fluorescence
excitation spectrum with an atlas of iodine line frequencies [5].

2.4

Disproportionation of IC1

In all experiments excess C1 2 was added to ICl to suppress
disproportionation of ICl into its constituent elements,
ie.

2 IC1I 2 + C1 2 .

Calder and Giauque [6] studied IC1 disproportionation and reported a
disproportionation constant,
K = [ q42]_[12] , of 4.9 x 10-6
fICl]
It is necessary to suppress contamination of ICl with 1 2
since 12 has a very rich VUV absorption spectrum [7] distorting the
spectra obtained of Id. Single photon absorption of C1 2 in the VUV
occurs to the blue of 140 nm [8] and does not interfere with
absorption to the IC1 ion-pair states. Samples contained either equal

- 45 pressures of IC1 and C1 2 or IC1:C1 2 in the ratio of 1:2. Either mix
was sufficient to suppress 12 formation.

2.5

Materials

IC1 used in all experiments was obtained from
BDH Chemicals Limited and had a minimum purity of 98%. Liquid ICI was
decanted and degassed at 0°C and -196°C (liquid N2 temperature) until
an IC1 vapour pressure of - 4.2 Torr was observed at ice temperature.

The excess C1 2 added to the IC1 sample to suppress 1 2
formation via disproportionation was either BOC Chemically Pure Grade
(99.5% minimum purity) or Mathieson Ultra-high purity C1 2

.

Xe and Kr, both BOC research grade, and BOC white spot grade
N 2 were employed in reactive and quenching experiments.

All gases condensable at liquid N2 temperature were
thoroughly degassed before use.
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- 47 CHAPTER 3

VACUUM ULTRAVIOLET ABSORPTION AND FLUORESCENCE
EXCITATION SPECTRA OF IC1

3.1 Introduction

Much work on characterising the ion-pair states of IC1 around
their potential minima has been performed by Brand and co-workers
[1-3], employing the optical-optical double resonance (OODR)
technique. However, little is known about the ion-pair states further
up their vibrational manifold.

Single photon absorption from the gound state is ideally
suited to probe these levels as the shift in equilibrium internuclear
bondlength between the ground and ion-pair states is sufficiently
large that only high vibrational levels can be accessed in a FranckCondon transition. Such studies have, to date, been sparse due to the
scarcity of tuneable vacuum ultraviolet (VUV) radiation sources.

The use of synchrotrons as radiation sources has given an
experimental tool which provides tuneable VUV light, thus opening up
the study of highly excited states by single photon experiments. The
state selectivity of laser excitation cannot be matched but the
wavelength range available more than compensates for loss of
specificity. A further advantage of synchrotron radiation is that VUV
excitation energies are accessible without utilising multiphoton
absorption techniques which alter the selection rules for allowed
electronic transitions.

- 48 Theoretical and synchrotron studies of C1 2 [4,5] have shown
that mixing of isoenergetic Rydberg and ion-pair states is prominent,
leading to anomalies in the absorption and fluorescence processes of
the molecule. This phenomenon is a general one for molecules in which
the Rydberg states are situated at similar energies to the ion-pair or
other excited states.

Absorption to the inner limb of the ion-pair potential can,
therefore, provide information on the interaction between the two
states. When such interactions are present the potential curves may
deviate strongly from their expected courses; deduced by the
spectroscopic constants applicable at the potential minima.

The vacuum ultraviolet spectrum of IC1 has been studied on a
few occasions only, with attention focussed mainly on Rydberg
absorptions. Cordes and Sponer [6] reported two Rydberg band systems
in 1932 and other systems have subsequently been observed by
Venkateswarlu [7] who carried out a comprehensive study of IC1
absorption in the 122 - 190 nm region, including all Rydberg bands
previously identified.

The observed bands were fitted to 23 Rydberg series, 12
converging to the Id 4
excited ion, ICJ

( 2

2
(

nfl32

)

ion and the remainder to the spin-orbit

111/2 ). In addition to the Rydberg absorptions, a

band system extending from 158 - 166 nm was reported and identified as
being analogous to the Cordes bands in 12• The 12 (D

X

transition has previously been assigned as the major component of the
Cordes system [8], where the D 1E4 state is the lowest

- 49 (case (c)) symmetry ion-pair state. By analogy, Venkateswarlu implies
that the observed IC1 system is absorption from the ground to the
lowest 0 ion-pair state, the E(04 ) state. Analysis of this system
was not attempted by Venkateswarlu and has yet to be published.

Little is known of the emission systems of the IC1 excited
states which lie in the vacuum ultraviolet. Haranath and Rao [9]
reported in emission the two band systems first observed in absorption
by Cordes and Sponer [6] and designated the a6 and b 6 Rydberg levels
by Venkateswarlu [7]. IC1 was excited in a condensed transformer
discharge with fluorescence observed from the initially excited
Rydberg levels to the ground state.

Bibinov and Vinogradov [10] recorded a low resolution
(0.3 nm) absorption spectrum of ICl between 120 and 190 nm as part of
a study on the quenching and reactions of ICl with rare gases
following excitation in this spectral region. Standard electronic
detection techniques were used in contrast to the photographic
recording employed by Venkateswarlu and earlier workers. The Rydberg
and ion-pair systems previously reported were observed and the
absorption cross-section was measured for the first time.

In this work, ICl absorption spectra were collected and
subsequently corrected for the incident synchrotron radiation
intensity in the VUV spectral region. In addition, the fluorescence
processes of the IC1 molecule were simultaneously monitored by
recording fluorescence excitation spectra. Emission over a range,
specified by various filter-photomultiplier combinations, was
collected perpendicular to the synchrotron beam axis as the excitation
wavelength was scanned.

- 50 Consideration of the absorption and fluorescence excitation
spectra and the correlation between the two gives information on the
excited states which fluoresce and the wavelength region of the
fluorescence. Interactions between states and competition between
radiative and non-radiative processes can be deduced by comparison of
the spectra.

Recording of fluorescence excitation spectra in conjunction
with absorption therefore provides another handle to the understanding
of the spectroscopy of the molecule in question.

3.2 Experimental

Absorption and fluorescence excitation spectra were recorded
on three stations at the Synchrotron Radiation Source (SRS), Daresbury
Laboratory : Stations FS13, VUV 3.2 and 11Al2. On beamline 13.2 the
highest attainable resolution consistent with a resonable photon flux
was 0.1 nm while higher resolution spectra, commonly 0.03 nm, were
collected on VUV 3.2. In addition, a low resolution (X = 0.3 nm)
pressure dependence study of the fluorescence excitation above 159 nm
was carried out on RA12. The resolution of each spectrum is listed in
the figure captions.

On Station 13.2 a CaF 2 lens was employed to focuss the
incident beam into the sample chamber resulting in transmission of
radiation above 128 nm only. The limiting elements of transmission on
beamline 3.2 were the LiF windows of the cell with a cut-off around
105 nm.

- 51 The IC1 absorption spectrum was corrected for the variation
of incident light intensity with wavelength. Three factors contribute
to this variation:-

The synchrotron radiation output.

The transmission function of the dispersing
monochromator coupled with that of any optical elements
present.

The decay of beam current, and thus intensity, with
time.

The monochrornator output was determined as a function of incident
wavelength by collecting the synchrotron radiation intensity at a
sodium salicylate screen situated at the rear of the evacuated sample
chamber. This function was then corrected for ring current decay
monitored directly at the storage ring.

The absorption spectrum is displayed, unless otherwise
stated, in arbitrary cross-section units (ie. the absorption path
length and sample number density have not been taken into account and
are embedded in the cross-section) while the fluorescence excitation
spectrum was corrected for beam decay only.

Three photomultipliers were employed on the fluorescence
excitation channel to cover different spectral regions: an
EMI 9883QKA for the UV-VUV region (200 - 600 nm); an EMI G26K314LF
(110 - 600 nni) and an EMI G26E314LF solar blind tube (115 - 195 nm).

- 52 Two coloured glass Melles Griot filters were used in conjunction with
the UV-VIS photomultiplier tube; a UG3 filter which transmits in the
320 - 460 nm range and a BG1 filter with bandpass extending from 280 480 nm.

Spectra collected on 11Al2 were recorded at low resolution
(X = 0.3 nm) and have not been corrected for the variation of
incident light intensity with wavelength or for beam current decay.
The fluorescence excitation axis was situated perpendicular to that of
the beam as on station FS13 and VUV 3.2, however only the Mullard
XP20200 photomultiplier, covering the UV-VIS region, was employed.

Excess C1 2 was present in all experiments to avoid sample
contamination by 12 formed via an IC1 disproportionation reaction.

Further experimental details can be found in Chapter 2.

3.3

ICI Absorption in the Vacuum Ultraviolet

The corrected absorption spectrum of IC1 in the 125 - 195 nm
spectral range, recorded on beamline FS13, is displayed in Figure 3.1.
At wavelengths above 165 nm the two most prominent features are
absorption to the a 6 and b 6 Rydberg states mentioned earlier. The a 6
system extends from 179 - 190 nm while absorption to the b 6 Rydberg
levels occurs between 165 and 174 nm. In each case, the band
structure corresponds to a vibrational progression of the upper state
with additional hot bands.
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Figure 3.1 - Absorption cross section of IC1 and C1 2Spectral resolution, AX = 0.1 nm.

IC1 pressure = 25 mTorr, Cl 2 pressure = 50 mTorr.

- 54 The absorption between 158 - 177 nm appears to be a
"continuum" which rises to a maximum at 158 nm. Overlapping
absorption to the b 6 (1) Rydberg state is observed superimposed on
this "continuum". Included in the 158 - 177 nm wavelength range is
the extensive band system observed by Venkatesvarlu [7] between 166 nm
and 158 nm. To shorter wavelengths, discrete structure is again
observed which corresponds to fragmentary vibrational progressions of
many Rydberg states. Below 140 nm, radiation is absorbed not only by
IC1 but also by the C1 2 vapour present which has a well-known
absorption system at these wavelengths [4,11].

The absorption "continuum" has been assigned by analogy [7]
as excitation to the lowest 0 ion-pair state of M. Bibinov and
Vinogradov [10] designate this the D 'E

ion-pair state, more commonly

known as the E(0) state of Brand et al [3,12] whose notation is used
throughout this work. Single photon absorption to the lowest ion-pair
state of 0 (case (c)) symmetry is expected to be strong. In case (c)
coupling the main selection rule governing electronic transitions is
(Q = 0, ±1), although experimentally it has been found [3] that
parallel transitions (AQ = 0) are much stronger than perpendicular
transitions (Q = ±1). This preference is especially the case in
charge-transfer transitions between valence and ion-pair states.
Assignment of the absorption continuum to the E(0')

4-

X 'E(0) system

is therefore reasonable.

No structure corresponding to ion-pair vibrational spacing is
observed in Figure 3.1, nor in the spectrum published by Bibinov
et al, due to insufficient resolution. Additional structure between
the "continuum" maximum at 158 nm and the last band in the b 6 Rydberg

- 55 series is observed which was not reported by Bibinov [ 1 0]. The
spacing of these bands, approximately 400 cm -1

,

is too large to

correspond to the vibrational separation of an ion-pair state.

Figure 3.2 shows a higher resolution absorption spectrum
recorded on station VLJV 3.2. Ion-pair vibrational spacing can just be
observed between 158 nm and 166 nm in Figure 3.3. Unfortunately the
spectra from beamline VUV 3.2 also show contributions from BrC1
absorption. BrC1 molecules were formed by the reaction of C1 2 with
Br 2 which had adhered to the aluminium cell during previous
experiments. This impurity proved very difficult to remove, giving
subsequent contamination of some spectra. The peaks in Figures 3.2
and 3.3 which have some or total contribution from BrC1 absorption are
marked with an asterisk. In Figure 3.4, both the BrC1 and
BrCl - contaminated, IC1 absorption spectra are displayed in order
that the degree of contamination may be gauged. The BrCl absorption
bands comprise of transitions to two Rydberg states which are
presumably analogous to the a 6 and b 6 systems of M. These states
have been reported previously [6,13].

On closer examination of Figures 3.1 and 3.2 several
additional absorption peaks, not reported by Venkateswarlu, were
observed between the b 6 Rydberg bands. The positions of these bands
and the b 6 absorption system are listed in Table 3.1. From comparison
of the spacing between vibrational levels of the Rydberg state and the
unidentified bands it appears that the second band series is also
Rydberg in origin.
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TABLE 3.1
POSITIONS OF THE b6 '(0) X(04 ) AND b6(1) - X(04)
ABSORPTION BANDHEADS

System

v', v''

b 6 (1) € X(0)

)ac/I1111

/-1

()

0,2

174.08

57 445

0,1

172.96

57 817

0,0

171.83

58 197

1,0

170.52

58 644

2,0

169.26

59 081

3,0

168.04

59 510

4,0

166.84

59 938

5,0

165.64

60 372

0,0

173.74

57 557

110

172.44

57 991

2,0

171.12

58 438

169.91

58 855

(b)

378
374
447
437
429
431.
434
b 6 '(0)

X(0)

434
•
•

447
•

417

.

3,0

Bandhead positions accurate to ± 0.03 nm (± 11 cm -1 ).
Bandhead separations accurate to ± 16 cm-1.

- 60 The a 6 Rydberg state has a molecular core of ICl

(2

113 , 2 )

with the Rydberg electron occupying a 6sa orbital. The interaction
between an ICl core and a Rydberg electron is best described by
(, ) coupling [14]. In this type of coupling, the outer Rydberg
electron is so little coupled to the core of the molecule that the
spin and orbital motions of the electron couple to form a resultant c
which then combines with the total electronic angular momentum, 2c
the core to give 9 for the molecular Rydberg state. (9 c , o) coupling
between a

2
3/2

core and an electron in a 6sa orbital gives two states

with 9 values of 1 and 2. The b 6 Rydberg state is the spin-orbit
excited counterpart of the a 6 state, with an ICl
Rydberg electron again occupying a 6sa orbital.

(2

111 , 2 ) core and the

co) coupling

produces three states with 9 = 0-, O and 1.

The only "good" quantum number under (2 o) coupling is the
resultant 9 value of the molecule. Allowed single photon transitions
from the ground electronic state are therefore 0 - 0 and 1 4- 0.
The a6 Rydberg levels observed are assigned to the 9 = 1 component of
the

(2

of the

113 , 2 ) 6sa configuration while both the 9 = 0 and 1 components
(2

111 , 2 ) 6sa configuration are accessible. Venkateswarlu

assigned the b 6 Rydberg bands as superpositions of absorption to both
the 9 = O and 1 states. It is now proposed that the second series of
bands, previously unidentified, corresponds to absorption to the 0
component of the

(2

111 , 2 ) 6sa coupling. The two components of this

configuration shall henceforth be referred to as the b 6 (1) and

b 6 '(0 4 ) states.

- 61 The b 6 1 (0) bands have not been previously reported. The
resolution of the spectrum recorded by Bibinov et al was too low for
the bands to be distinguished from the b 6 (1) Rydberg bands while the
weak absorptions were not detected on photographic plates by
Venkateswarlu. Several additional bands, such as hot bands and higher
members of vibrational series, have been observed in the course of
this work which were not detected using photographic detection
methods.

The weaker b 6 system has been assigned to the O state mainly
because of correlations which exist between the fluorescence
excitation and absorption spectra. These will be discussed in the
following section. It is not, however, unreasonable that the strong
b 6 system has an 2 value of 1 as the a 6 and b 6 absorptions are of
similar intensities and there is no ambiguity in the assignment of the
a6 (1) system. The 9 = 1 component of the

( 2

113

, 2

) 6sa configuration

is the only accessible state in a single photon transition.

The new band series (b 6 1 (0)) cannot be attributed to
additional hot bands. If this were the case a second progression
should also be observed in the a 6 Rydberg system as both states have
similar vibrational intensity envelopes and hence lie at approximately
equal r values. In addition, the vibrational spacing observed (see
Table 3.1) is typically Rydberg, indicating that the progression is
from v = 0 in the ground state to increasing values of v in an upper
Rydberg state.

- 62 Assuming that the lowest band, observed at 173.74 nm, is the
(0, 0) band of the system b 6 1 (01 ) X 'E', the term value (Te) of the
b6 '

(0k)

state is estimated to be 57,517 ± 10 cm -1 .

This term value

was determined by calculating the mean of the differences between the
b 6 (1) and b 6 '(0) absorption bands and subtracting this mean from the
known T value, 58,167 cm 1 , of the b 6 (1) state [15].

Although absorption to the b 6 '(0) state is relatively weak,
in the following section it will be shown that this state plays a
major role in the intramolecular dynamics of the ICl molecule.

3.4

Comparison of Absorption and Fluorescence Excitation
Spectra Above 155nm

From comparison of the IC1 absorption and fluorescence
excitation spectra it has been deduced that mixing between Rydberg and
ion-pair states is occurring at wavelengths above 155 nm. Examples of
Rydberg - valence mixing have previously been reported for diatomic
molecules such as H 2 , Na 2 , C1 2 , F 2 , HCl and 02 [4,5,16-20] (the term
'valence' here describes states which dissociate to either ions or
ground state atoms). IC1 spectroscopy thus falls naturally into two
sections. The first, above 155 nm, where absorption to both Rydberg
and ion-pair states is observed with interactions between the states
playing a dominant role and the second, to shorter wavelengths, with
absorption confined mainly to Rydberg states. Below 140 nm both IC1
and C1 2 absorption and fluorescence systems are present.

The majority of this section will be concerned with the
Rydberg - ion-pair mixing in the region above 155 nm and the resulting
effect on the IC1 spectra.

- 63 In Figure 3.5 IC1 absorption and fluorescence excitation
spectra in the 155 - 195 nm region are displayed. Fluorescence from
the excited states was collected in the range 280 - 480 nm. It is
obvious from Figure 3.5 that the fluorescence excitation structure
does not mirror that of the absorption as expected. There is neither
a "continuum" rising to a maximum at 158 nm nor strong fluorescence at
the positions of the Rydberg bands. The latter observation is not
surprising since fluorescence was reported by Haranath and Rao [9]
from the a 6 (1) and b 6 (1) states to low vibrational levels of the
ground state only. Such fluorescence lies in the VUV region and would
not be detected by the filter-photomultiplier combination in use.
Venkateswarlu's photographic plates [7] show that both the a 6 (1) and
b 6 (1) absorption bands displayed are diffuse, indicating that a
predissociation channel competes with fluorescence in the depopulation
of these states. Indeed in a previous work [21], before the emission
spectrum of Haranath and Rao was considered, it was reported that the
a 6 (1) Rydberg levels, and probably the b 6 (1) levels, were completely
predissociated.

Minima are, therefore, observed in the fluorescence
excitation spectrum at positions of absorption to the a 6 (1) and
b 6 (1) Rydberg states as these levels either predissociate or
fluoresce outside the range of the detection equipment. The sample
appears optically thick at such wavelengths since absorption to a
Rydberg level diminishes the number of photons available to populate
the fluorescent state(s). Fluorescence excitation spectra, run at
varying IC1 pressures, show the minima deepening with increasing IC1
pressure.
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Fluorescence was detected in the 280 - 480 nm
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spectra. P (absorption) = 75 mTorr, P (fluor.) =
135 mTorr. AX = 0.1 nm.

- 65 To the blue of the a 6 (1) Rydberg system much structure
unaccounted for by the absorption spectrum is observed. The
fluorescence excitation rises to a maximum around 174 nm and then
falls rapidly to total loss of fluorescence at 170 nm. Below 167 nm
fluorescence from the excited states again commences but now in a
highly structured form. Figure 3.6 shows the fluorescence excitation
and absorption from 168 - 192 nm in greater detail.

Several series of minima are observed at wavelengths above
170 nm. The first, marked by filled circles in Figure 3.6,
corresponds to the positions of the a 6 (1) Rydberg bands and the
optically thick regions discussed earlier. Between the a 6 (1) and
b 6 (1) Rydberg states, pronounced minima appear in the fluorescence
excitation with no corresponding structure in the ICl absorption. The
effect of optical thickness is again observed with the b 6 (1) system
but does not account for the number of minima present or the decrease
in fluorescence quantum yield to higher energies.

The minima between 174 and 180 nm appear to be an extension
of the a 6 (1) series with slightly irregular spacing and increased
depth. The optical density effect cannot account for these minima as
no corresponding Rydberg absorptions are present. To the blue of
174 nm, further members of the series are found. Indeed, in the 170 174 nm region, three different interactions combine to produce the
resultant structure in the fluorescence excitation spectrum:-

(i)

The b 6 (1) Rydberg minima resulting from optical
thickness of the sample (marked by open triangles in
Figure 3.6).
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172

10,

176
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180
182
Wavelength/nm

164

186

166

190

192

- IC1 absorption (upper trace) and fluorescence excitation (lover trace) spectra in the
region 168 - 192 nm. The absorption spectrum is not corrected for the excitation
function of the incident radiation and is inverted for ease of comparison between
maxima in absorption and minima in fluorescence excitation. AX = 0.03 nm, IC1
pressure = 70 mTorr, Cl, pressure = 130 mTorr. For explanation of symbols see text.

- 67 The continuation of the minima linked to the a 6 (1)
Rydberg series (shown by open circles).

A third series, as yet unidentified (marked by filled
triangles in Figure 3.6).

The effect of b 6 1 (0) Rydberg absorption on the fluorescence
excitation has still to be considered. Figure 3.6 shows that the
positions of the third series of minima correspond with those of the
b 6 1 (0') absorption bands. The loss of fluorescence following
absorption to a b 6 1 (0+) level is too large to be attributed to the
optical density of the sample. From the comparitive strengths of
absorption to the b 6 1 (0) and b 6 (1) states, it is predicted that such
an effect should be minimal. Indeed, as absorption occurs to higher
vibrational levels of the O state the intensity of fluorescence
decreases until, at 170 nm, no fluorescence is observed in the 280 480 nm range. The b 6 1 (0) state appears to be intimately coupled with
the fluorescence levels, providing an efficient pathway for nonradiative decay.

The positions and separations of the a 6 (1) minima and the
minima proposed to be a continuation of this series are listed in
Table 3.2. The wavenumbers of the Rydberg absorption bands observed
in this work and by Venkateswarlu [7] are also included. Predicted
band positions, relative to the (0,0) band at 53,502 cm 1 , were
calculated with w. and o.xe values obtained from a Birge-Sponer plot
of Venkateswarlu's absorption data; the most accurate to date. Values
of 435 ± 1 cm' and 0.6 ± 0.1 cm-1 were found for Ae and
respectively.

C*.Xe
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TABLE 3.2
COMPARISON BETWEEN THE POSITIONS OF MINIMA IN THE
FLUORESCENCE EXCITATION AND OBSERVED AND CALCULATED POSITIONS OF
6( 1 ) X(0) BANDHEADS

V', V''

X1111 ,./nm

Vca 1 c /ffi

abB/cm'

(b)

(c)

VabBI'CUI

53 510

53 502

53 504

53 502

53 943

53 936

53 937

53 936

183.95

54 363

54 369

54 371

54 369

3,0

182.46

54 806

54 800

54 799

54 800

4,0

180.93

55 270

55 230

55 230

55 231

5,0

179.53

55 701

55 659

55 654

55 660

6,0

178.19

56 120

56 087

56 101

7,0

176.90

56 529

56 514

-

--

8,0

175.66

56 928

56 939

-

-

9,0

174.41

57 336

57 363

-

-

10,0

173.18

57 743

57 786

-

-

11,0

172.00

58 139

58 208

-

-

0,0

186.88'

1,0

185.38

2,0

''

-

Positions of the a 6 (1) 4- X(0) absorption bandheads calculated
with respect to a (0,0) band at 53 502 cm 1 , employing
= 435 cm-1 and eXe = 0.6 cm'.
Positions of the a 6 (l) € X(0) absorption bandheads observed
experimentally.
Positions of the a 6 (1)
Venkateswarlu [7].

4-

X(0) absorption bandheads reported by

- 69 Good agreement occurs between the observed absorption bands
and minima in fluorescence excitation up to the (3,0) band. The
position of the minimum at the (4,0) band is unclear as the optical
density of the sample is a function of the decreasing absorption
cross-section to the Rydberg levels. However, the minimum
corresponding to the (5,0) band is markedly deeper (Figure 3.6),
moreso than is expected from the corresponding absorption strength.
To the blue of, and including,, the (5,0) band the depth of the minima
suggests the opening of a non-radiative pathway at intervals
consistent with the separation of Rydberg vibrational levels. From
the predicted vibrational levels of the a 6 (1) state and the positions
of the observed minima it is concluded that this pathway proceeds via
the a 6 (1) Rydberg state. The "non-radiative" pathway may include
channels such as predissociation or fluorescence in a region outside
the filter band-pass, as proposed for lover vibrational levels of the
a 6 (1) Rydberg state.

The crucial difference between the two sets of minima, those
attributed to the optical density and those at and above the position
of the (5,0) band, is that the former arise purely from a physical
effect while the latter must result from interaction between the
a6 (1) Rydberg and the fluorescing state. Optical density can play no
part in production of these minima as direct absorption to the higher
Rydberg levels is precluded by the Franck-Condon factors. The
behaviour of the two sets of minima in varying pressure studies
(Section 3.9) further highlights the different pathways which lead to
the appearance of minima in the fluorescence excitation.

- 70 Table 3.3 lists the positions of the b 6 (1) and b 6 '(0)
Rydberg bands and the corresponding minima in the fluorescence
excitation. Good agreement is again found between the b 6 (1)
absorptions and the observed minima. The b 6 1 (0) minima are slightly
blue shifted from the corresponding absorption bands but as the
separations of both series are typically Rydberg and the observed
shifts are small, the decrease in fluorescence yield has been
attributed to a strong interaction between the b 6 '(0) Rydberg state
and the fluorescing levels. The discrepancies between positions of
maximum absorption and minimum fluorescence may indeed be a result of
such an interaction.

Below 170 nm very little correlation exists between
absorption and fluorescence excitation spectra. The fluorescence
excitation is no longer a "continuum" but consists of discrete bands
while irregularly spaced absorptions are superimposed on the ion-pair
vibrational spacing. The absorption "continuum" rises to a maximum
around 158 nm where absorption also occurs to the c 6 Rydberg state
which has a

( 2

113

, 2

) 6pa configuration with an Q value of 1 [7]. The

region 155 - 170 nm is shown in greater detail in Figure 3.7. The
b 6 (1) and c 6 (1) absorption bands are marked but the resolution is
insufficient to resolve ion-pair vibrational separations. In Table
3.4 the positions of maxima in the absorption and fluorescence
excitation are given for comparison. From Figure 3.7 and Table 3.4 it
is observed that maxima in the fluorescence excitation occur between
maxima in absorption. However, correlation between the maxima in
absorption and minima in fluoresence is not as clear-cut as that
observed in the excitation region above 170 rim.
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TABLE 3.3
COMPARISON BETVEEN THE POSITIONS OF RYDBERG ABSORPTION BANDS
AND FLUORESCENCE EXCITATION MINIMA IN THE 169.0 - 174.5 mu REGION

System

b 6 (1)i-X(0)

v', v" Xa b s /nm 'ua b a 'cm

0,2

174.08

57 445

k.inja /nm (a) v...

174.10

a /cnr 1

•

,./cm'

57 438
375

0,1

172.96

57 817

172.97

57 813
381

0,0

171.83

58 197

171.84

58 194
443

1,0

170.52

58 644

170.54

58 637
440

b 6 '(0)€X(0)

2,0

169.26

59 081

169.27

59 077

010

173.74

57 557

173.60

57 604
404

1,0

172.44

57 991

172.39

58 008
465

2,0

171.12

58 438

171.02

58 473
378

3,0

(a)

169.91

58 855

169.92

58 851

The positions of minima correlating with b 6 (1) absorption bands
are accurate to ± 0.03 nm (± 11 cm-1 ). The minima correlating
with b 6 1 (0) absorption bands are less well defined and have an
estimated error of AX = ± 0.05 nm (± 18 cm').
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Figure 3.7 - Fluorescence excitation (lower trace, IC1
pressure = 45 mTorr, C1 2 pressure = 90 mTorr )
and absorption (upper trace, Id
pressure = 25 mTorr, C1 2 pressure = 50 mTorr)
in the 155 - 170 nm region. AX = 0.1 nm.

- 73 TABLE 3.4
ABSORPTION AND FLUORESCENCE EXCITATION MAXIMA IN THE
156 - 170 nrn REGION

Absorption Maxima
Fluorescence Excitation
Maxima (a)

System

b 6 (1)

X(0)

v', v"

A/nm

(b)

'v/cur'

2,0
3,0
4,0
5,0

169.26
168.04
166.84
165.64

59
59
59
60

081
510
938
372

010
1,0
2,0

166.28
165.14
163.95
162.87
161.83
160.74
159.70
158.64
157.72
159.10
158.18
157.08

60
60
60
61
61
62
62
63
63
62
63
63

139
555
994
399
793
212
617
036
403
853
219
661

A/nm
166.92
165.87
164.57
163.51
162.40
161.64
159.96
158.80

59
60
60
61
61
61
62
62

909
288
764
158
576
866
516
912

Unknown

C60)

X(0)

Fluorescence excitation maxima determined to
± 0.03 nm (± 12 cm-1 ).
b 6 (1) absorptions accurate to ± 0.03 nm (± 12 cm')
while the unknown and c 6 (1) systems are determined to
± 0.05 nm (± 20 cm').

- 74 Bibinov and Vinogradov [10] also reported the band structure
in the 159 - 167 nm region of the fluorescence excitation; a region in
which they were unable to resolve any distinct structure in
absorption. It was proposed that, the minima observed in the
fluorescence excitation correlated satisfactorily with positions of
the b 6 (1) vibrational levels extrapolated beyond v' = 4 and were a
result of interactions between the fluorescing state and the b 6 (1)
Rydberg state. The higher resolution absorption studies reported in
this work do exhibit structure in the region of interest but it is
obvious (see Figure 3.7) that the additional absorption bands are not
sited at positions of higher b 6 (1) vibrational levels.

In Table 3.5, the positions of absorption bands observed in
this work and by Venkateswarlu [7] are listed alongside the predicted
positions for the vibrational levels of the b 6 (1) state. The b 6 (1)
vibrational constants were also obtained from a Birge-Sponer plot of
Venkateswarlu's data which gave values of 451 ± 8 cm for C*e and
3.0 ± 1.5 cm' for

Good agreement is found between the

predicted values and observed positions up to the (5,0) band of the
b 6 (1) <- X 'E system (this is the first time that the (5,0)
absorption band has been reported). To shorter wavelengths, the
predicted and observed values no longer coincide and it is concluded
that the absorption bands in this region are not a "continuation" of
the b6 (1) Rydberg state.

Bibinov's theory that loss of fluorescence occurs via the b 6 (1) state
is too simplistic. Above 170 nm, it has been shown that minima in the
fluorescence excitation occur at positions of the b 6 (1) Rydberg
absorption bands as a result of a purely physical effect. There is no
indication of electronic coupling between the fluorescing and b 6 (1)
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TABLE 3.5
COMPARISON OF THE b 6 (1) - X(0) AND UNASSIGNED ABSORPTION BANDS
IN THE 157 - 172 nm REGION WITH CALCULATED POSITIONS OF THE
X(O') SYSTEM
6( 1 )

v', v'' A/nm

System

b 6 (1) i- X(0)

0,0
1,0
2,0
3,0
4,0
5,0

60 139
60 555
60 994
61 399
61 793
62•212
62 617
63 036
63 403

ca 1 c

vVØflk/cm 1

58
58
59
59
59

171.83 58 197
170.52 58 644
169.26 59 081
168.04 59 510
166.84 59 938
165.64 60 372

166.28
165.14.
163.95
162.87
161.83
160.74
159.70
158.64
157.72

Unassigned

'u/clnt

198
643
087
513
944
-

System

v', v''

b 6 (1)*-X(0)

6,0
7,0
8,0
9,0
10,0
11,0
12,0
13,0

58
58
59
59
59
60

W '

198
643
082
515
942
363

yca i c /cm

60
61
61
61
62
62
63
63

'

778
187
590
987
378
763
142
515

Positions of the b6(1) - X(0) absorption bandheads reported by
Venk.ateswarlu [ 7 ].
Positions of b6(l) - X(0') bandheads calculated with respect
to a (0,0) band at 58 198 cm -1 and employing w. = 451 cm' and
eXe

= 3.0 cm-1.

- 76 states. It seems unlikely therefore that at higher vibrational levels
the b 6 (1) state should be responsible for the periodic, total loss of
fluorescence which is observed experimentally. In addition,
absorption bands in the 158 - 166 nm region have been reported here
which were not observed by Bibinov et al. From comparison of the
absorption and fluorescence excitation spectra (see Figure 3.7) it
appears that it is these bands which affect the fluorescence processes
of the excited IC1 molecule rather than high vibrational levels (v'>4)
of the b 6 (1) state, as proposed by Bibinov.

No mention has, as yet, been made of the nature of the
fluorescing state(s). It has already been noted that the Rydberg
states; the a 6 (1), b 6 (1) and b 6 1 (0) either predissociate or
fluoresce in the vacuum ultraviolet and, in some cases, provide
efficient pathways for non-radiative decay by coupling with
fluorescing levels. The majority of the fluorescence must, therefore,
originate from the E(0) state, which was earlier assigned as the
upper state of the absorption "continuum" observed between 158 and
178 nm. Dispersed fluorescence spectra collected following excitation
at various wavelengths across the 155 - 190 nm range have confirmed
this. Indeed, from the fluorescence excitation spectrum it appears
that ion-pair absorption continues weakly out to - 190 nm underlying
the a 6 (1) absorptions.

The dominant emission system is the E(O')

9

X ('E 4 ) which

extends from a red extremum at 404 nm to shorter wavelengths. Several
other systems are present to the red of 404 nm and one, with an
extremum at 325 nm, is observed to the blue. The dispersed
fluorescence will be discussed in greater detail in Chapter 4.

- 77 Filters were employed in combination with the UV-VIS
photomultiplier to minimise the contribution made by states other than
the E(0) to fluorescence excitation spectra. The UV-VIS fluorescence
excitation can be regarded as the fluorescence cross-section of the
E(0) ion-pair state.

The situation at energies where ion-pair and Rydberg states
co-exist is complex, as has been observed from comparison of
absorption and fluorescence excitation spectra. The data obtained
experimentally is currently insufficient to offer a full explanation
and understanding is further hindered by the lack of ab initio
potential curves which are available for lighter diatomic molecules
such as H 2 and C1 2 [5,16]. It is, however, obvious that interactions
between states play a crucial role at these energies and such
interactions will be discussed in the following sections. Several
possible explanations for the experimental data will be put forward
and although incomplete should, hopefully, provide some illumination
on the types of processes which are occurring.

3.5

Interactions Between Rydberg and Ion-Pair States

There are two main types of perturbations which can occur
between electronic states: homogeneous and heterogeneous
perturbations [14]. A homogeneous perturbation takes place when both
states possess the same multiplicity (S = 0) and the same A value,
while a heterogeneous perturbation occurs if the A values differ by
one. For electronic states best described by Hund's case (c), the
above selection rules are reduced to 69 = 0 and AQ = ± 1 for
homogeneous and heterogeneous perturbations respectively as the
multiplicities and A values are not defined.

- 78 All IC1 i6n-pair states are coupled under Hund's case (c)
while the symmetries of the Rydberg states are derived from

w)

coupling. In both cases, the 9 value is the only well defined quantum
number and thus the AQ selection rules for perturbations apply.

Interaction between two states is not only dependent on their
9 values but, also, on a Franck-Condon type principle [14] stating
that:-

'Two vibrational levels belonging to two different electronic
states and lying at approximately the same energy will
influence each other strongly only if classically the system
can go over from one state to the other without a large
alteration of position and momentum'.

It follows that the point of maximum perturbation occurs at the
intersection of the potential curves, providing that the energy
difference between interacting levels is small.

For a strong, homogeneous perturbation the interaction
(repulsion) at this point is sufficiently large that the non-crossing
rule applies. The non-crossing rule was first formulated by von Neumann
and Wigner [22] and stipulates that:-

'The potential curves of two electronic states of the same
species cannot cross each other'.

(The species of the state, in the case of IC1 ion-pair and Rydberg
states, refers to the 9 value). As a result of such a perturbation, an

- 79 avoided crossing takes place and two "new" potential curves are formed.
This situation is illustrated in Figure 3.8. The diabatic (original)
potentials are represented by curves AA' and BB' while the adiabatic
(resultant) potentials are shown by AB' and BA'. The solid curves
around the point of intersection indicate the avoided crossing.

The diabatic and adiabatic approximations represent extreme
cases and the best description, of a perturbed system is usually found to
lie somewhere between the two; the position dependent on the interaction
strength.

A consequence of the mixing of two states is that the resultant
adiabatic states possess properties of both diabatic states. Consider
two diabats with vavefunctions *i and *2• The adiabatic wavefunctions,
and

of the states formed by an avoided crossing can be expressed

as linear combinations of the diabatic vavefunctions, ie:-

=

C1 *1 - c2 *2

and

= C2 *1 +

(3.1)

l

*2

where c 1 and c 2 are constants.

The magnitudes of constants c 1 and c 2 are a function of both
the energy differences between unperturbed levels and the Franck-Condon
overlap. It is these constants which determine the extent of mixing
between the original states.
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Figure 3.8
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- An avoided crossing. Curves AA' and BB' represent the
diabatic potentials while AB' and BA' represent the adiabatic
potentials. AE = 2W 12, see text.

- 81 The interaction strength, W 12 (r,), is defined as the matrix
element of the perturbation function, W, which describes the coupling
between two states at their crossing point, r, ie:-

V12 = < * i* V *2 >.

(3.2)

V12 (r,), also, has. a physical significance as AE = 2W 12 (rn )
(Figure 3.8), where AE is the energy gap between the adiabatic curves at
the point of intersection, r(x). The larger the value of V 12 (ru), the
stronger the perturbation and hence the greater the justification for
treating the electronically coupled states by an adiabatic
approximation.

It has been shown by Child and Bernstein [23] that, around r,
the adiabats can be expressed in terms of the diabats as:-

V(r) = ' 2 [V1 (r) + V2(r)] ± ' 2 {[V 1 (r) - V 2 (r)J 2 + 4W 2 12 (r)) 1 / 2 (3.3)

The adiabats differ from the diabats only in the vicinity of r, where

lvi

- V 2 << V 12 . At r, V1 (ru) = V 2 (ri) and equation (3.3) reduces

to:-

V.. (rn) = E (r n ) + V 12 (rn )

and

V_ (rn) = E (ru) - V 12 (rn)

- 82 giving the relationship:-

V, (r,) - V_ (ri) = AE (rn) = 2W12 (r n )

mentioned above.

Homogeneous and heterogeneous perturbations can also be
classified by the effect which they have on the perturbed states. A
homogeneous interaction between states perturbs the vibrational levels
of the states involved. This is not surprising as in the case of an
avoided crossing the shape of the potential curve changes and thus the
vibrational spacing must alter. A good example of perturbation in
vibrational levels is found in the C1 2 (1 'E) state [4] which is a
mixed Rydberg/ion-pair state. Below the region of perturbation regular
ion-pair spacing is observed. However, as the perturbed area is
approached the vibrational spacing becomes irregular and for some
levels, consecutive vibrational wavefunctions differ dramatically.

A heterogeneous interaction between states does not affect the
vibrational levels but perturbs the rotational levels. This type of
interaction is again strongest at the crossing point of the states, as
indicated by the Franck-Condon principle for perturbations. The
resolution employed in this work is insufficient to resolve rotational
structure but the effect of heterogeneous interactions is observed in
the fluorescence excitation.

Due to the nature of the interactions, homogeneous and
heterogeneous perturbations are sometimes referred to as electronicvibrational and electronic-rotational perturbations respectively.

- 83 3.6

Analysis of the SPectroscoDv of ICl in the 155 - 190 nm Repion

Sections 3.3 and 3.4 show that at least four states play an
important role in IC1 spectroscopy following excitation between 155 and
195 nm:- the a 6 (1), b6 (1), b 6 '(0) Rydberg states and the E(0) ionpair state. Several other states are found in close proximity:- the
2 = 2

( 2

fl3,12 )6sa and 2 = 0 -

( 2

111,12 )6sa Rydberg states and the 0 (1) and

D'(2) ion-pair states. The 2= 2 and Q = 0 Rydberg states share the
same electronic configuration as the a 6 (1) and b 6 (1) states respectively
while the E(0), 0 (1) and D'(2) states form the lowest ion-pair
cluster. The energy separation between Rydberg states with identical
configurations is expected to be small [241 and was only resolved in one
case by Venkatesvarlu [7] where a separation of 23 cm -1 was observed.
Due to the essentially non-bonding role of the Rydberg electron, Rydberg
states lie parallel to one another at energies dependent on the occupied
Rydberg orbital. The three close-lying ion-pair potentials also follow
similar paths, as discussed in Chapter 1. Absorption to the second
cluster of ion-pair states is another possibility in this region as the
second cluster lies approximately 6,000 cm' above the first [3].

Although many states lie in the excitation region, electronic
selection rules limit absorption to states with 69 = 0, ± 1 relative to
the ground state. This rule is observed for Rydberg states but for
absorption to ion-pair states, only a 69 = 0 selection rule appears to
apply. There is no evidence, either in absorption or dispersed
fluorescence, to suggest that the 0 (1) state is populated. This
empirical observation also applies to other halogen and interhalogen

- 84 molecules [4, 25-281 although Gedanken has proposed a contribution from
an 9 = 1 ion-pair state in the molecular circular dichroism spectrum of
1 2 [29].

Dispersed fluorescence studies of ICl (see Chapter 4) show
emission not only from the E(O 4 ) state but also from the f(0) state,
the 2 = 0 state of the second, ion-pair cluster. The question of
whether the f(O') state is populated directly by absorption or by
coupling with the E(0) state will be considered within this section.

Figure 3.9 shows the fluorescence excitation and absorption
spectra between 51,000 and 64,000 cm-1 plotted alongside a schematic
diagram of the potential curves in the same region. Only the potentials
which are thought to play a major role in the spectroscopy are shown.

In Figure 3.9 the Rydberg states are represented by the groundstate transposed to higher energies and shorter bondlength. As the
electron which is promoted is slightly anti-bonding a reduction in the
equilibrium internuclear bondlength of the Rydberg state is 'expected.
Venkateswarlu's data [7] is in agreement since both the a 6 (1) and b 6 (1)
absorption bands are degraded to the blue. The Rydberg states are
expected to lie between the r 0 of the ground-state molecule (2.321
[30]) and the ICl ion (2.233

A

A

[31]). The Rydberg states displayed

here have slightly shorter bondlengths (r 0 = 2.2

A)

to conform with the

features observed in the fluorescence excitation and absorption spectra.
The shift is small enough to give no cause for concern. The position of
the Rydberg states is in agreement with the strong absorption profiles
of the a 6 (1) and b 6 (1) states with the ground-state re lying between the
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Figure 3.9 - Schemetic diagram of the relevant IC1 potential
curves plotted alongside the IC1 fluorescence
excitation (a) and absorption spectra (b) in the
51,000 - 64,000 cm-1 region. The
predissociating Q = 0 repulsive state is
represented by the dashed line. The vibrational
levels from 0 - 6 are shown for the a 6 (1) and
b 6 1 (0) Rydberg states.

- 86 outer turning points of the v' = 1 and 2 vibrational levels. The
repulsive limb of the E(0) ion-pair state is that proposed by Austin
(see Chapter 4 and Reference 35).

The potentials in Figure 3.9 are drawn in the diabatic limit,
le. the E(0) ion-pair and b 6 1 (0) Rydberg states do not avoid one
another.

Consider the electronic interaction between the a 6 (1) and
E(0) states. In Section 3.4 it was proposed that the fluorescence
excitation minima in the 55,500 - 57,500 cnr' region arose from coupling
between the E(0) and a 6 (1) states which opened up a non-radiative
pathway at positions of the v' > 5 a 6 (1) Rydberg levels. As the 2
values of the two states differ by one the coupling must be of the
heterogeneous variety. At energies where coincidence between the
Rydberg and ion-pair levels is observed, the ion-pair population may be
depleted via the predissociated a 6 (1) Rydberg state. Due to the high

density of states in the E(0) ion-pair manifold, especially at high v,
coincidence occurs at every Rydberg vibrational level with the extent of
interaction governed by the Franck-Condon rule for perturbations. As
the heterogeneous perturbation does not manifest itself in the
fluorescence excitation until the a 6 v' = 5 level, the Franck-Condon
overlap between states is poor below this position. The repulsive limb
of the ion-pair potential must therefore cross the a 6 (1) Rydberg state
around v = 5, as shown in Figure 3.9. Minima formed via electronicrotational coupling between two states will henceforth be termed dipresonances.

- 87 The major interaction in the 51,000 - 64,000 cm' energy region
is expected to occur between the E(0) and b 6 1 (0) states as both have 2
values of 0. Although the non-crossing rule suggests that an avoided
crossing should take place, in the following discussion the two states
are treated in the diabatic approximation, ie. it is assumed that the
interaction matrix element V 1 is small and that the potentials
intersect. This approximation has been adopted as it best describes the
experimental observations. The strength of the coupling between the
two states is not sufficient to produce shifts in the energy levels
which are large enough to be observable with the available experimental
resolution but is sufficient to cause a substantial reduction in the
fluorescence quantum yield.

In Section 3.4, it was shown that at positions of the b 6 1 (0)
absorption bands sudden sharp losses occurred in fluorescence. It was

subsequently concluded that the b 6 '(0) state acted as a gateway to nonradiative decay for the E(0) ion-pair state. Around 59,000 cm -1 , total
loss of fluorescence is observed in the fluorescence excitation with
band structure appearing at higher energies. These observations have
also been attributed to an E(0) - b 6 1 (0) interaction.

As one proceeds up the b 6 '(0) vibrational manifold it is
observed (Figure 3.6 and Figure 3.8) that the corresponding fluorescence
loss increases with v', until at v' = 3 (- 58,850 cm -1 ) the fluorescence

quantum yield drops to zero. At energies below v' = 3, ion-pair
fluorescence appears between the positions of the Rydberg bands where
the coupling between Rydberg and ion-pair states is less strong.
However, between 58,850 and 59,740 cm-1 (v' = 3 and 5 of the b 6 '(0)
state) there is a complete absence of fluorescence. Above 59,740 cm 1
fluorescence again commences but periodically the fluorescence level
drops to the baseline. Figure 3.7 shows that the fluorescence

,
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absorption bands in this region. It is now proposed that these
absorption bands correspond to higher vibrational levels of the b 6 '(0)
state. Absorption does not occur directly to these Rydberg levels but
rather to the ion-pair state. At energies where Rydberg and ion-pair
vibrational levels coincide a build-up in the absorption cross-section
is observed, due to the coupling between the two states. At these
levels, the non-radiative pathway opens and the level of observed
fluorescence is again depleted.

The positions of b 6 '(0) 4- X(0) vibrational bands were
calculated employing the b 6 (1) vibrational constants extracted from
Venkatesarlu's data [7] (co. = 451 ± 8 cm 1 ,

C)e X.

= 3.0 ± 1.5 cm-1 ). The

calculated values are listed with positions of experimentally observed
bands in Table 3.6. Good agreement is found up to the (7,0) band but
divergence is observed to shorter wavelengths. Extrapolation of the
b 6 '(0) 4- X(0) series using the b 6 (1) vibrational constants reported
by Bibinov et al [101 (°e = 445 cm 1 , cü.,x 0 = 1.7 cm-1 ) is also listed in
Table 3.6. Reasonable agreement is observed not only with the four
bands assigned to the b 6 1 (0) 4- X(0) transition but also with the
unassigned system to shorter wavelengths. The differences in the two
calculated series highlight the pitfalls in extraction of vibrational
constants from a few data points. The vibrational spacing of the b 6 (1)
Rydberg state is irregular compared with that of the a 6 (1) state
resulting in large standard deviations and making accurate extrapolation
difficult.

TABLE 3.6
CALCULATED POSITIONS OF THE b 6 '(0) 4- X(0) BANDHEADS FOR
COMPARISON WITH EXPERIMENTALLY OBSERVED BANDS

System
b 6 1 (0)+-X(0)

v', v''

X\nrn

'u/cur'

• Uca i c

/cflr '

v,/cur'

0,0

173.74

57 557

57 551

57 548

1,0

172.44

57 991

57 996

57 988

2,0

171.12

58 438

58 435

58 428

3,0

169.91

58 855

58 868

58 863

4,0

-

-

59 295

59 294

5,0

-

-

59 716

59 722

6,0

166.28

60 139

60 131

60 147

7,0

165.14

60 555

60 540

60 568

8,0

163.95

60 994

60 943

60 986

9,0

162.87

61 399

61 340

61 400

10,0

161.83

61 793

61 731

61 811

11,0

160.74

62 212

62 116,

62 219

12,0

159.70

62 617

62 495

62.623

13,0

158.64

63 036

62 868

63 024

14,0

157.72

63 403

63 235

63 421

(b)

b'(0) 4- X(0) band positions calculated employing
a b 6 '(O') T. of 57 326 cur' and the vibrational constants
extracted from Venkateswarlu's data [7], we = 451 cur',
= 3.0 cur'.
(b)

b 6 1 (0)
X(0) band positions calculated using the
vibrational constants reported by Bibinov et al [10],
w. = 445 cur', w x= 1.7 cur'. T. of the b 6 '(0)
state = 57 326 cur'.

- 90 However, assuming that b 6 (1) vibrational constants also apply
to the b6 1 (0) state, the agreement between observed and calculated
absorption bands is sufficient to suggest that the resonance type
absorption structure in the 60,000 - 63,000 cm' region arises as a
consequence of coupling between the b 6 '(0) and E(0) states.

The slightly irregular vibrational spacing observed for the
v' = 0-3 levels may be a result of shifts in the vibrational levels due
to perturbation. However, more accurate determination of the band
positions is necessary to confirm this.

The shapes and separations of the resonance-type absorption
structure are irregular as this structure is a result of coupling with
the E(0) state and not of direct absorption to the b 6 1 (0) Rydberg
state. The strength of the coupling will depend on the energy
separation between Rydberg and ion-pair levels and also on the FranckCondon overlap between the two wavefunctions.

A surprising aspect of the absorption spectrum is the
intensities of the two types of absorption structure : structure due
to:-

(1)

Direct absorption to v' = 0 - 3 of the b 6 '(0) state.

(ii) Resonances between v' = 6 - 13 of the b 6 1 (0) Rydberg state and
vibrational levels of the E(0) state.

The b 6 '(0) absorption bands are expected to be of at least equal
intensity as the b 6 (1) bands since both states possess the same
electron configuration, 2430 6sa, and the same core symmetry,

2H 1/2-

- 91 However, the b 6 '(0) bands with v' = 0-3 are much weaker than the b 6 (1)
bands. The absorptions observed at the positions of v' = 6 - 13 in the
b 6 '(0) Rydberg state are strong by comparison.

The reason for these rather strange intensity effects is not
known. It appears that mixing between the E(0) and b 6 1 (0) states
"steals" intensity from the direct absorption process but "lends"
intensity to the indirect resonance absorptions.

In this section it has been shown that the b 6 '(0) state is
strongly coupled to the E(0) and acts as a gateway for non-radiative
decay of the ion-pair state. To fulfil such experimental observations
the b 6 '(0) state must be predissociated. Two criteria by which
predissocation is diagnosed are the broadening of absorption and the
weakening of emission lines [14]. Line broadening cannot be detected in
this work as the resolution is too poor. Such analysis would also be
hindered by the low intensity of the b 6 '(0) absorption bands.

No evidence for emission from the b 6 1 (0) state has been
observed experimentally.

At positions of the b 6 '(0) Rydberg

absorptions minima occur in fluorescence excitation, both in the UV/VIS
region (see Figure 3.8) and the VUV (Section 3.11). Further proof that
the b 6 '(09 ) state is predissociated lies in the behaviour of
fluorescence from the E(0) state which couples to the predissociating
state via the b6 '(0) state. Between - 58,850 and 59,740 cm -1 (a region
corresponding to v' = 3 to v' = 5 of the b 6 1 (0) state) total loss of
fluorescence occurs. This region must correspond to the energies at
which the repulsive curve crosses the inner limb of the b 6 '(0) Rydberg
potential. At these energies the Rydberg levels would be extremely

- 92 diffuse and predissociation pathways would open for the E(0) state over
the same energy range, resulting in the complete loss of fluorescence
observed. To higher energies, predissociation again occurs only when
resonance between Rydberg and ion-pair levels is achieved.

Selection rules for predissociation are very similar to those
for perturbation [14]. Thus in Hund's case (c) a repulsive state which
strongly predissociates the b 6 '(04 ) Rydberg must also have an 2 value of
O. The repulsive state will have an extremely steep inner limb and
must correlate with ground or spin-orbit excited iodine and chlorine
atoms. The same repulsive state will cut through the inner limbs of the
a 6 (1) and b 6 (1) Rydberg potentials and may be responsible for the
predissociation channel in these states. However, many repulsive states
must lie in this area and the predissociation of the a 6 (1) and b 6 (1)
states could equally well occur via some other state.

3.7

The Diabatic versus Adiabatic Model

Either the diabatic or adiabatic picture can be chosen to
represent a perturbation between two states of the same symmetry. The
vibrational eigenfunctions of potentials from either approximation do
not exactly represent the observed levels. Interaction matrix elements
between these zero-order levels must be added in order to reproduce the
levels observed experimentally [33]. The electronically coupled states
may be described either in:-

(i) the diabatic mode:= E a i $i d X i d

+

E b 22 dx

2d

V1

or (ii) the adiabatic mode:= E
V1

CV1

o i ad XV1, d

ad
+ E d2$2v
ad "v 2
v2

- 93 where 1 and 2 refer to the interacting electronic states and • and X to
the electronic and vibrational eigenfunctions respectively. The noncrossing rule, referred to earlier, applies only for exact solutions of
the electronic Hamiltonion [33]. In the present case, the experimental
results can best be described by the diabatic (curve crossing) model.

There are several reasons why the diabatic model is preferred
over the adiabatic. A schematic diagram of the two approximations,
adiabatic and diabatic, is displayed in Figure 3.10 for the present case
of Rydberg/ion-pair mixing.

In the adiabatic limit the lower potential has a point of
inflection in the region of the avoided crossing while a second tightlybound state is formed at higher energies. The newly formed state has an
ion-pair inner wall and an attractive Rydberg limb. The adiabatic model
has not been adopted mainly because such potentials are inconsistent
with the experimental absorption data.

Figure 3.3 shows E(0) ion-pair absorption extending from
158 - 166 nm, in the same region as first reported by Venkateswarlu [7].
From the fluorescence excitation it can be see that ion-pair absorption,
although weak, extends as far red as -190 nm (Figure 3.6). Such long
ranging absorptions are typical of ion-pair states [34]. Absorption to
the inner limb of the lower, adiabatic potential is not expected to
continue down to 158 nm. Around r X of the avoided crossing the inner
limb of the lover adiabat swings out to shorter r to become essentially
that of the b 6 1 (0') diabatic Rydberg state. Since r 0 of the Rydberg
state is less than the ground state re the adiabat quickly moves out of
the Franck-Condon region as the excitation energy is increased.
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b 6 '(0)

7*1
'-4
a)
E(0)

Bondlength
Figure 3.10

- Diabatic representation of the b 6 '(O 4 ) and E(0)
potentials (solid curves). An avoided crossing
(adiabatic model) between the two states is shown
by the dashed curves around the crossing point.

- 95 Assuming that the b 6 1 (0) Rydberg state lies at the same r 0 as the b 6
(1) state (see Figure 3.9), the probability that absorption continues up
the b 6 1 (0) inner limb to the v' = 13 level at - 63,000 cm' (-159 nm)
is extremely low.

In the adiabatic limit the "new" tightly bound state (the upper
adiabat) lies in the Franck-Condon region. Absorption to this state
should be observed if the adiabatic model is a good approximation. This
situation was reported experimentally for C1 2 [4], where 'E, Rydberg
and ion-pair states avoid each other strongly. The upper adiabat is
narrow in comparison to a normal Rydberg state and subsequently has
widely spaced vibrational levels. No absorption bands fitting this
description were found in the ICl absorption. A possible vibrational
progression of the upper adiabat is observed in the fluorescence
excitation band system between 59,700 and 63,500 cm -1 (167.5 - 157.5 nm)
but as no corresponding absorption bands exist, the observation of an
appropriate progression appears coincidental only.

Ion-pair vibrational spacings measured from the absorption
spectrum in the 158-166 nm region (Figure 3.3) and the fluorescence
excitation in the 174.5 - 177.0 nm region (Figure 3.6) agree, within
experimental error limits, with the vibrational spacings of a basically
unperturbed ion-pair potential as reported by Austin [35].
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A Detailed Analysis of the Absorption Profile

From the absorption and fluorescence excitation spectra it has
been deduced that ion-pair absorption to the E(0') state extends from
158 nm to approximately 190. Bibinov and Vinogradov [10] assigned the
absorption "continuum" rising to a maximum around 158 nm to the
E(0)

X('E) transition. However, from the E(0) ion-pair potential

derived by Austin (see Reference 35 and Section 4.6), which reproduces
the observed vibrational spacings and dispersed fluorescence of the
E(0) state, it is predicted that E(0) absorption is strongest around
167 nm (59,880 cm -1 ). Absorption to an ion-pair state is expected to be
roughly gaussian in shape, as observed for the I 2 (D('E)) state [36],
due to reflection of the probability distribution of the v = 0 groundstate vibrational level. Therefore, the observed absorption profile of
a "continuum" rising to a maximum followed by an almost immediate cutoff, suggests that contributions from other absorbing states are
present. c 6 (1) Rydberg absorptions do occur around 158 nm
(63, 290 cm- 1

)

(

Figure 3.7) but should not add markedly to the

"continuum". Similar absorption profiles have been observed for Br
[27] and IBr [37].

A possible candidate for absorption in this region is the f(0)
ion-pair state which correlates with I( 3 P0 ) and C1('S) ions. The
f(0) state belongs to the second cluster of ion-pair states and has a
T. roughly 6000 cm -1 above that of the E(0) state [3]. Absorption to
the !(0) state lies to the blue of E(0) absorption. From the
dispersed fluorescence it is known that the f(0) state is populated. A
system attributed to the f(0) 4 X('E) transition has been observed

- 97 following excitation at both 176.0 nm and 164.0 nm (see Chapter 4).
Population of the f(0) state may occur by either direct absorption or
via homogeneous coupling with the E(0) state.

The observation that the intensity of f(of) fluorescence is
constant relative to the E(O')

9

X('L) system, following excitation at

either wavelength, favours the latter process of population. If direct
absorption to the f(o4) state did occur, the relative intensity of f(0)
to E(0) fluorescence should increase as the excitation wavelength
decreases. No significant increase has been observed experimentally.
In addition, the ion-pair vibrational spacing found in absorption
(Figure 3.3) and fluorescence excitation (Figure 3.6) shows the presence
of one vibrational progression only.

By analogy with the corresponding states of 12 [25], it is
predicted that single photon absorption to the f(Of) state is much
weaker than to the E(0). This can be rationalised by considering the
molecular orbital configurations of the relevant states. The E(0)
state has an electron configuration of 1441 while the f(0) correlates
with a configuration of 2332. Only the E(0) state is accessible from
the ground state (2440) by a single electron transition. Absorption to
the f(0) state may underlie the stronger E(0)

4-

X('E4 ) transition but

be sufficiently weak that f(Ø4) vibrational separations are not
observed.

The question concerning the method of population of the !(0)
state remains unanswered. Evidence from dispersed fluorescence suggests
that population of the f(0) state occurs via coupling with the E(0)

- 98 state. However, an underlying contribution to absorption from the f(0')
state in the "continuum" region is not unexpected. A repulsive state,
most likely correlating with ground state atoms, could also contribute
to absorption in this region. The facts remain that fluorescence from
the f(0) state is observed and that the absorption profile between 158
and 166 nm Is unusually shaped. The irregularily shaped absorption
profile has been attributed to the presence of absorbing states other
than the E(O') state and two possible modes for j(0) state population
have been proposed.

3.9

Pressure Dependence of Fluorescence Excitation Spectra

A pressure dependence study of the fluorescence excitation
above 158 nm was carried out on station HAl2. As the sample chamber
consisted of a Spectrosil cell the intensities of the banded system in
the 158 - 167 nm region were affected by the cell transmission function.
This is illustrated by the differing intensities of spectra recorded on
stations HAl2 and FS13.

Figure 3.11 shows the fluorescence excitation between 158 and
195 nm recorded over a range of N 2 pressures varying from 0 to 92 Torr.
The ICl and C1 2 pressures were held constant throughout at 1 Torr of
each. As the pressure of N 2 is increased several changes are observed,
the most dramatic being the loss of structure to the red of 174 nm. In
Section 3.4 the formation of minima in this region was attributed to two
effects:-
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C)
U)
U
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Figure 3.11 - Fluorescence excitation spectra of IC1 recorded employing varying N 2 pressures:
(a) 0 Torr (b) 8.5 Torr (c) 29 Torr (d) 60 Torr and (e) 92 Torr. IC1
pressure = C1 2 pressure = 1 Torr. AX = 0.3 nm.

- 100 (1) The optical thickness of the sample.

(ii) Electronic - rotational coupling between the E(0 4 ) and a6 (1)
states.

From Figure 3.11 it is observed that the five minima between
174 nm and 180 nm disappear as N 2 pressure increases. These minima lie
at positions of the (5,0) - (9,0) bands in the a 6 (1)

X('E)

transition. Only the (5,0) band appears in absorption, and then only
weakly. The minima to the red of, and including, the (4,0) band at
181 nm remain irrespective of sample pressure. The behaviour of the
minima under increasing pressure has helped identify the boundary
between the two different series and thus to estimate the point at which
the a 6 (1) and E(0) states intersect.

Minima formed as a result of the optical density of the sample
correlate with the a 6 (1) absorption bands as at these wavelengths the
Rydberg absorption cross-section is much greater than that of the
fluorescing ion-pair state. The dominant process in formation of these
minima is absorption to the a 6 (1) state, a process uneffected by N 2
pressure. The Rydberg levels may broaden slightly but the effect is
basically pressure independent.

By contrast, the dip-resonances arise through coupling between
the E(0) ion-pair and the a 6 (1) Rydberg states and these minima are
pressure dependent. As the N 2 pressure increases quenching of the
initially populated ion-pair levels occurs. This has been observed for

- 101 other halogen and interhalogen molecules L38-401 with cascading taking
place from the initial, high vibrational levels down through the ionpair manifold to the foot of the lowest ion-pair cluster. IC1 is no
exception as can be seen in Chapter 4 where the dispersed fluorescence
in the presence of foreign gas shows strong emission from low
vibrational levels of the D', Q = 2, ion-pair state which lies in the
lowest cluster. The quenching process competes with the loss mechanism,
opened up by coupling between the E(0') and a 6 (1) states, until at
relatively high pressures (- 60 Torr N 2 )interstate transfer becomes
dominant. The filling-in of the dip-resonances shows that the loss
mechanism active at positions of v' = 5 - 9 in the a 6 (1) state does not
take effect instantaneously. Vibrational levels at these wavelengths
are sufficiently long lived that collisions with an inert gas can quench
the excited IC1 molecules out of the interaction zone.

Such an effect is also observed for the homogeneous interaction
between the E(0) and b 6 '(0) states. This is most obvious in the
banded system between 159 nm and 167 nm. As N 2 pressure increases the
ratio between fluorescence excitation maxima and minima decreases,
although loss of fluorescence is still observed especially around
169 nm. Minima in the fluorescence excitation do not disappear
completely, as is observed in the case of the heterogeneous
perturbation, illustrating the strength of interaction between the two
2 = 0' states. At N 2 pressures >30 Torr fluorescence is even observed
between 167 nm and 170 nm; the region where it is proposed that the
predissociating state crosses the b 6 '(04

)

inner wall (see Section 3.6).

- 102 A similar effect has been reported by Bibinov and Vinogradov
[10] with Ar pressures ranging from 20 Torr to 760 Torr.

Finally, it should be noted that the lover band system
increases in intensity with respect to the system above 170 nm as the N2
pressure is increased. The spectra presented in Figure 3.11 are not
corrected for beam current decay, however as each spectrum was recorded
over the same time interval this should not affect the above
observation.

3.10

The Spectroscopy of IC1 Following Excitation in the
125 - 155 nm Region

The region to the blue of 155 nm has not been studied as
extensively as that to longer wavelengths. One of the reasons being
that ion-pair/Rydberg interactions are predominant above 155 nm whereas
transitions below this wavelength occur mainly to Rydberg states.
Figure 3.12 shows the UV/VIS fluorescence excitation and absorption
spectra in the low wavelength region. Although intense absorptions are
observed over the entire range of excitation wavelengths, fluorescence
only occurs following excitation at or below 140 nm. (The weak system
around 147 nm is due to slight contamination by BrC1). Analysis is
further complicated by the presence of excess chlorine in the sample as
chlorine absorption systems are present in the region X < 140 nm [4].
However, little contribution from C1 2 excited states appears in the
fluorescence excitation of Figure 3.12 since fluorescence from these
states occurs mainly to the blue of 280 nm, the low wavelength limit of
the BG1 filter in use.
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Figure 3.12 - (a) Absorption cross section (IC1
pressure = 25 mTorr, Cl 2 pressure = 50 mTorr)
and (b) fluorescence excitation (IC1
pressure = 45 mTorr, C1 2 pressure = 90 mTorr)
of IC1 and C1 2 in the 125 - 155 nm region.
= 0.1 nfl'.

- 104 Venkateswarlu [7] has assigned the majority of observed bands
in the region below 155 nm as absorptions to Rydberg states which lie
below the vertical ionization limit of ICl at - 123 nm. It has already
been noted that fluorescence is only observed in the VIS/UV region
following excitation to the blue of 140 nm. This is also the case for
fluorescence in the VUV (see Section 3.12) indicating that the Rydberg
states populated by radiation in the 140 - 155 nm region are
predissociated.

V1JV dispersed fluorescence spectra following excitation at
137.0 nm and 130.5 nm are shown in Figure 3.13. The main emission
occurs from excited (Rydberg) iodine atoms with the two intense lines at
178.3 nm and 183.0 nm corresponding to 2 P 372 (6s) 4 2 P 312 (5p) and
4

P 512 (6s) -, 2 P 32 (5p) atomic iodine transitions respectively.

Following excitation at 137.0 nm a third more extensive system is
observed extending to the blue from a red extremum around 200 nm. This
emission is identified as the 1 'E

9

x 1

Lg transition of molecular

chlorine which has been extensively studied by Moeller et al [4].
Absorption to the 1 'Eu l state does not take place at an excitation
wavelength of 130.5 nm.

From the fluorescence excitation of the two atomic lines shown
in Figure 3.14 it is observed that formation of excited iodine atoms
commences around 146.6 nm (excitation bandwidth AX = 4.5 nm) whereas the
theoretical threshold for formation of 1* (6s 4 P 512 ) atoms lies at
138.9 nm. The two bands observed above 155 nm are due to bound-bound
fluorescence of IC1 and scattered excitation light. The onset observed
experimentally is slightly misleading as the 1* fluorescence excitation
is convoluted with that of C1 2 (1 'E

4

X

emission which, also,
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Figure 3.13 - Dispersed fluorescence spectra of IC1 and C1 2
excited at (a) 130.5 nm and (b) 137.0 nm.
Fluorescence was excited with a bandpass of
4.5 nm and analysed with 2.0 rim resolution.
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- Fluorescence excitation spectrum of the 1* 2 P 312 and 4P3 2 atomic lines. Fluorescence
was excited with a bandpass of 4.5 nm and detected at 117 nm (AX = 6.0 nm). IC1
pressure = 133 mTorr, C1 2 pressure = 266 mTorr.

- 107 has a component around 177 nm, the detection wavelength (detection
bandwidth &. = 6.0 nm). However, as C1 2 fluorescence is weak in
comparison with the iodine atomic lines it is believed that
1* (6s 4 P 512 ) atoms are formed close to threshold. The thermodynamic
threshold for 1* (6s 2 P 312 ) formation lies at 136.1 nm but as the two
atomic transitions are so close-lying their excitation functions cannot
be differentiated at a resolution of 6.0 nm. The calculated threshold
for formation of the next 1* excited atom, 1* (6s, 4 P 1,, 2 ), is 127.7 nm
and lies below the cut-off wavelength of the CaF 2 focussing lens.

Production of 1* (6s 4 P 512 ) and 1* (6s 2 P 312 ) atoms at
excitation wavelengths below 140 nm must occur via predissociation of
the initially populated Rydberg states. At excitation wavelengths above
140 nm no fluorescence is observed as the predissociating states
correlate with ground-state

2P312

1/2

atoms but to lower wavelengths

the excitation photons contain sufficient energy for the predissociating
states to correlate with 1* atoms.

In the UV/VIS fluorescence excitation (Figure 3.12) 1*
formation is not monitored directly by 1*

4

I fluorescence but rather by

emission from the ICl D'(2) ion-pair state which is formed in a
secondary collision process. Figure 3.15 shows dispersed fluorescence
in the UV/VIS and VUV regions following excitation at 139.0 nm. The
region below 200 nm is as for excitation at 137.0 nm with
C1 2 (1 'E -' X 1E 9 +) bound-free fluorescence extending to the blue from
199 nm and the two 1* atomic lines just resolved around 178 nm.

Fluorescence from the C1 2 (1 1E) state to bound levels of the ground
state is observed at and to the red of the excitation wavelength. The
weak emission in the UV-VIS region above 280 nm is responsible for the
fluorescence excitation spectrum of Figure 3.12.
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Figure 3.15 - Dispersed fluorescence spectra of IC1 and C1 2 excited at 139.0 nm with a
bandpass of 4.5 nm. VUV/UV fluorescence was analysed with 4.0 nmresolution
and the UV/VIS fluorescence with 1.7 nm resolution. Id pressure = 283 mTorr,
C1 2 pressure = 567 inTorr.

- 109 Several systems in emission are identified above 200 nm. The
fluorescence bands between 200 and 310 nm are attributed to emission
from excited Cl 2 states, although the origin of these bands is still
speculative [41]. The fluorescence system with maximum around 430 nm
extending to the blue corresponds to the IC1 D'(2) - A'(2) ion-pair

4

valence transition. However, in the absence of buffer gas the D'(2)
state cannot be populated by collisional quenching of an initially
excited ion-pair state as discussed in Section 3.9. Furthermore, at
these excitation wavelengths absorption has been assigned to Rydberg
rather than ion-pair states.

This phenomenon has been reported previously for IC1 by
Bibinov et al [10] and also for 12 [42]. The proposed mechanism being
that the IC1 D'(2) state is formed via collisions with excited
1* (6s 4 P 52 ) atoms ie:-

Id (X 'E) + h'h,

9

1*

(4

P 512 ) + Cl

and
I

(4

P 512 ) + IC' (X 'E) -* Id (D'(2)) + I

The UV/VIS fluorescence excitation (Figure 3.12) can be considered the
fluorescence excitation spectrum of this secondary process since the
D'(2)

9

A'(2) emission is the main system within the detection filter

bandpass. From Figure 3.12 the observed threshold for D'(2)

9

A'(2)

fluorescence and thus for 1* (6s 4 P 512 ) formation is 140 ± 0.5 nm which
corresponds well with the thermodynamic threshold of 138.9 nm.

- 110 atoms play

From a similar study it was concluded that I

Further studies on IC1 are

the major role in 1 2 D 1 (2 g ) formation [43].

necessary to determine the contribution made by the 1* (6s 2 P 312 ) atom.
It has also been found that for 12 the yield of excited atomic product
follows the absorption spectrum closely [34].

Such an observation

cannot be made with ICl due to the superposition of IC1 and C1 2
absorption bands in the energy region above threshold.

Following excitation at wavelengths below 140 nm it is observed
that molecular ICl is predissociated to form 1* 4 P 5

,, 2

and 2p 3/2 excited

atoms which subsequently collide with ground state ICl to form the D'(2)

ion-pair state. This reaction occurs from the thermodynamic threshold
for formation of the 1* 4 P 512 atom and continues down to the CaF 2 cutoff at 128 nm. Further studies in this region are necessary to
determine the exact mechanism for formation of the D'(2) state and the
contributions that the different 1* excited atoms make to this process.
Additional questions such as why the D'(2) state is populated
preferentially to the (1) and E(0) states in the same ion-pair cluster
should also be considered.

3.11

Fluorescence Excitation in Three Spectral Regions

Fluorescence excitation spectra were recorded employing three
filter - photomultiplier combinations to cover the wavelength range from
128 - 600 mm. The resulting spectra are displayed in Figure 3.16 : the
detection ranges being 128 - 600 nm, 128 - 195 nm and 280 - 480 nm for
the top, middle and bottom traces respectively. The photomultiplier
response curves are shown in Figure 3.17.

A BG1 filter (bandpass 280 -

480 nm) was employed in conjunction with the EMI 98830KA tube. For ease
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Figure 3.16 - Fluorescence excitation spectra of IC1 and C1 2 (1 2 mixture) showing fluorescence
collected in 3 spectral regions. (a)
128 - 600 nm, AX = 0.2 nm, P = 120 mTorr,
(b)
128 - 195 nm, AX = 0.3 nm, P = 110 mTorr and (c)
280 - 480 nm, AX = 0.1 nm,
P = 135 mTorr. All spectra are normalised to the most intense peak.
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Figure 3.17 - Photomultiplier response curves. A - EMI G26E314LF solar blind tube, B - EMI G26K314LF
tube with a bialkali photocathode and C- EMI 9883QKA tube. Response curves are all
normalised to the most intense peak.

- 113 of comparison each spectrum has been normalised to the most intense
peak.

There is little difference in the fluorescence excitation
spectra following excitation at wavelengths above 155 nm; apart from the
loss of sensitivity in the VUV only spectrum above 170 run which is a
function of the photomultiplier response curve. To shorter wavelengths
the fluorescence excitation spectra are again similar, the differences
between the three spectra being due partly to differing resolutions and
partly to contributions from the VUV C1 2 systems which are detected in
the VUV only (top trace) and the VUV/UV/VIS (middle) trace.

Figure 3.16 shows that the emitting states excited by radiation
of X > 155 nm have extensive fluorescence systems ranging from the VUV
through the UV to the visible region. For X. < 143 nm two separate
processes occur as discussed in the previous section.

4 P 52

and

2p

3/2

formation and fluorescence, detected in

the VUV.

Formation of the D'(2) ion-pair state by collisions of
excited iodine atoms with ground state IC1 molecules. This
process is detected in the UV/VIS region.

As both processes depend on production of 1* excited atoms, the
ICl fluorescence excitation spectra of the different spectral regions
are similar (allowing for the afore-mentioned contributions from C1 2
fluorescence). No fluorescence is observed following 143 - 158 nm

- 114 excitation indicating that states populated by radiation in this region
are predissociated.

Finally, no evidence for fluorescence from the a 6 (1) and
b 6 (1) states is observed although fluorescence from these states has
been reported by Haranath and Rao [9]. Even in the VUV sensitive
fluorescence excitation spectrum, minima appear at the positions of
a6 (1) and b 6 (1) Rydberg absorptions. The experiments of Haranath and
Rao were conducted in a condensed transformer discharge and it is
possible that inverse predissociation of 1* and Cl atoms occurs to form
a 6 (1) and b 6 (1) Rydberg states which subsequently fluoresce, as
observed for the All free radical [44]. From this work it can only be
concluded that a 6 (1) and b 6 (1) fluorescence is weak, if present at
all, and that a predissociation channel for these states must also
exist.
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- 118 CHAPTER FOUR

DISPERSED FLUORESCENCE FROM THE ION-PAIR STATES OF ICI
FOLLOVING LASER AND SYNCHROTRON RADIATION EXCITATION

4.1

Introduction

Dispersing fluorescence from initially populated upper levels
serves two purposes as it assists in identification of the emitting
state(s) and also aids characterisation of potential curves.
Fluorescence from an ion-pair state is generally recognisable by the
distinctive oscillatory continua which result from transitions between
high vibrational levels of ion-pair states and unbound portions of
valence states, hence the term bound-free fluorescence. Such emission
is a consequence of the difference in re between the ion-pair and
ground state and also the application of the Franck-Condon principle,
especially the often neglected conservation of momentum tenet.

It was only as recently as 1971 that Mulliken introduced a
semi-classical treatment to interpret so called "structured continua"
emission and applied this method of analysis to the 12 McLennan bands
[1, 2]. Since that date many bound-free systems have been identified
and analysed not only in halogen spectroscopy [3 - 6] but also in
emission from other species such as the rare gas halides [7, 8]. The
theory and methods for simulation of bound-free fluorescence have been
dealt with extensively elsewhere [9 - 11] and will only be described
briefly in this work.

- 119 Population of the E(0) ion-pair state was achieved by two
methods. Firstly by single photon excitation to high vibrational
levels, v' > 104, employing broad bandpass synctrotron radiation (SR)
and secondly by the optical-optical double resonance (OODR) technique
which allowed excitation to single rovibrational levels in the
V,

= 3 - 116 range. Initially, it was hoped that the energy regions

accessed by the two techniques would overlap considerably allowing a
more detailed study to be made , of the higher vibrational levels of the
E(0) state. However, OODR excitation was limited to an upper v'
value of 116 mainly because of poor Franck-Condon factors for the
transition from the intermediate to final state.

Dispersed fluorescence spectra were recorded over a broad
wavelength range incorporating both the short wavelength bound-bound
limit and the long wavelength extremum of the bound-free system. For
SR excited levels two monochromators, one a vacuum ultraviolet (VUV)
and the other an ultraviolet/visible (UV/VIS) instrument, were
necessary to cover the range of ion-pair fluorescence, while at lower
excitation energies one was sufficient. Bound-bound fluorescence is
important in the determination of the repulsive wall of the ion-pair
state providing that the lower state, in this case the X ('E 4

)

ground

state, is well known.

Preliminary quenching experiments in the presence of foreign
gas were also carried out.

Further details of the spectral simulations and the
construction of the E(0) potential curve can be found in Reference 9.
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Experimental

4.2.1

Synchrotron Radiation Excitation

Dispersed fluorescence spectra were recorded on two stations
at the SRS; stations FS13.2 and HAl2. On station FS13.2 VUV/UV and
UV/VIS dispersed fluorescence spectra were collected simultaneously
utilising a 0.2 m Acton (Model VM - 502) and a 0.25 m Spex (Model
Minimate) monochromator respectively.

The Minimate monochromator was

equipped with a 2400 groove mm-1 aberration corrected concave grating
with a linear dispersion of 2 nm mm-1 while the Acton had a
1200 groove mm -1 aberration corrected concave holographic grating with
a linear dispersion of 4 nm mm-1 . An EMI 98830KA photomultiplier
(response - 200 - 600 nm) detected UV/VIS dispersed fluorescence while
on EMI G26K314LF tube (response - 110 - 600 nm) was employed in
conjunction with the Acton monochromator. Combined photomultiplier monochromator response functions, determined by Dr P Greenhill, are
displayed in Figure 4.1. The dispersed fluorescence spectra recorded
on station FS13.2 are corrected for the relevant response functions
unless otherwise stated.

Preliminary dispersed fluorescence experiments were carried
out on HAl2 with the Spex Minimate monochromator. For these
experiments the grating in use had 1200 groove mm giving a linear
dispersion of 4 nm innr' and was blazed at 500 nm. A cooled Mullard
XP20200 photomultiplier was employed to detect UV/VIS fluorescence.
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Figure 4.1 - Photomultiplier - monochromator response functions for (a) EMI G26K314LF Acton VIJV monochromator and (b) EMI 98830KA-Minimate UV/VIS monochromator
combinations. Both traces are normalised to the most intense peak.
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Optical - Optical Double Resonance Excitation

Lambda Physik 3002E and 2002 dye lasers were pumped
simultaneously by a Lambda Physik 201 MSC XeC1 excimer laser to
provide the pump and probe photons respectively for double resonance
excitation to the E(0) state. Rhodamine 6G and Rhodamine B laser
dyes were used in the pump laser while various dyes (Coumarin 47, BisMSB, QUI, DMQ and PTP) were employed to probe the E(0) v' = 3 - 60
region. To access vibrational levels above v' = 60 the output from
Rhodamine 101, Rhodamine B, Rhodamine 6G and Coumarin 153 dyes was
frequency doubled with a FL30 KDP crystal. The fluorescence signal
was collected perpendicular to the axis of the collinear laser beams,
dispersed by a Jobin Yvon f17 monochromator and detected by either an
R166 or R928 Hamamatsu photomultiplier tube. The Jobin Yvon
monochromator was situated on the blue extremum of the E(0)

4

X('E)

fluorescence to minimise contributions from other fluorescence
systems. The signal was processed by a Stanford Research SR 250
boxcar and recorded simultaneously on a chart recorder and an IBM PC.
Scanning the probe laser and tracking of the frequency doubling
crystal was also controlled from the IBM PC.

The pump laser frequency was calibrated by simultaneously
recording ICI and 12 fluorescence excitation spectra on a two-channel
chart recorder (Kipp and Zonen BD9) and comparing the 12 spectrum with
an atlas of iodine line frequencies [12]. Calibration of the probe
photons proved more complex as several energy regions were involved.
Frequency doubled photons could be calibrated accurately by comparison
of the undoubled dye laser output with 12 fluorescence excitation, as

- 123 above. However, probe photons of wavelength less than 400 nm had to
be calibrated less satisfactorily; using various hollow cathode lamps
to produce an offset value for the dye laser counter reading. The
different calibration methods led to varying errors in the term values
of E(0) rovibrational levels populated, typically ±0.8 cnr', or
better. All laser experiments were carried out at pressures of 1 Torr
ICl and 1 Torr C1 2

.

Further experimental details are given in Chapter 2.

4.3

Oscillatory Continuum Emission

Oscillatory continuum emission occurs from a bound upper
state to either unbound portions of a lower bound state or to a purely
repulsive state. Such continua are observed extensively in emission
from ion-pair states as fluorescence from vibrationally excited ionpair levels samples many unbound lower levels. Such bound-free
emission can only be interpreted by close consideration of the FranckCondon principle.

The classical Franck-Condon principle states that in an
electronic transition the positions and momenta of the nuclei tend
strongly to remain the same. Thus transitions from a vibrationally
excited upper level cannot terminate on the classical turning points
of the lover potential where the molecule possesses no kinetic energy,
with the exception of transitions from the upper state turning points.Instead, electronic transistions terminate on a difference potential,
termed a Mulliken difference potential, the locus of points where
nuclear position and kinetic energy are conserved ie. points of

- 124 stationary phase. In Figure 4.2 the Mulliken difference potential for
Id E(0)

4

X( 1 E) emission from v' = 173 of the E(0) state is

represented by the dashed curve.

Classically, a smooth continuum of fluorescence frequencies
is expected but as the term oscillatory continuum implies this is not
observed. In the case of an extremum in the difference potential, as
shown here, two oscillation frequencies occurring as a result of
quantum mechanical diffraction effects are superimposed upon the
classical continuum. Such emission is referred to as a double
frequency or interference type oscillatory continuum [10]. The two
oscillation frequencies arise from separate effects:-

Phase matching of the upper and lower wavefunctions, 4 1 (r)
and *"(r), as a function of r.

Interference between transitions which have the same
E'-E'' value but which terminate on different branches of
the difference potential.

Consider the phase matching of the upper and lower
wavefunctions. Due to the Franck-Condon principle the two
vavefunctions, *p'(r) and *''(r), must possess the same de Brogue
wavelength at a given r as:-

X =

h
(2i.iK) 112

where i is the reduced mass of the
molecule and K is the kinetic energy
of the molecule at internuclear
separation, r.
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- 126 However, the two wavefunctions are not necessarily in phase. The high
frequency oscillation observed is a result of interference between the
*'(r) and qi''(r) vavefunctions.

The second interference effect, between the overlap integrals
fq,'(r)qi''(r)dr at the two points of stationary phase with common E",
is responsible for the lower oscillation frequency.

On consideration of Figure 4.2 one expects three intensity
maxima to occur in the fluorescence. One at both Vmax and

Vme d

corresponding to the left and right turning points respectively and
one at V.in which correlates with transitions to the maximum of the

Mulliken difference potential. This third intensity maximum is
observed since the Mulliken difference potential is relatively flat
around this point, allowing transitions to occur at frequency

Vmin

over a large range of r.

A second class of oscillatory continuum emission, referred to
as single frequency or reflection type emission [10], is observed if
the difference potential is monotonic (ie. there is one point of
stationary phase at each emission wavelength). In this case, only
$'(r) and p''(r) phase matching takes place and two intensity maxima
are observed.

Oscillatory continuum emission is a good example of a quantum
mechanical interference effect. The shape and frequency of the
observed oscillations provides information on the two potential curves
involved in the transition and thus is most valuable if one is already
well characterised [3].
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Dispersed Fluorescence Following Synchrotron
Radiation Excitation

Figure 4.3 shows the UV/VIS dispersed fluorescence following
single photon excitation at 176.0 and 164.0 nm. Several fluorescence
systems are observed in the 280 - 500 nm range. An extensive
oscillatory continuum is observed with red extremum at - 410 nm while
a second, less intense red extremum is sited around 325 nm. To the
red of 420 nm a range of less structured bands is observed which may
belong to one or more emission systems.

The majority of fluorescence in the 280 - 420 nm range has
been assigned to the E(0) -, X ('E(0)) oscillatory continuum. This
system belongs to the double frequency or interference category of
bound-free emission. Here two oscillation frequencies are
superimposed upon the continuum predicted by classical mechanics,
indicating that the difference potential has a maximum. In Figure 4.4
the computer simulated and observed fluorescence spectra are displayed
for 176.0 nm excitation. Computer simuitations of the dispersed
fluorescence were carried out using the well characterised groundstate potential [13, 14] and a variable potential for the upper E(0)
state. The parameters of the E(0) potential were adjusted until the
simulated fluorescence agreed well with that observed experimentally.
The functional form of the ion-pair potential and the final E(0)
potential curve are discussed in Section 4.6.
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- Dispersed fluorescence spectra of IC1 and C1 2 excited at (a) 164.0 rim and
(b) 176.0 nm. Fluorescence was excited with a bandpass of 4.5 nm and analysed
with 1.7 rim resolution. (a) Id pressure = 337 mTorr, C1 2 pressure =
675 rnTorr. (b) ICl pressure =32OrnTorr,C1 2 pressure = 640 inTorr. Both
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- Observed and simulated dispersed fluorescence of IC1 excited by synchrotron
radiation at 176 nm. Fluorescence was excited with a bandpass of 4.5 nm and
analysed with 1.7 nm resolution. Ratio of IC1:Cl 2 pressure employed is 1:2
with Pica = 320 mTorr. Fluorescence is not corrected for the response function
of the analysing system.

- 130 As the SRS is a less intense source than a laser system a
broad excitation bandpass was necessary for detection of dispersed
fluorescence. The excitation bandpass for the spectra in Figures 4.3
and 4.4 was 4.5 nm (FWHM) which populated approximately 25 vibrational
levels at 176.0 nm excitation. The large number of emitting
vibrational levels was accounted for in the simulations by including
contributions from 20 vibrational levels selected from a range of 30
centred around the excitation energy. All simulations were carried
out for the natural isotopic mix of Id.

The dispersed fluorescence spectra following excitation at
176.0 nm and 164.0 nm are very similar. From Figure 4.3 it is
observed that, within the accuracy of the experiment, the position of
the E(0)

4

X('E) long wavelength extremum is independent of

excitation wavelength. This is a general property of double frequency
oscillatory spectra since as the excitation wavelength increases so
too does the energy of the Mulliken difference potential maximum. The
computer simulation of the IC1 E(0) - X('E) oscillatory continuum
following 176.0 nm excitation has verified that this is, as expected,
the main emission system in the IJV/VIS region. Owing to the spectral
similarities and behaviour of the fluorescence system with varying
excitation energy, it is concluded that the E(0) - X('E 4 ) transition
is the main fluorescence process following excitation at wavelengths
above 155 nm.

It is noted that the second maximum observed around 325 nm
also remains invariant with excitation wavelength. This system has
sufficient structure to suggest that it too is the long wavelength

- 131 extremum of a second, double frequency oscillatory continuum. An
obvious candidate for the upper state is the f(0) ion-pair state
belonging to the second ion-pair cluster and correlating with 1

(3

P0

)

and Cl- ('S) ions at dissociation.

The f(0') state lies 5,864 cm -1 above the E(0) state at
44,924 cm-1 [15] and from Austin's RKR analysis [9] is also known to
lie at a similar re. Assuming that the shape of the f(O') potential
mirrors that of the E(04 ) state, it is estimated that the long
wavelength limit of the f(0) -' X('E 4 ) oscillatory continuum lies
5,864 cm' to the blue of the E(0)

4

X('E) red extremum, ie. around

326.6 nm. This is very close to the position of the observed bandhead
and thus the second system has been assigned to the f(0) -' X('E)
oscillatory continuum.

Several diffuse bands are observed beyond 420 nm. From
comparison of the experimental and simulated spectra in Figure 4.4 it
is obvious that an additional system underlies the red end of the
E(0)

4

X( 1 E') emission. This system and the bands in the 440 -

490 nm region are broad and lack structure indicating that these bands
either belong to a single frequency type oscillatory continuum or are
part of unresolved bound-bound systems. The B( 3 110 -,-) state with T at
17,376 cm-1 [16] is the only Q = 0 valence state, apart from the
ground state, which is bound to any significant degree and must be a
likely candidate for the lover state in an E(0) 9 valence state
transition. However, at present there is insufficient data to assign
the fluorescence systems at wavelengths longer than 420 nm and further
experimental work is required.

- 132 Figure 4.5 shows the VUV/UV dispersed fluorescence for the
176.0 nm and 164.0 nm excitation wavelengths. It was hoped that
analysis of the bound-bound fluorescence from the inner turning point
of the upper state could provide information on the nature of the
state, ie. whether there was significant Rydberg character present
after excitation at the lower wavelength. However, due to the poor
resolution of both the excitation and dispersion monochromators,
necessary to detect VUV fluorescence, no pertinent information was
obtained.

The dispersed fluorescence spectra obtained following SR
excitation at wavelengths above 155 nm have identified the E(0) state
as the major emitting state. Two fluorescence systems have been
assigned; the E(0)

9

X( 1 E4 ) and f(0) 9 X('E) systems. Both these

transitions are parallel in nature, 69 = 0, upholding the propensity
rule noted by Brand et al [17] for excitation between valence and
ion-pair states.

4.5

Optical-Optical Double Resonance Excitation

4.5.1

Excitation Scheme

OODR excitation offers various advantages over excitation by
synchrotron radiation, the main one being population of a single
rovibronic level as opposed to many vibrational levels. Previous to
this work the E(0) state had been probed up to v' = 40 via several
intermediate valence states and a set of Dunham parameters produced
which characterised the potential up to v' = 30 [18]. The aim of the
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Figure 4.5

- VUV/UV dispersed fluorescence of ICl and C1 2
excited at (a) 164.0 nm and (b) 176.0 nm.
Fluorescence was excited with a bandpass of 4.5 nm
and analysed with 2.0 nm resolution. (a) ICI
pressure = 337 mTorr, C1 2 pressure = 675 mTorr.
(b) IC1 pressure = 320 mTorr, C1 2 pressure =
640 mTorr. Both spectra normalised to the most
intense peak.
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of the E(0) state as far up the vibrational manifold as possible.

Three valence states present themselves as possible
intermediates in the pump-probe sequence, the B( 3 110 +), A( 3 111 ) and
A'( 3 112 ) states which all belong to the 2431 molecular orbital (MO)
configuration. These are the only three valence states, apart from
the ground state, which are bound to any considerable extent. The
A'( 3 112 ) state can be discounted immediately as the AQ = 2 transition,
A'( 3 T12

)

4-

X('E),

is not allowed. Theoretically, either the A( 3 n 1 ) or

B( 3 11 0 +) states can be used as the intermediate in the
E(0) 4- ? 4- X('E') excitation sequence.
The A( 3 n 1 ) state is lower lying (Ta = 13,742.9 cnr' [19]) and
is relatively unperturbed whereas the B( 3 110 +) state lies at higher
energy (Ta = 17,375.6 cm -1 ) and interacts strongly with the repulsive
Y'(0) state to form an avoided crossing [20]. The result of this,
and other interactions, is that the B( 3 110 +) state is only bound up to,
and including, v' = 2 and has a considerably shorter radiative
lifetime than the A( 3 111 ) state. The lifetime of the A( 3 fl1 ) state lies
in the 405 - 460 i's range, dependent on the excitation wavelength,
[21] while the reported B( 3 110 +) lifetime is 4.88 is for v' <2 [22]
decreasing to less than a nanosecond for the predissociated v' = 3
level [20]. As T. of the B( 3 fl0 -+) state lies below the dissociation
limit of the A( 3 111 ) state, overlap between the A( 3 n1)

4-

X('E) and

B( 3 11 0 +) 4- X('E) absorption bands is observed (see Table 1.1).

- 135 The A( 3 111 ) state appears the more attractive intermediate as it is
more stable. However, there is no record of an E(0)

A( 3 n 1 )

transition which is not perturbation aided. Bussieres and by [18]
have reported excitation to the E(0) state via the A( 3 111 ) state but
only through E(0) - (1) and A(1) - (0) perturbations, where the
unknown (0) state is probably the al(0) state of Brand et al [ 2 3].
Initially, an attempt was made to use the A( 3 n 1 ) state as the
intermediate, pumping mainly through the 039 rotational line of the
1 35 C1(19,0) vibrational band. In theory, the E(0)

4-

A( 3 fl1 ) A9 = 1

transition is allowed, although Brand's Q = 0 propensity rule for
ion-pair

4-

valence excitation is noted. Brand and coworkers employed

photographic detection in their experiments and this is probably the
reason why AQ = 1 transitions were not observed as analogous
transitions have been reported for 12 using fluorescence excitation
techniques [24]. In this work, three ion-pair states were accessed
from the A( 3 111 ) state and were assigned as the (1)( 3 P 2 ), G(1)( 3 P 1
and f(0)( 3 P0 ) states, where the

( 3

)

P) term is the state of the I ion

with which the ion-pair state correlates diabatically. These
assignments were made on the basis of preliminary dispersed
fluorescence studies and the rotational structure observed in the
fluorescence excitation. Following a 69 = 0 excitation, P and R
branch transitions are observed in the upper state fluorescence
excitation while P, Q and R branches, with the 0 branch predominant,

are found in a perpendicular (62 = 1) excitation step. The excitation
of these states will not be pursued further as this work is mainly
concerned with the E(0) ion-pair state. No evidence for population

- 136 of the E(0) state was observed. However, by population of the f(0)
state the AQ = 0 propensity rule for valence - ion-pair transitions
appears to have been broken. Further investigation is necessary to
determine why the f(0) but not the E(0) state can be populated via
the A( 3 111 ) intermediate. This observation presents an interesting
theoretical problem, while limiting the choice of intermediate state
for unperturbed access to the E(0) state to the B( 3 110 +) state.

Figure 4.6 shows the fluorescence excitation of the
Id

B( 3 fl0 +) - X ('E) (1,2) vibrational band alongside the

fluorescence excitation of 12 in the same spectral region. The 1 2
spectrum provided calibration by comparison with an atlas of 12 line
frequencies [12] while the populated rotational levels were calculated
using the constants of Hansen et al [16] for both the ICl B( 3 110 +) and
X( 1 E) states. Little contribution from the A( 3 n 1 )

4

X('E)

fluorescence excitation is observed due to the long radiative lifetime
of this state [21] compared to that of the B( 3 fl0 +) state [22] and the
relatively high pressure of 2 Torr employed in the experiment.

As the B( 3 110 +)

4-

X('E) transition is parallel in nature,

AQ = 0, P and R branches only are expected. The ICl spectrum in
Figure 4.6 is deceptively simple since superposition of 1 35 C1 P and R
branches occurs from the R7 and P1 rotational lines to higher J. The
pump line employed in the majority of double resonance experiments is
marked by a diamond in Figure 4.6 and corresponds to the coincidental
P25 and R31 transitions.
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Figure 4.6 - Fluorescence excitation spectrum of the IC1 B( 3 110 +)v' = 1 4- X( 1 ) v'' = 2 transition
(lover trace) calibrated by simultaneous collection of 12 fluorescence (upper trace).
IC1 fluorescence was collected by a UG5 filter and EMI 9661B PMT, and 12 fluorescence by
a HOYA R64 filter and Hamamatsu R928 PMT. 12 pressure = 300 in Torr; ICl pressure Cl
pressure = 1 Torr. Laser light was generated employing Rhodamine 6G dye, AX = 0.2 cm

- 138 With the pump laser fixed on a known rotational transition,
fluorescence excitation spectra with the probe laser were run. The
detection nionochromator was situated at the low wavelength limit of
the E(0')

4

X('E) system to minimise contributions from other excited

states. An example of the fluorescence excitation of the E(0 4 ) state
which covers the E = 74-77 vibrational range is shown in Figure 4.7.
P and R doublets are observed from each of the two rotational levels
populated in the B( 3 fl0 +) state as expected for a parallel transition.

The combined P25 and R31 pump line to v = 1 of the B( 3 fl0 +)
state from v" = 2 in the ground state was employed to populate the
E(0) state up to v = 100. Above this level the Franck-Condon factors
from v' = 1 became too poor to probe higher vibrational levels. A
second pump line, the P12 line of the B( 3 110 -i-) 4- X ('E) (2,0) band,
was employed to populate higher vibrational levels. However, no
transitions were observed to v' > 116 due to the blue extremum of the
E(0') - X ('E) system entering the VUV and also the recurring problem
of decreasing Franck-Condon factors.

4.5.2

Dispersed Fluorescence

Figures 4.8 and 4.9 show the observed and simulated
E(0) - X('E 4 ) fluorescence system following excitation to the
E3 = 53, 23 and E

3 = 76, 23 levels respectively. Assuming no

significant collisional energy transfer, the dispersed fluorescence
originates from a single rovibrational level. This greatly simplifies
the fluorescence, especially in the bound-bound region, in comparison
with that obtained following synchrotron radiation excitation.
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Fluorescence excitation of the E(0) v' = 74 - 77 vibrational levels, pumped
via the P25 and R31 rotational lines of the B( 3 110 +) - X('E4 ) ( 1, 2) vibrational
band. Fluorescence was collected from the blue extremum of the E(0) - X('Z)
system utilising an EMI 9661B photomultiplier. Rhodamine 101 dye was employed
in conjunction with a FL30 KDP doubling crystal. Probe laser resolution,
0.2 cm-1 . The wavelength scale shows the fundamental probe laser
wavelength.
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- 142 Dispersed fluorescence extending from the bound-bound short
wavelength extremum to the bound-free maximum as shown in Figures 4.8
and 4.9 is extremely valuable. Such fluorescence provides information
on the ion-pair state over the entire breadth of the potential of the
vibrational level excited. Particularly useful is the short
wavelength bound-bound fluorescence from the initially excited state
to low vibrational levels of the ground state. By successfully
simulating the fluorescence in this region the repulsive limb of the
ion-pair state can be located.

Consider the fluorescence from v' = 53, J' = 23 of the E(0)
state (Figure 4.8) and the manner in which this assists definition of
the E(0) potential. Two distinct regions are observed in the
dispersed fluorescence. A bound-bound portion extending from the blue
extremum to around 340 nm and a bound-free portion extending from
340 nm to the long wavelength extremum. Bound-bound fluorescence
defines the E(0) wavefunction near the inner turning point while the
region of the difference potential maximum is defined by the boundfree maximum at 404 nm. A third build-up of intensity is observed, at
- 340 nm, corresponding to the division between bound-bound and boundfree emission. Fluorescence in this region helps to define the
wavefunction at the outer turning point. Thus, the dispersed
fluorescence from v'= 53 samples the E(0) potential across a width of
- 2.5

A

[9].

Dispersed fluorescence from levels excited by the OODR
technique has assisted greatly in characterisation of the E(0)
ion-pair potential, especially in the position of the repulsive limb.

- 143 By comparing the dispersed fluorescence spectra obtained following
synchrotron radiation and OODR excitation the advantages of selective
excitation can easily be appreciated.

4.6

The E(04 ) Potential

The final E(0) ion-pair potential curve was constructed with
information from various sources. As discussed earlier, previous to
this work the potential was well characterised up to v = 30 by the RKR
analysis of Bussieres et al [18]. However, the majority of this
thesis is concerned with excitation to vibrational levels above
v = 130. A potential was sought which could adequately account for
the experimental results obtained over a large vibrational range.

The attractive limb of any ion-pair potential is dominated by
the Coulombic attraction between the oppositely charged ions with
which the state correlates diabatically, in this case I( 3 P 2 ) and
C1('S). Thus, a "Rittner" type attractive limb,

V(r) = D0 - Cur + C3/r 3 - C4/r 4 - C6/r 6

(where Cur represents the charge/charge electrostatic attraction,
C3/r 3 the charge/quadrupole interaction, C4/r 4 the charge/induced
dipole term and C6/r 6 the induced dipole/induced dipole term) was

adopted for the E(0+) potential.

Characterisation of the replusive limb of an ion-pair
potential is more awkward. This limb is often represented by a simple
exponential term, Aexp(-br), which is subsequently "massaged" until a

- 144 good fit to experimental data is observed. lovever, for the E(0)
potential the inner repulsive wall above v' = 30 was defined by 8
points determined from successful simulation of the OODR dispersed
fluorescence and fitted by a spline routine. The latter method is
more versatile and also very accurate as the dispersed fluorescence
can locate the inner wall to within 0.005A.

Accurate term values for the J = 23 rotational level of
selected vibrational levels in the range v' = 47 - 116 were obtained
from E(0) fluorescence excitation spectra. The separations observed
between consecutive vibrational levels give information on the width
of the potential. The corresponding term values and vibrational
spacings of the final E(0) potential curve agree, within experimental
error, with the OODR data. Comparison of the calculated and observed
data is reported by Austin [9].

The final E(0) potential was also in good agreement with the
experimental data obtained following synchrotron radiation excitation.
The dispersed fluorescence from levels populated at 176.0 nm was
successfully simulated, as illustrated in Figure 4.4. In higher
resolution (AX = 0.03 nm) absorption and fluorescence excitation
studies, ion-pair vibrational spacing was observed in absorption
btveen 158 nm and 166 nm (Figure 3.3) and in fluorescence excitation
between 172.5 nm and 176.8 nm (Figure 3.6), with average spacing
ranging from 53 cm -1 to 29 cm'. The E(0) potential reproduces the
vibrational spacing in this energy region, within experimental error
limits.

- 145 The final form of the E(0) potential curve is shown in
Figure 4.10. The potential is that of a typical ion-pair state. No
obvious signs of perburbation are present, even in the region where
the E(0) ion-pair state crosses the b 6 '(0) Rydberg state. However,
the repulsive inner limb does appear to be rather soft ie. not as
steep as expected. This may be due to interactions between the E(0)
and f(0') states and investigation of the f(0) state has begun, to
determine whether this is the case.

4.7

Physical Quenching of the E(0) Ion-Pair State

A preliminary study on quenching of the initially populated
ion-pair levels was carried out. It is well known that in the
presence of foreign gas a collisional cascade occurs down to the foot
of the lowest ion-pair cluster [25]. Strong emission, attributed to
the D'(2)

4

A'( 3 112 ) system, has been observed by Diegelmann et al for

many halogen and interhalogen molecules following electron impact
excitation in the presence of buffer gas [26]. It has previously been
assumed that the D'(2) state is the lowest ion-pair state since this
is where the collisional cascade appears to end. However, in Id it
is known that the E(0) state is the lowest ion-pair state [ 2 31,
although all three states in the lowest cluster, the E(0), (1) and
D'(2) states, lie within 50 cnr' of one another.

Following synchrotron radiation excitation at 176.0 nm of an
Id/Cl 2 sample with 29 Torr of N 2 added, quenching of the
E(0) - X('E) oscillatory continuum is observed as shown in
Figure 4.11. The new system with red extremum around 433 nm and
extending to the blue has been extensively analysed by Tellinghuisen
et al [271 who produced this system by Tesla discharge of ICl in
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- 148 excess buffer gas. Tellinghuisen has attributed the quenched system
mainly to D'(2) -, A'( 3 112 ) bound-bound fluorescence but has also
assigned a sizeable portion of the fluorescence, approximately one
third, to the (1) -' A( 3 fl1 ) system. Fluorescence from low vibrational
levels, v' < 2, of the E(0 4 ) state was not observed. This cannot be
due to thermodynamic factors, as the E(O') is the lowest ion-pair
state, and must be a result of differing transition probabilities for
the various emission systems.

At a N 2 pressure of approximately 30 Torr much of the
fluorescence has collapsed into the D'(2)

4

A'(2) and (1)

4

A(1)

systems, although at this pressure an underlying contribution from
E

4

X around 404 nm may also be present. Further studies over a wide

pressure range are necessary to clarify the situation.

A second quenched system is observed around 330 nm, redshifted from the red extremum of the f(0)

3

X( 1 E) oscillatory

continuum. By analogy with the physical quenching of the E(0) state
this must correspond to emission from low vibrational levels of the
second ion-pair cluster. Molecules initially occupying high
vibrational levels of the f(0) state will be quenched to the foot of
the second cluster. At this point, a population build up occurs as
further quenching requires large changes in nuclear position and
momentum of the molecules.
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LIFETIME STUDIES OF THE E(0 1 ) ION-PAIR STATE OF Id

5.1

Introduction

Zero-pressure radiative lifetimes and quenching rate
coefficients have been determined for ICl following excitation at
wavelengths above 155 nm. Absorption and fluorescence excitation
studies show considerable evidence that perturbations, both
homogeneous and heterogeneous, occur between the E(0) ion-pair state
and neighbouring Rydberg states. By examination of the radiative
decay parameters it was hoped that further information could be
obtained on these interactions.

In conjunction with the fluorescence excitation spectra three
excitation wavelengths were chosen for the time-resolved study; 176.0,
173.8 and 163.4 nm. Excitation at 163.4 nm populates the E(0) state
in the discrete banded region of the fluorescence excitation where a
strong E(0') - b 6 '(0) interaction has been proposed. 176.0 nm
radiation excites Id to a heterogeneously perturbed dip-resonance
region while the third excitation wavelength, 173.8 nm, populates an
intermediate region situated just above the proposed T. value of the
b6 1 (O 4 ) Rydberg state (57,517cm-1 ).

To determine the zero pressure radiative lifetimes and
absolute quenching rates of the initially excited levels by both IC1
and C1 21 the radiative lifetimes were studied as a function of total
pressure and of the sample ICl:C1 2 pressure ratio.

- 152 5.2

Experimental

All time-resolved experiments reported in this work were
carried out on station FS13.2 with the SRS operating in single bunch
mode. In this mode a single bunch of electrons circulates in the ring
with a bunch length of 160 ps and an orbital period of 320 ns. An
injection current of - 15 mA was typical for single bunch operation.

The experimental apparatus was as described in Chapter Two
with lifetime data collected on the fluorescence excitation axis,
perpendicular to the beam axis, by a Mullard XP2020Q photomultiplier
cooled to -20°C. The collection bandpass was limited by a BG1 filter
which transmits photons in the 280 - 480 nm range. The
photomultiplier signal was sampled using conventional single photon
counting techniques. By time-correlating this signal with the
excitation pulse over many excitation cycles a radiative decay of the
fluorescence signal with time was obtained, as described more fully in
the following section.

An excitation bandpass of 1.35 nm was employed in all
experiments.

5.3

Time-Correlated Single Photon Counting and Data Analysis

5.3.1

Time Correlated Single Photon Counting

Lifetime measurement by the time-correlated single photon
counting technique depends on the concept that the probability
distribution for emission of a single photon following an excitation

- 153 pulse is the same as the actual intensity versus time distribution of
the radiative decay. By detecting single photon events following a
large number of excitation pulses this probability distribution can be
built-up. The lifetime data presented here was collected by this
method and subsequently analysed by Fluorf it, a weighted non-linear
least-squares program available at the SRS, Daresbury Laboratory.
Fluorf it fits the observed decays to a multiexponential function,
allowing for deconvolution of the excitation pulse profiles.

To ensure that only a single photon is emitted per excitation
cycle the ratio of number of pulses detected to number of excitation
cycles must be maintained below 0.005. If several photons are emitted
from one excitation pulse the probability distribution becomes skewed
to shorter lifetimes as only the first photon detected contributes to
the observed distribution.

Figure 5.1 shows a schematic diagram of the timing apparatus
employed on station FS13 to measure the time interval between
detection of a single photon and the excitation pulse. After passing
through a constant fraction discriminator (CFD) the photomultiplier
pulse acts as the start input for a time-to-amplitude converter (TAC),
initiating the charging of a capacitor. Arrival of a timing signal
from the storage ring, which is correlated with the excitation pulse,
stops the charging ramp in the TAC and outputs a pulse whose amplitude
is proportional to the time interval between the start and stop
pulses. This signal is then processed by a fast analogue-to-digital
converter (ADC) and stored in a multichannel analyser (MCA). For the
experimental data presented here, the above procedure was repeated
until 10,000 counts were accumulated in the initial decay channel. At
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Figure 5.1 - A schematic diagram of the time-correlated single photon counting apparatus
employed on station FS13.2 to measure radiative lifetimes.

- 155 this point the collected data represents a well defined decay curve.
As deconvolution of the pulse profile from the observed decay is
necessary, the time profile of the excitation pulse was determined by
detecting scattered excitation light (X = 329 nm) in a similar manner.

The lifetime data was transferred initially to the station
PDP11/04 microcomputer and finally on to the NAS (AS7000) mainframe
computer for permanent storage and analysis by Fluorf it.

Further information on time-correlated single photon counting
can be found in reference 1.

5.3.2

Data Analysis

The lifetime data was fitted by Fluorf it, the non-linear
least-squares program mentioned above, to a multiexponential decay
function. This yielded the amplitudes and decay constants of the
required number of exponentials. In the present data analysis, decay
curves were fitted to the least number of exponentials which could
adequately describe them.

Problems were encountered on fitting the observed decay
around the maximum of the prompt (the excitation pulse profile) for
several reasons. Ideally the prompt should be collected at the same
wavelength as the fluorescence, ie. around 404 nm for E(0)

4

X( 1 E)

emission, as the temporal response of the photomultiplier is dependent
upon the incident wavelength. However, in this study the excitation
monochromator (the Seya 0.5 nm) cannot be driven past 330 nm and all
excitation pulse profiles were recorded at 329 nm. Secondly, the
prompt was obtained from excitation light scattered from the surfaces

- 156 of the cell. A more accurate prompt is obtained from a light
scatterer which occupies the same volume as that from which
fluorescence is observed. These two factors combine to create
difficulties in deconvolution of the prompt from the accumulated
decay.

Consequently, in this work analysis of the decay curves was
begun ten channels after the channel corresonding to the maximum
prompt intensity. This method of analysis had little effect on long
lifetime components of the decay, - 3% change, but did lengthen
shorter components considerably, by up to - 20%.

5.4

Results

The number of exponentials required to describe the
fluorescence decays was found to be a function of excitation
wavelength. At 176.0 and 173.8 nm excitation a two exponential fit
was sufficient whereas three exponentials were required at 163.4 nm.
Typical decays for excitation at the three different wavelengths are
shown in Figures 5.2 - 5.4 with the solid line representing the fitted
curve and the dotted curves showing the observed fluorescence decays.
In each figure the residuals are also displayed and these show that a
good fit was achieved over the range specified in the previous
section.

As additional C1 2 was present in all experiments, to suppress
1 2 formation, two studies were necessary to separate the IC1 and C1 2
quenching coefficients.

Assuming an excited level from which

predissociation does not occur, the effective rate constant for loss
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- Decay and residuals of IC1 fluorescence following
excitation at 176.0 nm
= 1.35 nm) : the
fluorescence decay is fitted to two exporientials.
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fluorescence decay is fitted to two exponentials.
IC1 pressure = 345 in Torr, Cl 2 pressure = 690 in Torr,
1 channel = 0.1412 ns.
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- Decay and residuals of ICl fluorescence following
excitation at 163.4 nm (X = 1.35 nm) : the
fluorescence decay is fitted to three exponentials.
IC1 pressure = 347 m Torr, C1 2 pressure = 694 m Torr,
1 channel = 0.1412 ns.

- 160 of initially excited IC1 E(0) levels, k e f f can be written as:-

= k

+ k1

1

[IC1] + k1 [C12 I

(a)

where kR is the radiative decay coefficient and k11 and k1 are
coefficients for quenching by IC1 and C1 2 respectively. C1 2 quenching
coefficients were determined by measurement of fluorescence lifetimes
as a function of C1 2 pressure, with IC1 pressure held constant. The
gradients from plots of inverse fluorescence lifetime (k 0ff ) against
C1 2 pressure give k 1 directly. IC1 quenching rate constants were
obtained using the known values of k1 and the gradients of inverse
fluorescence lifetime against total pressure plots, where the

IC'/C'2

sample composition was fixed. Zero pressure radiative lifetimes,
Ir= '/ k, were determined by extrapolation to zero pressure of the

total pressure variation plots.

Figures 5.5 and 5.6 show the dependence of the inverse long
lifetime components upon total pressure and C1 2 pressure respectively.
Good agreement with expression (a) was observed over the entire
experimental pressure range in both cases. The pressure dependences
of the inverse short lifetime components for the two quenching
experiments are shown in Figures 5.7 and 5.8. At higher sample
pressures the shorter-lifetime plots deviate from the straight-line
fits predicted by expression (a) and only the portion of the data used
to calculate the quenching coefficients and zero-pressure radiative
lifetimes is displayed. Such deviation is due to the shorter lifetime
components becoming less well-defined at higher pressures and more
difficult to separate from scattered light
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- 165 components around the prompt maximum. The errors involved in the
shorter lifetime quenching data are greater than those associated with
the long lifetime components and the absolute values given must be
treated with caution.

Finally, consider the third and shortest lifetime component
observed following excitation at 163.4 nm. This component was found
to be short-lived with a magnitude extremely dependent on the channel
number at which analysis was begun. Thus, in the results presented
here only an upper limit for the zero-pressure radiative lifetime is
given. Although short-lived, the third component in the 163.4 nm
radiative decays is a necessary and real component as good fits to the
observed decays cannot be achieved with a two exponential model.

In Table 5.1 the zero-pressure lifetimes and total pressure
quenching coefficients are given for all components of the radiative
decays at the three excitation wavelengths. IC1 and C1 2 quenching
coefficients are presented in Table 5.2.

- 166 TABLE 5.1

LIFETIME AND TOTAL PRESSURE QUENCHING DATA

Excitation
Vavelength/nm

T

t0 /ns

109 kPTOT/cm molecule s

176.0

ci

47.8 ± 7.2

1.01 ± 0.15

173.8

ci

47.9 ± 7.2

1.02 ± 0.15

163.4

-Cl

56.3 ± 8.4

1.02 ± 0.15

176.0

c2

11.6 ± 2.3

2.16 ± 0.43

173.8

c2

9.9 ± 2.0

1.94 ± 0.39

163.4

c2

21.0 ± 4.2

3.96 ± 0.79

163.4

c3

< 6.0

Errors quoted are 1 stand. dev. plus an estimated systematic
error to account for method of analysis etc.

- 167 TABLE 5.2

ICl AND C12 QUENCHING COEFFICIENTS

Excitation
Wavelength/nm

t 10 k11 /cm3molecule's'

k 1 2/cm3molecule's'

176.0

T1

1.12 ± 0.17

(9.51 ± 1.43) x 10_ 1

173.8

T1

1.14 ± 0.17

(9.63 ± 1.44) x 10- 10

163.4

T1

1.15 ± 0.17

(9.59 ± 1.44) x 10-1 0

176.0

t2

4.42 ± 0.88

(1.03 ± 0.21) x 10- 9

173.8

t2

3.16 ± 0.63

(1.33 ± 0.27) x iO

163.4

t2

7.14 ± 1.43

(2.37 ± 0.47) x 10

The relative importance of the two lifetimes at 176.0 and
173.8 nm and the two longer lifetimes at 163.4 nm can be gauged by the
ratio of the amplitudes (A) of the two components, A 1 /A2. The values
of this ratio at high and low pressure are listed for the three
excitation wavelengths in Table 5.3.

- 168 TABLE 5.3

VARIATION OF AMPLITUDE RATIO, AT1/At2, WITH
EXCITATION VAVELENH AND PRESSURE

Excitation
Total
Wavelength/nm Pressure/Torr

Ai/A2

0.242

1.57

2.23

3.46

0.244

1.04

0.74

2.03

0.246

0.32

2.74

0.63

176.0

173.8

163.4

5.5

Discussion

From the multiexponential fits required to describe the
radiative decays of IC1 following excitation at wavelengths above 155 nm

- 169 it is clear that fluorescence does not originate from a single
unperturbed ion-pair state. Two lifetimes are indicative of
fluorescence from at least two states while a three exponential fit can
conceal a large number of underlying decays[2]. To interpret the timeresolved results consideration must be made of the states which can be
populated, either by direct absorption or collision, and the
interactions which these states undergo.

Consider the lifetime data recorded at 176.0 nm. The long
lifetime component (ti) of the radiative decay has been assigned to
fluorescence from relatively unperturbed levels of the E(0) state. The
zero-pressure radiative lifetime and quenching coefficients of this
component are typical of an ion-pair state from the first cluster;
compare with the radiative lifetime of 27 ± 3 ns for the analogous state
of IBr [3]. From dispersed fluorescence at this excitation wavelength
it is known that E(0)

4

X('Z) fluorescence is the main emission system

lying within the 280 - 480 nm filter bandpass.

Assignment of the second lifetime component (t2) is more
complex. The excitation bandwidth of 1.35 nm (FVHM) corresponds to
- 440 cm-1 at 176.0 nm excitation, populating at least eight vibrational
levels. These levels lie within the region where the E(0) state is
heterogeneously perturbed by the a6 (1) Rydberg state leading to the
opening of predissociative pathways at positions of higher a 6 (1)
vibrational levels. Such levels, situated in the dips of the
fluorescence excitation spectrum, will possess shorter lifetimes than
the relatively unperturbed E(0) levels to which the longer lifetime

- 170 component has been assigned. The second, shorter lifetime (t2) is
therefore attributed to E(0) vibrational levels which undergo nonradiative decay.

Caution must be applied when considering absolute values of
lifetimes and quenching coefficients obtained following two or more
exponential fits. James et al [2] have shown that distributions of more
than seven lifetimes can be successfully fit to a two exponential decay
law with good fit statistics and randomly scattered residuals. In the
present work, considering the number of vibrational levels populated and
the change in lifetime on passing from peak to trough in the
fluorescence excitation, it is probable that the two exponential fit
conceals an underlying range of lifetimes.

Excitation at 173.8 nm produces very similar results to those
observed at 176.0 nm. Again a two exponential fit is required with
resultant zero-pressure fluorescence lifetimes and quenching constants
almost identical to the 176.0 nm parameters.

Turning to 163.4 nm excitation a very different picture
emerges. Excitation at this wavelength populates the region of strong,
homogeneous interaction between the E(0) ion-pair state and the b 6 '(0)
Rydberg state. The differences between the radiative decays following
excitation to heterogeneously and homogeneously perturbed portions of
the E(0 4 ) state are immediately obvious on comparison of Figures 5.2 and
5.4 for excitation at 176.0 and 163.4 nm respectively.

- 171 At 163.4 nm three exponentials are required to adequately describe the
radiative decays. The long lifetime component (ti) is comparable to
those observed following 176.0 and 173.8 nm excitation, both in terms of
zero-pressure radiative lifetimes and quenching coefficients.
Consequently this component is assigned as that which describes
fluorescence from relatively unperturbed E(0) ion-pair levels, ie. from
maxima in the fluorescence excitation.

The radiative decay parameters of the intermediate lifetime
component (t2) are approximately double the corresponding values found
for excitation at higher wavelengths. Even so, the t2 component at
163.4 nm may still be analogous to the t2 components at 173.8 and
176.0 nm. Correlation between the 163.4 nm t2 and t3 components could
easily exist leading to lengthening of the longer-lived component.
However, it is not known whether the heterogeneous perturbation between
the a 6 (1) and E(0 4 ) states could realistically be expected to extend as
far blue as 163.4 nm. This t2 component could also be due to
heterogeneous coupling between the b 6 (1) and E(0) states. No such
coupling has been inferred from the observed absorption and fluorescence
excitation spectra but it may well be obscured by the strong E(0) b 6 ' ( 0) interaction.

The third and shortest lifetime component (t3) is not observed
at other excitation wavelengths suggesting that this component arises as
a consequence of the homogeneous coupling between the E(0) and b 6 1 (0)
states. In the region around 163.4 nm fluorescence is only observed
when strong coupling between the two

(Of)

states does not occur. The

homogeneous interaction leads to a strong predissociative channel
opening at positions where the E(0) ion-pair and b 6 1 (0) levels come

- 172 into resonance, an interaction so strong that the fluorescence quantum
yield drops close to zero. The third lifetime component is therefore
attributed to fluorescence from vibrational levels which are found in
the valleys of the fluorescence excitation spectrum.

Again the absolute values of lifetimes and quenching
coefficients must be treated with caution. Moreso in this case, as a
three exponential model is required to fit the experimental decays.

The long lifetime component (ti) observed following excitation
at all three wavelengths has been assigned to fluorescence from mainly
unperturbed E(0) ion-pair levels. The short lifetime components (t2)
at 176.0 and 173.8 nm are very similar and indicate the opening of
non-radiative pathways through a heterogeneous coupling mechanism.
Although excitation at 173.8 nm populates vibrational levels above the
proposed T. value of the b 6 1 (0) state the homogeneous coupling is not
strong at this point and no sign of E(0) - b 6 1 (0) interaction is
observed in the radiative decays. At 163.4 nm the situation is more
complex with three component decays observed, illustrating the heavy
perturbation of the E(0) state in this region. The physical
significance of the two shorter components (t2 and t3) is not clear
although it is likely that the t3 component represents fluorescence from
levels which have a strong, homogeneous predissociation pathway. Due to
the multi-exponential fits the absolute values of the radiative decay
parameters should be regarded cautiously. However, there is no
ambiguity in the number of exponentials required to fit the experimental
data or the dependence of this parameter on excitation wavelength.

- 173 Before the above conclusions were reached several other
candidates for the emitting levels of the shorter lifetime components
were eliminated. From Figure 4.3 which shows ICl dispersed fluorescence
following excitation at 176.0 nm and 164.0 nm, it is noted that the
f(0f) i X( 1 E 4 ) system at 325 nm also lies within the collection filter
bandpass. However, on consideration of the data given in Table 5.3,
which compares the relative amplitudes of ti and t2 as a function of
excitation wavelength and pressure, the t2 lifetime components could not
be attributed to f(Of) state fluorescence. Figure 4.3 shows that the
ratio of E(0) - X('E) to f(0)

4

X( 1 E4 ) fluorescence is basically

independent of excitation wavelength. However, Table 5.3 shows that
A11 : Al2 decreases markedly as the excitation wavelength moves to the
blue, the shorter lifetime component becoming dominant. Since the
- X('E) fluorescence system does not become stronger to shorter
wavelengths the t2 component is not assigned to j(Of) fluorescence. The
f(0) - X('E) system only contributes about 5% to the total emission
(see Figure 4.3) and makes no noticeable contribution to the
fluorescence decays.

Another possible upper state for the t2 decay component was the
D'(2) ion-pair state which, as discussed in Chapter 4, becomes
collisionally populated at higher pressure. However, as the A11 /A l2
ratio increases with sample pressure this possibility was discounted.

The multi-exponential decays necessary to fit the experimental
data can only be rationalised in terms of fluorescence from E(0)
vibrational levels which undergo differing degrees and types of
perturbation. The lifetime data presented here again illustrates the

- 174 interactions which occur between the E(0) and a 6 (1), b 6 '(0) states
first deduced from the absorption and fluorescence excitation spectra.

The quenching constants for self and C1 2 quenching of the ¶1
components are very large and are comparable with the analogous
constants of IBr [3]. From these coefficients it appears that the
excited IC1 molecules are quenched at greater than unit collision
frequency. This illustrates once again the width of the ion-pair
potentials and their diffuse outer electron structure.
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- 176 CHAPTER SIX

REACTIVE AND QUENCHING PATHWAYS OF IC1/C12 /RARE GAS MIXTURES
FOLLOWING EXCITATION IN THE 130 - 195 nm RANGE

6.1

Introduction

Rare-gas halide excimers are a species of particular interest
as lasing occurs on the B( 1 / 2 ) 4 X( 1 / 2 ) transition of many excimers
forming the basis of operation for a range of commercially available
lasers [1]. Excimer formation has been studied extensively by the
reaction of electronically excited rare gas atoms and halogen
containing molecules [2 - 5], ie:-

Rg* + RX

4

RgX* + R + AE,

and to a lesser extent by excitation of an XY component:-

RgX* + Y + AE
XY + Rg
RgY* + X + AE
where XY is a diatomic halogen or interhalogen molecule [6 - 101. The
latter method has the advantage of choice of many vibrationally and
electronically excited levels, as opposed to the few atomic Rydberg
states available. Depending on the location of the molecular excited
states, thresholds for formation of RgX* can be determined for
comparison with thermodynamic thresholds. Synchrotron radiation
studies are particularly useful as XY excitation over a broad energy
range is easily achieved.

- 177 Formation of rare-gas halide excimers occurs by the harpoon
mechanism with an electron transferring from rare gas atom to KY
molecule and reaction proceeding via a Rg --- XY ion-pair surface.
The harpoon mechanism was first proposed to describe the main features
of alkali metal - halogen reactions with electron transfer from an
alkali metal of low ionisation potential to a halogen molecule of high
electron affinity [11]: for example, Cs (IP = 3.833 eV) + C1 2
(EA = 2.50 eV) -' CsC1 [12, 13].. Rg* --- XY systems are often
considered analogous, as a rare gas atom in its first Rydberg state
has the same outer electron configuration and similar ionisation
potential as an alkali metal atom : consider the similarities between
Xe*

( 3

P1

)

(

5p 5 6s, IP = 3.690 eV) and Cs (5p 6 6s, IP = 3.893 eV) [12].

As stated above, much effort has been concentrated in this direction.
However, the reaction can proceed equally well by increasing the
electron affinity of the electron accepter - the net result of
electronic excitation of the XY molecule.

In this work photoexcitation of ICl/C1 2 /Xe mixtures in the
130 - 195 nni range was studied, approaching the IC1 + Xe reaction from
the molecular excitation angle. Over such a broad energy range
excitation occurs to many electronic states although the emphasis is
here placed on reaction of ion-pair states above 155 nm. As
excitation to the Xe( 3 P1 , 6s) state is observed at 147.0 nm [12] the
two reaction pathways, atomic and molecular excitation, were observed.
Photoexcitation of ICl/C1 2 /Kr mixtures was also investigated.

The reaction and/or quenching of ICl* with Xe and Kr was
monitored by:-

(1) Dispersing fluorescence in the VUV - UV/VIS regions.

- 178 (ii) Collecting fluorescence excitation spectra of the relevant
emission systems.

Finally, consider the parallels between RgX* xcimer states
and halogen/interhalogen ion-pair states. Three RgX valence states
correlate diabatically with ground state halogen and rare gas atoms
the A( 3 / 2 ), A( 1 / 2 ) and X( 1 / 2 ) states. These are repulsive with the
exception of the X( 1 / 2 ) state which has a shallow minimum. By
contrast, the RgX* excimer states are all deeply bound and correlate
with Rg and X ions. These states are typical ion-pair states
ie. they are deep, broad, lie at large r 8 and cluster together
dependent on their asymptotic dissociation limits. The lowest bound
excited states, the B( 1 / 2 ) and C( 3 / 2 ) excimer states, lie at
approximately the same energy whilst the D(1/2) RgX* state is situated
at higher energies. Hay and Dunning [14] have calculated the
potential curves for the XeX family, including the XeC1 and XeI
potentials of interest in this work.

Since the RgX ionic states are deeply bound and the valence
states mainly repulsive, bound-free oscillatory continua between the
two types of state are observed with lasing action occurring on the
B( 1 / 2 ) 4 X( 1 / 2 ) transition.

6.2

Experimental

All IC1 - rare gas studies reported here were carried out on
station FS13. Dispersed fluorescence spectra were recorded
simultaneously on the Acton and Minimate monochromators covering the
VUV through

liv

to visible spectral regions. The fluorescence was

detected by an EMI 98830KA photomultiplier tube in the UV/VIS region
and by an EMI G26K314LF tube in the vacuum ultraviolet.

- 179 Fluorescence excitation spectra of various emission systems
were detected either by a filter-photomultiplier or monochromatorphotomultiplier combination, dependent on filter availability. An
EMI 98830KA photomultiplier was employed in all fluorescence
excitation experiments.

Three interference filters were used in the course of this
work. To detect XeCl B( 1 / 2 )
emission and IC1 D'(2)

4 A1

9 X( 1 / 2 )

emission, XeI B( 1 / 2 )

9 X(/ 2 )

(2) fluorescence, filters with peak

transmission at 309.4 nm, 254.6 nm and 430.5 nm respectively were
employed. Information on the filter bandwidths (FWIIM) and peak
transmission percentages is given in Table 6.1 while the bandpass of
monochromator selected wavelengths is noted alongside the relevant
spectra. As the transmission efficiency of a filter is much greater
than that of a monochromator, higher resolution fluorescence
excitation spectra were obtained for filter-detected transitions.

Table 6.1
Filter Characteristics

Peak Wavelength/nm

FWHM/nm

% Peak
Transmission

309.4

12.0

20

254.6

8.1

10

430.5

7.0

57

- 180 A full account of the experimental apparatus is given in
Chapter Two while further details concerning the collection of
dispersed fluorescence can be found in Chapter Four. All dispersed
fluorescence spectra are corrected for the relevant response functions
unless otherwise stated.

6.3

Reaction of Xe with the IC1 Ion-Pair States

The calculated thermodynamic thresholds for formation of XeI
and XeC1 B( 1 / 2 ) states show that it is energetically feasible for both
excimers to be formed by reaction of Xe with the ICl ion-pair states
populated by single photon absorption. From the known dissociation
energy of ICI (17,366 cm-1 [15]) and the zero-point energies of the
XeX B( 1 / 2 ) states [4, 16], the formation thresholds for XeI and
XeC1 B( 1 / 2 ):-

Ethres

=

D0 0 (ICl) + E(XeX B( 1 / 2 ) v' = 0) 1

were evaluated as 174.4nm and 200.5 nm respectively. All ion-pair
levels excited in the 158 - 195 nm region possess sufficient energy to
react with Xe and form XeCl* while the area round the XeI* threshold
can be studied.

Figure 6.1 shows the XeC1 B('/ 2 ) 4 X('/ 2 ) excitation function
and a typical fluorescence excitation spectrum of IC1 UV/VIS
fluorescence. Above 158 nm the XeCl* excitation function closely
follows that of the IC1 emission whereas at wavelengths less than
158 nm the two spectra differ markedly. In previous chapters it has

U)

4-,
...4

4-,
-I
Cl)

a)

4-i

'-I

I-I

CO

a)

C)

a)
C)

U)

a)

0
r
44

125 130 135 140 145 150 155 160 165 170 175 180 185 190 195

Wavelength/nm
Figure 6.1
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X( 1 / 2 ) excitation function (detected by a 309.4 nm
(a) XeCl B( 1 / 2 )
interference filter). AX = 0.2 nm, IC1 pressure = 0.86 Torr, Cl 2 pressure =
1.72 Torr, Xe pressure = 25.7 Torr. (b) IC1 and C1 2 fluorescence excitation
spectrum. AX = 0.1 rim, IC1 pressure = 45 mTorr, C1 2 pressure = 90 mTorr.
-'

- 182 been shown that for X. > 158 nm both ion-pair and Rydberg states are
populated while shorter wavelength excitation occurs mainly to Rydberg
states. Attention is here focussed on the IC1 ion-pair - Xe reaction.
Analysis of the ICl - Xe reaction to shorter wavelengths is
complicated by the presence of other excited species, such as Xe* and
C1 2 , and will only be considered briefly.

From Figure 6.1 it is clear that, above 158 nm, the reaction
ICl + Xe

9

XeC1 B('/ 2 ) + I proceeds via the ICl ion-pair states.*

Reaction with Rydberg states does not occur, as is evident from the
minima observed at positions of the a 6 (1) and b 6 (1) absorption bands.
All structure in the ICl fluorescence excitation spectrum above
158 nm is mirrored by the XeCl* excitation function, except in the
174 - 180 nni region. Here the dip-resonances of the XeCl* spectrum
are less pronounced. This effect is a physical one and is the same as
that observed for quenching of the IC1 E(0) state by N2 , discussed in
Section 3.9. All ion-pair states populated in the 158 - 195 nm region
lie above the thermodynamic limit of 200.5 nm for XeCl B( 1 / 2 )
formation and threshold for this reaction is not observed.

Figure 6.2 shows the XeI B('/ 2 ) excitation function in the
region of exciation to the ion-pair states. The thermodynamic
threshold for this reaction is 174.4 nm and accordingly marked
reduction of the XeI* quantum yield is observed above 168 nm as the
threshold is approached. Determination of the experimental threshold
is ambiguous due to the excitation bandpass (X = 0.3 nm) and the
filter bandwidth (X = 8.1 nm). From Figure 6.2 the experimental
threshold was estimated as 182 ± 2 nm. The discrepancy between
experimental and calculated thresholds is attributed mainly to

* Although the E(O+) is the initially populated state the experimental
data presented here do not exclude the possibility that a component
of the XeC1* and XeI* excimer formation occurs via sufficiently
energetic neighbouring ion-pair states, populated by collision
induced transfer between the states.
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XeI B(1/2) - X('/ 2 ) excitation function (detected
by a 254.6 nm interference filter). AX = 0.3 nm,
IC1 pressure = 0.67 Torr, C1 2 pressure =
1.33 Torr, Xe pressure = 20.0 Torr.

- 184 contributions from the tail of the XeC1 B('/ 2 ) emission system which
lies within the collection filter bandpass. The available thermal
energy (517 cm-1 at 298K) also serves to blur the reaction onset.
Although the experimental threshold cannot be determined precisely it
is clear that XeI B( 1 / 2 ) formation occurs from the thermodynamic
threshold with no barrier to reaction.

The onset of XeI* formation is well illustrated by the
dispersed fluorescence obtained following excitation at 176.0 nm and
164.0 nm, shown in Figure 6.3. The main exit channel for 176.0 nm
excitation is formation of XeC1 in the B( 1 / 2 ) state which is monitored
by the B( 1 / 2 )

4

X(/ 2 ) transition at 308 nm. The corresponding XeI*

emission at 254 nm is extremely weak, as expected since 176 nm lies
just below threshold for XeI B( 1 / 2 )

4

X( 1 / 2 ) : emission is only

observed here due to the broad excitation bandpass (AX = 4.5 nm)
necessary for detection of dispersed fluorescence. Excitation at
164 nm produces both XeC1 and XeI in their B( 1 / 2 ) states although the
former remains predominant, in agreement with the branching ratios
found in Xe* + IC1 experiments [3].

Following excitation at either wavelength further emission is
observed in the 315 - 440 nm region. The fluorescence with maximum at
430 nm is assigned to the D'(2)

4

A'(2) transition of ICI with the

D'(2) state populated by physical quenching of the E(0) state.
However comparison of D'(2) 9 A'(2) fluorescence resulting from
quenching by similar pressures of N 2 and Xe (see Figure 6.4) shows
that other emission systems are also present.
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- Normalised dispersed fluorescence of IC1/C1 2 IXe mixtures excited at
(a) 176.0 nm and (b) 164.0 nm. Fluorescence was excited with a bandpass of
4.5 nm and analysed with 1.7 nm resolution. Id pressure = 0.67 Torr, C1 2
pressure = 1.33 Torr, Xe pressure = 20.0 Torr in both spectra.

- 186 -

Cl)
4-,

1

4-,
1
Cl)

a,
I-I

a,

0

a)C,
C')
a)14
0

'-4
44

250

300

350

400

450

500

Wavelength/nm
Figure 6.4

- Normalised dispersed fluorescence of (a) IC1/C1 2 /
Xe excited at 173.5 nm (IC1 pressure = C1 2
pressure = 1.0 Torr, Xe pressure = 60 Torr,
9 nm) and (b) IC1/C1 2 /N 2 excited at 176.0 nfl]
(IC1 pressure = C1 2 .pressure = 1.0 Torr, N 2
pressure = 60 Torr, AX = 20 nm). Both spectra
were excited with a bandpass of 3.0 nm. Neither
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analysing system which was the same in both cases.

- 187 From the ab initio calculations of Hay and Dunning [14], five
strong (Q = 0) rare gas halide transitions are predicted. By far the
strongest of these is the B( 1 / 2 )
red of this system B( 1 / 2 )
occurs while D( 1 / 2 )

9

9

9

X( 1 / 2 ) lasing transition. To the

A( 1 / 2 ) and C( 3 / 2 ) 4 A(/ 2 ) fluorescence

X( 1 / 2 ) emission is situated to shorter

wavelengths. The final, predicted transition, between the D( 1 / 2 ) and

A('/ 2 ) states, has a low transition moment for both XeI and XeC1
excimers and has not been observed experimentally.

At 176 nm excitation, additional fluorescence must originate
from XeC1 excited states as negligible amounts of XeI* are formed.
The fluorescence in the 320 - 360 nm region has been assigned to the
XeC1 C( 3 / 2 ) - A( 3 / 2 ) transition. XeC1 B( 1 / 2 )

9

A( 1 / 2 ) fluorescence is

also predicted to lie in this region [3] but with a much reduced

intensity.

Excitation at 164 nm produces XeI* and XeC1* excimers in
appreciable quantities. Unlike XeC1* emission, at low pressures the
XeI B( 1 / 2 ) 9 A( 1 / 2 ) and C( 3 / 2 ) 4 A(3 /2) systems are well resolved,
occurring in the 301 - 340 nm and 256 - 301 nm regions
respectively [4]. Due to the increase in spin-orbit coupling constant
with halogen atom mass the XeI B( 1 / 2 )

9

A( 1 l2) transition is now the

more intense of the two systems. Indeed, following excitation at
164 nm, Figure 6.3 shows a slight increase in intensity in the 312 340 nm region which has been attributed to the XeI B( 1 / 2 ) -* A( 1 / 2 )
system.

- 188 Although Figure 6.4 indicates the presence of additional
XeX

B(1/2)

- A( 1 / 2 ) and C( 3 / 2 )

4

A(3

/2)

fluorescence, these systems

are extremely weak in comparison with the dominant XeX
transitions. This is due, in part, to the strong

B(/ 2 )

i X( 1 / 2 )

B(1/2) - X(1/2)

transition moments but also to the relatively high sample pressures
employed. In general, the XeX

B( 1 / 2 )

states have radiative lifetimes

in the 20 - 40 ns range whereas the C( 3 / 2 ) state lifetimes are about
an order of magnitude larger [16,17]. Thus, at pressures > 0.1 Torr
collisional transfer occurs between the close-lying
states with the shorter-lived

B( 1 / 2 )

B( 1 / 2 )

and C( 3 / 2 )

state making a larger

contribution to the fluorescence as pressure increases.

Collisional quenching of the initially excited levels also
occurs with high sample pressures, resulting in relatively narrow
B( 1 / 2 )

4

X( 1 / 2 ) emission bands with few bound-free oscillations (see

Figure 6.3). The weak C( 3 / 2 )

4

A( 3 / 2 ) and

B( 1 / 2 ) 9

A( 1 / 2 ) systems are

much broader due to the more replusive nature of the A( 3 / 2 ,

1/2 )

states.

6.4

Mechanism of the IC1 B(0 1 ) + Xe Reaction

The reaction [Rg + X21*

4

RgX* + X proceeds via a [Rg, X]

potential energy surface irrespective of the location of the
excitation energy. The impetus for the harpoon reaction may be either
the low ionisation potential of the Rg* component or the high electron
affinity of the X 2 *component. Variation of the initially excited
reactant changes the Rg - X separation at which harpooning occurs thus
altering the point at which the complex enters the excited potential
surface (as illustrated in the approximate potential energy surfaces

- 189 of Donovan et al [181). The point of entry on the potential surface
affects both the products formed and their final energy distributions.

XeC1* + I
Consider the reaction of IC1* +
--EXeI*
+ Cl

The initial stages of the harpoon mechanism can be easily
explained by the changes in electron configuration of the reactants.

The electron configuration of the IC1 ground state is
2y4y*4*O

(2440). Excitation to the E(0) state is a one electron

transfer process resulting in an electron configuration of 1441. This
leaves a vacancy in the low lying a-bonding orbital which increases
the electron affinity of the interhalogen molecule (by the energy of
the excitation photon) thus facilitating the harpoon reaction. As the
ionisation potential of iodine is lower than that of chlorine the
electron in the a* antibonding orbital is located mainly on the iodine
atom.

Harpooning from the closed shell Xe atom then occurs to form
an ion-pair, 1C1
2

E

(2

E, 2441) + Xe, with the negative charge at the

ground state ion remaining on the iodine. Due to the net

antibonding configuration of the 1C1 component and the Coulombic
attraction between the two oppositely charged ions the IC1 bond
begins to stretch. As reaction proceeds and the bond stretches the
electron density migrates from the iodine towards the chlorine atom
(since the lowest 1C1 asymptotic dissociation limit is I and C1
[ 1 9]). This process is aided by the large equilibrium internuclear

- 190 bondlengths of the high IC1 E(0') vibrational levels which are
accessed in a single photon experiment. As the E(0) state
dissociates asymptotically to I+( 3 P 2 ) and Cl('S), charge migration
has already begun at large internuclear separations, enhancing the
formation of [I --- Cl --- Xe].

Consequently, XeCl* formation is

preferred to XeI* formation, as witnessed in Figure 6.3 where the
ratio of XeCl to XeI B( 1 / 2 )
(X.XC

4

X(/ 2 ) emission is approximately 4.4:1

= 164 nm). The spectra in Figure 6.3 have been corrected for

the response function of the dispersion system but not for the XeCl
and XeI B( 1 / 2 )

9

X(/ 2 ) transition moments. Since Hay and Dunning

calculated that these transition moments are similar (2.76 D for XeC1
B( 1 / 2 )

-'

X( 1 / 2 ) and 2.07 D for the corresponding XeI transition [14])

this should not significantly affect the observed ratio.

Further experiments are necessary to determine if the
preference for XeCl* formation is a function of excitation wavelength.
The branching ratio may vary with the total energy available above the
formation thresholds of the excimers. However, as a similar result
has been found in Xe*

( 3P2

) + IC1 experiments [3], it is likely that

XeCl* formation is always preferred; in accord with the mechanism
outlined above.

XeI* formation is thought to occur only when a Xe atom
collides with the iodine end of the ICl molecule at small impact
parameters [18]. The 1C1 ion is formed initially in the 2 E (2441)
state but must undergo mixing with excited 1C1 states for XeI*
formation to take place. Mixing of the ICl states is induced by the
electric field of the approaching Xe ion. The 2 111 , 2 (2432) and
211 3/2,1/2

(2342) Id

states all possess the correct dissociation

- 191 characteristics (1 + Cl) for the reaction to exit by a XeI* channel
[19]. This channel is preferred over the more normal route of charge
migration to the chlorine atom due to the large bulk of the iodine
atom which blocks the passage of the Xe atom around the IC1 molecule.

A preliminary account of the IM E(0) + Xe reaction above
158 nm has already been published [20] but even with the higher
resolution (AX. = 0.3 nm) study presented here the experimental XeI*
reaction threshold can only be determined to within 4 nm. For more
accurate experimental thresholds the initial state of the excited
halogen/inter-halogen molecule must be defined more precisely as in
the 12 f(0) + Xe study of Donovan et al [21] where optical-optical
double resonance (OODR) excitation prepares the 12 molecule in a known
rovibrational level. However, even in their work the collision energy
was not well defined as the experiment was conducted in a static cell
at 300K. Jouvet et al [22] have defined the reagent conditions even
more stringently by direct excitation of X 2 --- Rg van der Waals
complexes in a supersonic beam expansion. Such work contains much
information on the dynamics of the reaction.

However, synchroton radiation excitation of such systems
should not be dismissed since sources such as the SRS provide valuable
information over a broad excitation range and have been the origin of
much elegant work : such as determination of the ordering of the B, C.
states of RgX excimers by the time-resolved experiments of Le Calve et
al [23].

- 192 6.5

Photoexcitation of IC1/C1 2 /Xe Mixtures at Wavelengths
Below 158 nm

In contrast to the region above 158 nm, Figure 6.1 shows that
below 158 wit the XeC1 B( 1 / 2 ) action spectrum does not follow that of
ICl fluorescence. Three XeC1* excitation systems are observed;
centred around 152 nm, 147 nm and 140 nm, whereas in IC1/C1 2 samples
fluorescence only occurs following excitation below 140 nm. The two
systems at 152 nm and 147 nm have no analogue in the ICl* fluorescence
excitation whilst the third system at 140 nm is a completely different
shape.

The dispersed fluorescence spectra of IC1/Cl 2 /Xe mixtures
following excitation at 152 nm, 147 nm and 140 nm are shown in
Figure 6.5. The UV-VIS traces are shown in Figure 6.5 (a) and the
VUV-UV traces in Figure 6.5 (b). Consider initially the 152 nm
system. In the UV-VIS spectrum of Figure 6.5-C three distinct peaks
are observed; the XeCl and XeI B( 1 / 2 ) 4 X( 1 / 2 ) excimer transitions at
308 nm and 254 nm respectively and a third, weaker system around
282 nm. To the red of the XeC1 B( 1 / 2 ) band further weak emission
occurs which may be assigned to the B( 1 / 2 ) -* A( 1 / 2 ) and
C( 3 / 2 ) 9 A(/ 2 ) transitions discussed in Section 6.3. There also
appears to be a very slight contribution from the IC1 D'(2) - A1(2)
system around 430 win but this is much reduced in intensity when
compared with the same system excited at higher wavelength.

Excitation at 147 nm produces a very similar spectrum in the
UV-VIS region although fluorescence is not detected to the red of the
XeC1 B(1/2) 4 X( 1 / 2 ) band. The three bands monitored above are again
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- Normalised dispersed fluorescence of IC1/C1 2 /Xe mixtures
following excitation at A - 140.3 nm, B - 147.0 nm and
C - 152.4 nm. Fluorescence was excited with a bandpass
of 4.5 nm in all cases. The UV-VIS fluorescence, shown
in (a), was analysed with 1.7 nm resolution and the
VUV-UV fluorescence, (b), by 4.0 nm resolution. Id
pressure = 0.67 Torr, C1 2 pressure = 1.33 Torr and Xe
pressure = 20.0 Torr.

— 194 —
observed. The XeCl D( 1 / 2 ) -, X( 1 / 2 ) system at 235 nm [3] is also
observed in the VUV-UV spectrum of Figure 6.5-B. As the resonant
3po *- ' S

(6s — 5p) Xe transition occurs at 147.0 nm [12] and since

ICl emission is not observed at this wavelength, excimer formation
has been attributed to reactions of the Xe

( 3 P,)

atom with IC1 and

Cl 2 .

From experiments of Setser et al [2, 241, it is known that
the Xe* (6s, 3 P,) reactivity parallels that of the more extensively
studied Xe* (6s, 3 P 2 ) metastable atom. Comparison between the Xe*

(6s, 3 P 2 ) results of Donovan et al [18] and direct photoexcitation of
the Xe* (6s, 3 P,) atom is therefore valid, although the differing
pressure regimes must be considered.

In both sets of experiments it was found that the excitation
transfer channel (formation of the D'(2) state) was negligible in
comparison with the results from the IC1* + Xe reaction. In the
present work, the XeCl: XeI branching ratio is much higher than the
2.3 value of Kolts et al [3] due to the twofold excess of chlorine in
the reaction mixture.

Finally consider the system centred around 140 nm (see
Figure 6.5). Formation of the XeC1 excimer now dominates with only
the slightest indication of a peak around 254 nm. The region below
200 nm is congested and closely resembles the dispersed fluorescence
of an Id/Cl 2 mixture excited in the absence of Xe (see Figure 4.14).
C1 2 (1 1 E 4 4

1E9 +) bound-free fluorescence is sited at wavelengths

below 200 nni with the bound-bound portion of the same transition at
the blue end of the spectrum. The intense peak at 182 nm corresponds

- 195 to the

-

atomic transition with the excited iodine atoms

produced by predissociation of ICl Rydberg states.

Formation of XeI* is almost zero and even assignment of the
small peak around 254 nm is ambiguous since unquenched Cl 2 emission
also occurs in this region [251. Very little fluorescence is observed
to the red of the XeC1* B( 1 / 2 )

4

X( 1 / 2 ) band with only a suggestion of

IC1 D'(2) 4A'(2) fluorescence around 430 nm.

The reaction following excitation at 140 nm is essentially
that of ground state Xe and C1 2 in the 1 'E excited state. Reaction
with Ida does not occur as the Rydberg states populated in this
region are predissociated and a two-body collision of 1* + Xe will not
produce X e I*. The small quantities of IC1 D'(2) present must be
produced by the process:-

Id + h' 4 1* + Cl
and
+ Idi 41C1 D'(2) + I

as discussed in Section 3.10. However, even this process is quenched
by the presence of - 20 Torr Xe. By contrast, it is interesting to
note that the C1 2 (1

1EU

4

X 1 Eg ) system is not quenched by

P, 0 = 20 Torr. Witness the similarities between the VUV traces of

Figures 3.15 and 6.5. On addition of high pressures of foreign gas
(1'Ar

> 30 Torr) quenching of the C1 2 (1

'EU

4 X 1 E 9 4 ) system has been

observed with intersystem crossing to the 2 3 11 9 state taking place
[7]. Strong 2 3H 4 1 3 fl1 emission at 258 nm, the C1 2 lasing

- 196 transition, then occurs. This process is analogous to collisional
transfer of the IC1 E(0) state to the D'(2) state and subsequent IC1
D'(2)

4

A 1 (2) emission. As discussed above, excitation of the

IC1/Cl 2 /Xe sample at 140.3 nm, results in C1 2 (1 'E -' X
fluorescence below 200 nm with no sign of fluorescence from the
C1 2 2 3

11

state at 258 nm. Lifetime studies of the C1 2 1 'E

state

give a radiative lifetime of - 3 ns [26]. At the total sample
pressure of 22 Torr employed in this work it appears that the excited
C1 2 molecules either radiate before collision with Xe or react on
every collision to produce Xe C1*, with negligible branching to the C1 2
intersystem crossing channel.

Returning to the fluorescence observed following 152 nm and
147 nm excitation. In both cases an unassigned peak was observed
around 282 nm. This band does not correspond to any XeI* or XeCl*
system, nor can it be attributed to ICl or C' 2 *fluorescence. 282 nm
is, however, the wavelength at which the XeBr B( 1 / 2 )

4

X( 1 / 2 )

transition occurs. The effects of BrCl contamination in absorption
have already been noted in Figure 3.4. Figure 6.6 shows the BrC1/C1 2
fluorescence excitation spectrum in the 130 - 175 nm region. BrCl
systems are observed around both 147 nm and 152 nm and, indeed, small
levels of BrC1 contamination can be seen in the 140 - 155 nm region of
the ICl/C1 2 fluorescence excitation spectrum of Figure 6.1.

Consequently, the peak at 282 nm has been assigned to XeBr B( 1 / 2 )
fluorescence as a result of Br 2 contamination of the sample cell.

The situation following excitation of an IC1/C1 2 /Xe mixture

below 158 nm is more complex than for excitation wavelengths > 158 nm,
with each system following a different reaction pathway. Reaction via
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- BrCl and C1 2 fluorescence excitation spectrum (200 - 600 run detection).
Excitation wavelength resolution, AX = 0.2 nm. BrC1 pressure = 18 mTorr, C1 2
pressure = 212 mTorr.

- 198 the 140 nm system proceeds via an excited C1 2 state
Xe

i.e.

C1 2 1 'E +

-' XeC1* + Cl with the IC1 molelcules predissociating and taking no

part in reaction. 147 nm excitation produces Xe

( 3

P 1 ) Rydberg atoms

which react with ICl and C1 2 and also any BrC1 molecules present.

The pathway for reaction following 152 nm excitation is
unknown. Figure 6.5 shows that X eI*, XeC1* and XeBr* excimers are
formed. Reaction does not proceed by excited Xe* as the 3 P 1 state is
the first single-photon accessible Rydberg state of Xe. The ICl
molecule must be involved as both XeI and XeCl excimers are formed.
However, it appears that all IC1 excited states in this region are
predissociated since fluorescence is not observed in the VUV, UV or
visible spectral regions (see Figure 3.16). This leaves the
possibility of a photon-assisted reaction of ICl --- Xe collision
pairs. Such a phenomenon has been reported for laser assisted
reactions of both IC1 and C1 2 [27 - 29] with Xe but it is doubtful
whether the photon flux of a synchrotron radiation source is
sufficient for this to be a feasible proposition. X eBr * formation is
observed at this wavelength presumably by reaction of BrC1* with Xe
since B r C1* states are known to fluoresce in this region (see
Figure 6.6).

Other questions such as the shape of the low wavelength
system and the width of the 'atomic' Xe

( 3

P 1 ) transition at 147.0 nm

must also be considered.

The low wavelength system around 140 nm is essentially a
C1 2 */Xe fluorescence excitation spectrum. Contributions from the ICl

- 199 states excited by 128 - 133 nm radiation are not observed. However,
on comparison with the C1 2 fluorescence excitation spectra of
Moeller et al [30] the system appears to be red shifted. This may be
a function of the Id/Cl 2 pressure employed and pressure dependent
studies are required.

A more detailed study of the photoexcitation of IC1/1C1 2 /Xe
mixtures below 158 nm is necessary to determine the nature of the
reaction following 152 nm excitation and to correlate the XeC1* action
spectrum with that of IC1/C1 2 fluorescence excitation. The present
results show that no:-

ICl* + Xe

XeC1* + I

+ Cl
channels are present in this excitation region. The differences
between reaction proceeding by the Id E(0) state and the Xe

(3P)

state illustrate the effect of accessing different regions of the
excited potential energy surface.

6.6

Photoexcitation of ICl/C1 2 /Kr Mixtures in the
125 - 195 nm Region

A brief study on the reactions and quenching of IC1 and C1 2
by Kr was also carried out. The reaction thresholds for formation of
KrC1 in the B( 1 / 2 ) state by reaction of Kr with C1 2 (D0 ° = 19,997 cm -1
[31]) and ICl (D 0 ° = 17,366 cm -1 [14]) are 153.7 nm and 160.2 nm

- 200 respectively, assuming a KrC1 B('/ 2 )

4

X('/) transition of 222.0 nm

[32]. Thus the majority of the IC1 E(0) levels above 158 nm are not
sufficiently energetic for reaction to occur while reaction of the
lower wavelength C1 2 system has been previously reported [6, 2 6].

Figure 6.7 shows an excitation spectrum of the KrC1 B( 1 / 2 )

i

X( 1 / 2 ) transition at 222 nm. The resolution of this spectrum is poor
since a secondary monochromator (the Acton VM-502) was employed to
detect fluorescence and the excitation bandwidth had to be increased
to 3.1 nm.

The KrC1* excitation spectrum is very similar to that of
XeC1* with the exception of the atomic Xe system around 147 nm. The
corresponding Kr transition is found at 123.6 nm [33] and lies below
the CaF 2 cut-off (128 nm). Dispersed fluorescence following 176 nm
excitation (Figure 6.8) shows that no KrC1* is formed at this
wavelength as expected. The spectrum is essentially that of quenched
IC1 E(0) fluorescence as discussed in Section 4.7 with the boundbound fluorescence at 222 nm contributing to the action spectrum of
Figure 6.7. Excitation at 142 nm (Figure 6.9) reveals a spectrum very
similar to that of the ICl/C1 2 /Xe mixture (X0 , = 140 nm,
Figure 6.5-A), although the KrC1 B( 1 / 2 )

9

X( 1 / 2 ) transition at 222 nm

is now observed instead of the XeC1* transition at 308 nm. The IC1
molecule again takes no part in the reaction due to IC1*
predissociation.

Dispersion of fluorescence following excitation from 150 nm
to 160.2 nm (the KrC1* formation threshold) was not possible due to
low levels of fluorescence. It is noted that the 152 nm excitation
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Figure 6.9 - Normalised dispersed fluorescence of an IC'/C'2/Kr mixture following excitation
at 142.0 nm (X = 4.5 nm). The UV-VIS fluorescence was analysed with 1.7 nm
resolution and the VIJV-UV by 4.0 rim resolution. Neither spectrum is corrected
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- 204 system is still present and it would be interesting to ascertain
whether Kr C1* is formed by excitation of this system.

Excitation of Kr/IC1/Cl 2 mixtures produces similar results to
the Xe/IC1/C1 2 system which has been studied in more detail. However,
in this case the ICl ion-pair states (primarily the E(0) state) are
not veil-positioned for the study of the KrCl* formation threshold.
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Courses and Conferences Attended

In accordance with the regulations of the University of
Edinburgh, the Department of Chemistry, the following lectures and
lecture courses were attended over the period of three years.

Courses

Lasers
Mass Spectrometry
RKR Theory
Non-Linear Least Mean Squares Methods
Theoretical Methods
Molecular Electronics
One Week Course on Fortran Programming
Attendance at Laser and Molecular Beam Group
Meetings, 1984 - 1987

Summer Schools and Workshops

Attendance at one week of the 30th Scottish Universities
Summer School of Physics on Synchrotron Radiation Research, University
of Aberdeen, 1985.
SERC Sponsored Short Course on Gas Kinetics, University of
Cambridge, 1985.
Workshop on Fluorescence Lifetime Spectroscopy, Edinburgh
Instruments Ltd., 1986.

- 209 Conferences and Meetings

9th International Symposium on Gas Kinetics, University of
Bordeaux, 1986.
XIth International Symposium on Molecular Beams, University
of Edinburgh, 1987.
Gas Kinetics Group Meetings:
-

University of Leicester, 1985.

-

University of Cambridge, 1985.

-

University of Edinburgh, 1987.
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Summary
The fluorescence excitation spectrum of IC! in the region 160 - 200 nm
has been recorded using tunable synchrotron radiation. The dominant absorption features in this region involve transitions to Rydberg states but the main
fluorescence (for A> 200 nm) is from ion pair states.

1. Introduction
Until quite recently very little was known about the ion pair states of
halogen and interhalogen molecules. However, there has been considerable
recent interest following the discovery that they have rather unusual chemical and spectroscopic properties 11 - 10 1.
From a chemical viewpoint they are of interest because of their high
reactivity [1 - 4]; they are known to react with noble gas atoms [4) and to
be capable of breaking some of the strongest chemical bonds (e.g. the
carbon—fluorine bond) [3]. From a spectroscopic viewpoint, ion pair states
are of interest because of the extensive oscillatory continuum emission to
which they generally give rise (5 - 101.
We have previously reported (2, 7 - 101 work on the ion pair states of
12, IBr and Br 2 . However, despite considerable efforts we have, until now,
failed in attempts to excite the ion pair states of IC! using single-photon
techniques. In previous attempts we have used an ArF laser (193 nm), a
commercial fluorometer (A> 190 nm), an intense mercury lamp (184.9 nm)
and an F 2 laser (157 nm). These failures surprised us in view of the relative
tpresent address: Department of Chemistry, University of Denver, University Park,
Denver, CO 80208, U.S.A.
0047-2670/85/$3.30
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ease with which the other halogen ion pair states could be excited and we
therefore decided to make a systematic fluorescence excitation study using
tunable synchrotron radiation. This study has revealed that the most intense
fluorescence results from excitation between 160 and 180 nm, which is a
region poorly covered by conventional line sources. Our work serves to illustrate the very great advantages associated with using a continuously tunable
synchrotron radiation source.

Experimental details
All experiments were carried out using beam line 12 at the Science and
Engineering Research Council Daresbury Synchrotron Source. Radiation
from the storage ring was dispersed using a Spex 1500 SP Czerny—Turner
monochromator. Samples of ICI were contained in conventional Spectrosil
fluorescence cells (cross section, 1 cm 2 ) fitted with a greaseless tap. These
cells were then mounted in an evacuable chamber which allowed absorption
and fluorescence spectra to be monitored simultaneously. Absorption spectra
were recorded using a screen coated with sodium salicylate to convert vacuum
UV radiation to wavelengths suitable for monitoring with a conventional
photornultiplier (EMI 6256B) Undispersed fluorescence was monitored at
right angles to the excitation beam using a quartz-windowed photomultiplier
(Mullard PM2020Q) outside the evacuable box (i.e. fluorescence was observed
for 650 nm> A > 185 nm).

Results
The absorption spectrum of ICI in the region 160- 200 nm is shown in
Fig. 1. The two sets of Rydberg bands previously reported by Venkateswarlu
[11) are clearly seen between 190 - 180 nm and 175-165 nm. The sloping
background on which the strong Rydberg peaks are superimposed is due
mainly to the change in monochromator throughput I, with wavelength.
The absorption spectra of C1 2 and 12 were also recorded, for comparison, as ICI exists in equilibrium with both these molecules. C1 2 does not
show any structured absorption in this region; however, 12 exhibits strong
Rydberg absorption below 175 nm. Thus, in o6!7, tz suppress 12' excess C1 2
was added to all samples of IC1.
A fluorescence excitation spectrum of ICI, in the region 159 - 195 nm,
is shown in Fig. 2. The most intense fluorescence is observed for excitation
between 172.5 and 182.5 nm. The banded structure observed between 180
and 189 nm and between 170 and 175 nm is due to absorption by ICI
(absorption by ICI strongly reduces the intensity of the excitation beam
before it traverses the region from which fluorescence is observed, i. e. the
sample is optically thick). This point has been confirmed by running spectra
at lower pressures of ICI; as the pressure of IC! is reduced the sample becomes
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optically thin and the banded structure becomes much weaker relative to the
fluorescence. The structure observed between 174 and 178 nm persists
even at low pressures of ICI and is therefore not due to optical thickness of
the sample.
There is a distinct break in the fluorescence excitation spectrum between
171 and 168 nm with a second highly structured system observed below
168 nm down to the limit of the Spectrosil-quartz cut-off (160 nm). It
should be noted that the spectrum shown in Fig. 2 has not been corrected for
the change in incident light intensity with wavelength: this is approximately
30% less below 168 nm compared with that at 175 nm. Thus the peak intensity for the fluorescence system below 168 nm is approximately equal to
that of the peak at 175 nra. The second fluorescence excitation system
appears to be quite sensitive to quenching by ICI and/or Cl., since the intensity of this system, relative to that at longer wavelengths, declines rapidly
for halogen pressures above 133 N m 2 . The separation between the peaks
corresponds to the vibrational frequency of the Rydberg states in this region;
however, the structure in this region does not change with the partial pressure of IC! and is not therefore due to the effect of optical thickness.
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Fluorescence excitation spectra were also recorded following the addition of N 2 as a quenching gas up to a total pressure of 12 kN m 2 . As the
pressure of N 2 was increased the total fluorescence intensity (for excitation
wavelengths between 160 and 190 nm) also initially increased up to about
8 kN m 2 N 2 , after which the intensity decreased. In these experiments no
attempt was made to disperse the fluorescence and thus the photomultiplier
registered emission from both the initially populated states and any other
states populated during collisional cascade processes 1101, provided that
these states emitted in the region 185 650 nm. However, the intensity
increase was not uniform and the bands between 160 and 170 nm increased
in intensity more rapidly than the broad system at longer wavelengths
(Figs. 2 and 3 should be compared). Furthermore, the relative intensities of
some of the bands within the 160 - 170 nm system changed with pressure
and there appear to be at least two electronic systems which behave differently in this region.
The increase in total fluorescence (about 30%) with increasing pressure
of N 2 is probably due to pressure broadening of the absorption spectrum.
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This has been observed previously with 12 where the effect has been studied
in some detail [12).
By comparison with previous work on halogen ion pair states 12, 4, 8,
101 we would expect collisions with N 2 to induce efficient interstate transfer
and cascading with the eventual population of the lowest state within the
ion pair manifold; this state would then be expected to radiate to lower
valence states.

4. Discussion
It is clear from this study that the Rydberg states, which dominate the
absorption. spectrum of ICI in the region 165 . 190 nm, do not give rise to
fluorescence at X > 190 nm. as the excitation spectrum does not exhibit the
structure observed in absorption. The spectra reported by Venkateswarlu
[11] suggest that these Rydberg states are predissociated. No rotational
structure is observable in the published spectra; however, it is still possible
for discrete structure to exist close to some of the band origins, where the
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rotational structure is dense and difficult to resolve. Our results show clearly
that the first Rydberg system is completely predissociated and that this is
probably also the case for the second Rydberg system. Fluorescence from
this second system could occur below our detection limit and some doubt
therefore remains as to whether or not fluorescence can take place from this
second system.
The structure observed on the second fluorescence excitation system
(160 170 nm) suggests that the upper state is a Rydberg state. However,
Venkateswarlu (111 has reported a strong and densely structured absorption
system in this region which must be due to an upper ion pair state; unfortunately no analysis of this spectrum was given. It would appear that the
ion pair state is strongly perturbed by a close-lying Rydberg state and that
interference between the two states results in the pronounced structure
observed in the fluorescence excitation spectrum. The intensity changes
observed when N 2 is added as a quenching gas also suggest that more than
one electronic state is involved in this region.
Several ion pair states are known in the region of interest [13] and
transitions to two of these states (0 and 1) in the lowest cluster, correlating
with I( 3 P 2 ) and C1('S 0 ), are fully allowed. Both states are expected to lie
close in energy to one another and, as a result of the large change in equilibrium internuclear separation between the ground state and the ion pair
states, high vibrational levels should be populated in the absorption process.
The fluorescence is therefore expected to be predominantly of the bound
free type (i.e. oscillatory continuum fluorescence). Further work to examine
the dispersed fluorescence is therefore desirable and the present work shows
that excitation could be achieved using the atomic lines of nitrogen at
174 nm.

5. Conclusions
We have recorded the first fluorescence excitation spectrum of ICI in
the vacuum UV and have shown that at least three upper states are involved
in the fluorescence. These states all show behaviour characteristic of ion pair
systems; however, the states excited in the region 160 - 170 nm probably
have mixed Rydberg and ion pair parentage. Further work, at higher resolution, on the absorption spectrum of IC in the vacuum UV, together with
work on the dispersed fluorescence, is clearly desirable.
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Tunable synchrotron radiation has been used to excite the ion-pair states of ICI and to study their reactions with Xe. Strong
fluorescence from both XeCI( B 2F 1,2) and XeI (B Z 1/2) has been observed and their excitation functions are reported.

1. Introduction

of IC! and Xe, and the excitation functions for the
formation of both XeC1(B 2y 112) and XeI(B 2y 1/2).

The ion-pair states of the halogens are known to
undergo efficient collisional-energy transfer within
their ion-pair manifold. Rapid cascading to the lowest ion-pair state occurs and cross sections for collisional transfer by the rare gases are typically 50 A2
[1].
In a few cases reactive channels leading to electronically excited rare gas halide species have been
observed. We have previously reported the observation of fluorescence from XeBr(B 21 112) from the
reaction
IBr(E0)+Xe—XeBr(B 2

)+I

and the formation of XeI(B 21 1/2) in the analogous
reaction between I 2 (D0) and Xe [2,3]. In the latter
case the threshold for reaction was also determined
and it was shown that reaction occurs with little, or
possible zero, activation energy. Similar reactions
have been observed between excited states of Cl 2 and
some of the rare gases [4,5].
A low-resolution study of some of the luminescence produced following vacuum ultraviolet excitation of Xe/ICI mixtures has been reported
previously by Bibinov and Vinogradov [6]. In the
present work we report a study of the chemiluminescent reactions that occur between the ion-pair states
0 009-2614/86t$ 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

2. Experimental
All experiments were carried out at the SERC synchrotron radiation source at the Daresbui -y Laboratory. Two ports were used to record the spectra, high
aperture 12 (HAl2) and vacuum ultraviolet 13
(VUV13): similar results were obtained in both cases.
Since the arrangements were somewhat different for
each port some further details will be given.
The experimental arrangement on HAI2 used
samples of IC1/Cl,/Xe which were contained in a
conventional 1 cm cross section Spectrosil fluorescence cell. The cell was mounted at the centre of an
evacuable chamber into which the output of the synchrotron was passed after dispersion by a Spex 1500
Czerny–Turner (0.75 m) monochromator (usable
resolution, 0.04 nm).
The arrangement for VUV 13 was similar to that
on HAI2 but the synchrotron radiation was dispersed using a.0.5 m Seya monochromator before
passage into the sample chamber (the Spectrosil fluorescence cell was dispensed with in these experiments). The somewhat poorer resolution (0.1 nm)
of the Seya monochromator on VUVI3, compared
213
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to the Czerny—Turner on HA 12, was more than offset by the greater throughput of radiation on VUV 13
particularly at shorter wavelengths.
For both HA 12 and VUV 13 the detection systems
were essentially the same. Fluorescence was collected at right angles to the excitation beam using a
suitably filtered Mullard XP2020Q (HAl2) or
EM19883QA (VUV13) photomultiplier which was
mounted outside the evacuated chamber. The excitation spectra for the rare gas halides were run using
either narrow-band interference filters or a Spex
Minimate monochromator, on the fluorescence axis,
in order to isolate the spectral range of interest. VUV
absorption spectra were recorded by using a sodium
salicylate fluorescence screen to convert the VUV
radiation to a wavelength suitable for detection using
a conventional photomultiplier. None of the spectra
presented here have been corrected for the wavelength response of the monochromator or detection
system.

3. Results and discussion
A fluorescence excitation spectrum of ICI is shown
in fig. 1. The excited states which give rise to this fluorescence have been identified as ion-pair states: we
have recently succeeded in dispersing this fluorescence and have observed clear oscillatory continuum
structure [7] which confirms the ion-pair assignment. It should be noted that a pressure of C1 2 equal
to, or in some cases twice, that of IC! was added to
all samples, in order to suppress the small amount of
I, which is present in equilibrium with ICI: the presence of even small amounts of 1 2 would give rise to a
rich fluorescence spectrum following optical excitation in the region studied here [8].
Addition of Xe to ICl/Cl, mixtures quenches the
primary fluorescence and results in the formation of
XeC1(B ' y- /2) as shown in fig. 2: formation of
XeI(B 2) is also observed for excitation below
A= 168 nm. By monitoring the emission at 308 nm,
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due to XeCI(B 2 112_x 2 1/2), while scanning the
synchrotron radiation over the region 190-160 nm,
an excitation spectrum for XeCI(B 2Z 112) formation
is generated, and this is shown in fig. 3. A comparison of figs. 1 and 3 shows that the XeCI(B ' y- 112)
excitation spectrum is very similar to the ion-pair
fluorescence excitation spectrum when due allowance is made for the lower resolution used to collect
the XeCl(B 'y- 1/2) data. The thermodynamic threshold for XeCl(B 2 1/2) formation is 200 nm, however
absorption by IC! is negligible at this wavelength and
the apparent threshold for XeCI (B 2 112) formation
coincides with the onset of absorption by the ion-pair
state of ICI at 190 nm. It is clear that the Rydberg
states of IC! in this region do not react: they appear
to be predissociated [ 9 ] and their lifetimes are probably too short for fluorescence or collisional processes to be important.
The thermodynamic threshold for XeI(B 21 112)
formation is 174 nm, and weak XeI(B 2 /2

3 October 1986

2

1/2) emission is seen at this wavelength (fig.
4). However, it can be seen from fig. 1 that this
threshold wavelength coincides with a steep drop in
the fluorescence excitation spectrum and it is clear
that ion-pair absorption is negligible in the region
173-168 nm. Furthermore, some emission from ICI
itself falls within the bandpass of the 251 nm interference filter (t.A=2 nm) used in this work, and the
excitation function should therefore be treated with
some caution in the region 170-175 nm. A steep rise
in the excitation function is observed below 1168 nm
which coincides with strong resonance structure in
the fluorescence excitation spectrum. It should be
noted that the chemilumjnescence from XeI(B 2)
is more intense than it would appear from fig. 2, as
the response of the monochromator used in this work
declines rapidly below 300 nm.
The dominant ion-pair state absorption by IC! at
long wavelengths (A> 170 nm) is assigned as
E0 1 —X0 1 , from the work of Brand et al. [101: the
-IX
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E0 state belongs to the lowest cluster of ion-pair
states which correlate asymptotically with 1 1 (3p,)
and C1( 'S0 ). We have previously suggested that the
sharp resonance structure in the region 160-170 nm
is associated with a state of mixed Rydberg and ionpair character, and the present observations lend further support to this proposal.
The mechanism for reaction of IC1( EU ) with Xe
must involve the charge-transfer potential surface
which correlates with ICI - and Xet The ion-pair
state will have a large effective electron affinity and
during collision an electron will be transferred from
Xe into the hole in the bonding a orbital on ICI. If a
strictly linear approach is assumed, so that Q is conserved, the adiabatic pathway to reaction can be pictured as follows. An electron is transferred at long
range thus :
ICI(E, 1441,Q=0)+Xe(rn=0)
—ICI - (244l,Q= 1/2)+Xe( 2 P 3 ,

,

3 October 1986

ciation characteristics to 1 +Cl, dominates. The
reaction then proceeds as before and the whole path
is traced out over a surface that is continuous (no
seams or intersections) with that leading to XeCl* + I.
There is an exact analogy with the reactions
Cs+ICl(X)-CsI+Cl,
-CsCl+I.
Once again, approach from the Cl or the I end results
in the formation of the same electronic state of ICI (2441 ), which, to correlate with Cs! must be mixed
with the (1442) configuration.
In summary, we have shown that the low lying ionpair states of ICI react with the ground state of Xe, to
yield both XeCl(B 21 112) and XeI( B 2 /2). The use
of tunable synchrotron radiation has allowed excitation functions for the formation of both of these
excited rare gas halide species to be determined.

n=l/2)

The ICI - bond begins to stretch rapidly with
incipient formation of I( 2 P3,,) +C1. The incoming
Xe then picks up the Cl - and formation of X eCI*
proceeds smoothly, without any barrier, passing
through one avoided crossing on leaving the charge
transfer surface in the exit channel, to form XeCl(B.
Q= 1/2): the! atom is left in the required lower 2P 31
state. It is seen that the XeCl C state is not accessible
in this collinear approach. We note that the potential-energy surface as a whole is dominated by electrostatic forces, especially at close separations of the
three atoms and this would lead to a pronounced
minimum in the surface around the linear configuration (I-Cl-Xe) so that non-collinear trajectories would be funneled into linear configurations.
If, in contrast, the Xe approaches from the I end of
ICl(E0) the same initial electron transfer occurs,
but the (2441) state so formed has the wrong dissociation characteristics (to I + Cl - ) for formation of
X e I*. However, the electric field of the approaching
Xe ion induces strong mixing of the (2441) and
(1442) ICI - states (which are related by a one-electron transfer) until the latter, having the right disso-
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