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~ ABSTRACT

PART I

A number of interesting inorganic radicals have been
prepared by exposing polycrystalline materials doped with
suitable anions to high enefgy radiation.

The species (NaH)?*, 3032', N032-, €105%7, end €10,
are discussed in detail in Chapters III, IV and V. The
data derived from their ESR and electronic spectra are used
both as an aid in identification and as a probe of their
‘electronic and molecular structures.

PART ITI

The magnetic and optical properties of six paramagne-
tic species (C}OB, 01052-, 0102, (Cl-ClOz)_, Clé and Og),
produced by the 7-irradiation of KClOB, are discussed in
detail in Chapter VI. Their configurations in the chlorate
lattice are deduced, and a tentative mechanism for radiation
damage in KClO3 is formulated.

There is substantial evidence for the existence of the
free radical Cl00 from kinetic studies in the gas phase.
Chapter III describes how this species was isolated in KClO4
| and frozen 90% H2804 matrices from the UV-photolysis of

trapped ClO2 radicals. In these environments the 'peroxy-

chlorine' species slowly isomerises back to ClO2 and a



mechanism for this interconversion procesé is suggested;
PART III

Trapped silver atoms are known to be formed when
glasses containing argentous ions are exposed to high
energy radiation. In Chapter VIIIA we outline the identi-
fication of several inequivalent silver-cbntaining centres,
inéluding trapped silver atoms, AgH+‘cations and aquated
sil&er atoms, in frozen aqueous'H2804'and show how the
-natures of the radiolysis products were dependent upon the
acid concentration of the matrix. Furthermore, the species
(AgOR)f have been detected in irradiated alcoholic solutions
containing Ag* ionms. |

The thermally initiated decomposition of these silver
radicals has been followed by ESR and optical spectroscopy
in Chapfers VIIIB. In both acid aﬁd alcoholic environments,
radical annihilation must proceed via aggregation and the |
pblynuclear species Aga+, (Ag23)2+ and Ag4?+ have been.
‘identified as intermediates in- this process.

Wherever possible the cadmium analogues of the silver
radicals have beenhpreparéd to fécilitatela comparison of -

their magnetic properties and structures.
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GENERAL INTRODUCTION

This thesis‘is a detailed report of a research
project in which the electron spin resonance (ESR)
technique has been applied to the problem of identifying
radicals which remain trapped in a variety of inorganic
crystalline and amorphous solids afteg they have been
produced by exposing the matérials to high energy radia-
tion (-Y-rays). Three main objectives formed the basis

for this investigation:-

a) To prepare specific radicals by the irradiation

of suitable host materials doped with diamagnetic
impurity anions, these radicals having been chosen‘
to test some of the predictions of the “Molecular
Orbital" and "Valenée Bond" theories.

In Part I we illustrate how the unpzaired
electron can act as a probe of a radical's
electronic structure and geometry, and how the
wealth of information obtained from its ESR spec-
trum may be utilised.

b) To monitor the radiation-induced chemical
decomposition of crystalline inorganic solids.

In general, the products of radiation damage
trapped in inorganic materials lie in a limited

number of preciselydefined orientations which are

<



related by the crystal symmetry. In Part II
information about the nature and orientation
of the radiolysis products in KClO3 and KC10,
is coupled with a certain amount of chemical
expectation so that general conclusions can be
drawn regarding the mechanism of radiation
damage in these materials.
¢) To employ high energy radiation for the
preparation of paramagnetic atoms and mono-,
di- and polymeric cations in frozen mineral
acid and alcoholic solvents.

In Part III we show how, in these vitreous
matrices, the unpaired electron probe% the
environment of the radical-product, which is

essentially that of the parent cation.

A. ASPECTS OF ELECTRON SPIN RESONANCE SPECTROSCOPY

Because of the publication of several recent com-
prehensive reviews, - no attempt will be made in this
introductory section to outline the fundamental theory
underlying the ESR experiment. Furthermore, we are not
concerned here with the many interpretivé problems involved
' ip the analysis of complex ESR spectra, for these hsdve

been treated in depth elsewhere.qq Instead, a brief

review is given of the methods involved in the extrac-



tion of structural information from the spin-resonance

parameters of inorganic radicals.

1« The Evaluation of the Principal Values of the g-

and A-Tensors

a) From single-crystal studies

The ESR spectrum of a radical trapped in an arbi-
trary orientation, with respect to the applied magnetic
field direction, in an irradiated single crystal can be
described by the following spin-Hamiltonian

A =/g (gxxHxSx + gyyHySy + gzszSz)

+ axxIxSx + anyySy + azzIzSz ceseel1)

where (g

8,,) end (a_, a__, a ) are the

xx? Byy vy
principal values of the g~ and A-tensors, and Sx’ Ix,-
Hx refer to the x-components of the electron spin
operator, nuclear spin operator and the magnetic field.
The symbolﬁarepresents the Bohr magneton. When the ESR
experiment is performed using a single érystal, it is
usual to rotate the crystal in turn about three mutually

perpendicular axes. The principal values of both the g-

and A-tensors and their direction cosines relative to the



crystal axes can then be deduced from the observed
angular variations of the g- and A-factors. Detailed
descriptions of the techniques involved and convenient
méethods of processing the experimental information are

13

given by Geusic and Brown,quryce, Weil and Anderson,q4
and Schonland..15 The method used to evaluate the
spin-resonance data included in Chapters VI and VII for
radicals trapped in KClO3 and KClO4 follows closely that
of Schonland, and has been fully describéd elsewhe:r:e.,]6

b) From powder spectra

Studies.of radicals in single crystals are invariably
lengthy and tedious, and when the primary object of the
investigation is the identification of trapped paramagne-
tic species the procedure is not always necessary. It is
generally more convenient, and certainly much simpler, to
study the radicals randomly oriented in polycrystalline
and glassy materials. Under these conditions the pertinent
spin-resonance information can be derived b& a comparison
of the observed ESR spectrum with a number of theoretical
line shapes computed for commonly occurring conditions.
For example, Figure I.1A shows the ESR spectrum ascribed
to nitrogen dioxide trapped in a polycrystalline sample
_of*y-irradiated NaNO; . The ESR parameters of the NO,

radical can readily be deduced from a comparison of this
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Fi;;ure 1.1. (A) The experimental ESR spectrum of ROg poly-
crystalline NaRO” for comparison with (B) Thé

theoretical ESR line shape for a species-containing
a single magnetic nucleus (I = 1) and possessing

anisotropic g- and A-tensors.



spectrum with the theoretical line shape‘(FigurerI.ﬂB)
for a species containing a single interactingvmagnet%c
nucleus (I = 1) and possessing complétely anisotropia
g- and A—tensors.’ll7 | |

Although the evaluation of the experimental spin-
resonéncé parameters frqm a study of single crystals is
generally more satisfactory, pitfalls in analysis do
occur, particularly when there are several magnetically
non-equivalent trapping sites in the crystal unit cell.
In these circumstances, the data derived from powder
meésurements act as a useful check on the interpretation
of the single-crystal results. |

2. Information from the llyperfine Tensor

The experimental tensor (a azz) representing

<x? ayya
the total hyperfine interaction between the unpaired

electron anda given nucleus may be resolved into isotropic

and anisotropic components as follows
- 1 ‘ Bxx

ayy = Aiso 1 1+ Byy

azz 1 Bzz oonoo<2)

a) The isotropic hyperfine tensor

The isotropic part of the hyperfine tensor stems



solely from the presence of unpaired electron spin-
density at the nucleus. This can arise'in one of three
ways
i) from spin-density directly in an ns-orbital,
ii) from a configurational interaction which
admixes excited states.with éppreciablé S-
character into a ground-state which has no
s-orbital contribution,
or iii) from polarisation of inner s-electrons by
unpaired electron density in outer s-, p-,
d- or f-orbitals."
The hyperfine coupling between an electron in an
ns-orbital and the nucleus at the centre of that orbital

is given by

A, = aﬁs (%?) gNPNl\yns(o)lz gauss eeees(3)

where ais 1s the spin-population of the ns-orbital and
q&s(o) is the value of the ns-wavefunction at the nucleus.
Thus, we can estimate the orbital population oflthe ns-
orbital (aﬁs) quite simply from a comparison of the experi-
mental (Aiso) value with the theoretical value (Azso)
calculated from an atomic wavefunction for an electron

occupying the ns-orbital.

It is convenient to classify radicals as O orT,the



najor distinction being that in the former there is a
direct contribution from an s atomic orbital to the
molecular orbital containing the unpaired electron,
resulting in an appreciable iéotropic hyperfine coupling;18
In contrast, forTT-radicals there is usually only a small
residual isotropic coupling which arises from spin-
polarisation of valence electrons, particularly those

involved in¢ ~bonding.

b) The anisotropic hyperfine tensor

If d-orbitals are assumed not to contribute appre-
ciably to the molecﬁlar orbital containing the unpaired
électron, then by analogous érguments to those outlined
above, the anisotropic component of the hyperfine tensor
nay lead directly to the np-orbital population. (This |
neglect of d-orbital involvement may not be Jjustified,
however, except, of course, for radicals of the first row
elements).

The contribution of uhpaired sﬁin in a p-orbital to
the anisotropic hyperfine tensof when the external field
is applied along the symmetry axis is given by the expres-

sion

SRR NPT, WP —

3

where<<r'§>np is the average value of r 7, r being the



distance of the nucleus from the electron in the np-

. 2
orbital, and anp

orbital. We can estimate aip from a comparison of the.

is the electronic population’of the

experimental 2B value with the theoretical value (2B°),
calculated from the free-atom value of <5-5>'and taking

a2 as unity.

np

Anisotropic couplings of an order of magnitude
smaller than those stemming directly, from np-density can
arise from the dipolar coupiing of a magnetic nucleus
and an unpaired eleétron in.an orbital on a neighbouring
-atom. When the distance between the unpaired electron
ahd the interacting nucleus is greater than 1.53 these
indirect couplings can be satisfactorily estimated, to
first-order, by a simple point-dipole approximation.
 However, when this separation approaches 1.53 it is
necessary to use the more realistic approach of McConnell

and Stra‘bhdee:l9

Thus, the isotropic and anisotropicAcomponents 6f'
the hyperfine tensor, representing the interaction of
the unpaired electron with a éinéle magnetic nucleus,.
can yield estimates of both the s- and p-character of’
the molecular orbital of the electron at that nucleus
(provided that d-orbital contributions to this molecular

orbital are neglected). It is now possible to deduce the
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hybridisation ratio ,K (where AZ = ag/ag) which is
related to the bond angles in‘cerﬁain radiealé through
Coulson's orthogonality relationships?o Values of

bond angles calculated from spin-resonance data generally
agree well with those obtained by more conventional tech-
niques, which is indeed remarkable in view of the drastic
assumptioﬁs involved in the method of population analysis

that we have outlined.

2 -3 o)
The relevant parameters (PP#SCO)I ,<{r 1p? Aiso
and 2B°) required for the assessment of orbital population
for a variety of atoms are collated in Table I.1.

3. Information from the g-tensor

Although the hyperfine coupling tensor is the most
helpful piece of information derived from an ESR spectrum,
the g-tensor is also informative.' Anisotropy in g- .
tensors is often readily detected in the ESR experiment
and reflects the incomplete quenching of the orbital
motion of the unpaired electron. This residual orbital
angular momentum results from a mixing of the molecular
orbital containing the unpaifed electron with other
molecular orbitals. Consequently, the g-factor in an
arbitrary direction may be greater or less than the free-
spin value (2.0023) for, in general, there are competing

excited states that can combine with the ground state of
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the radical. Those which involve the excitation of the
nagnetic electron to an outer wvacant level give a
negative contribution, and those which i;volve'exoita-
tion of an inner electron into the half-filled orbital
give a positive contribution to the g-fac%or.~ Hence,

the g-tensor gives us valuable information about the |
symmetry of the radical and the proximity of magnetically
coupled excited states. A more detailed exposition of

these points is given in reference 11.

B. INSTRUMENTATICN

1. Electron Spin Resonance Measurements

The electron spin resonance spectra, at 9.3 Ge/s, of
polycrystalline and glassy samples were obtained using a
commercial X-band Varien V4502-03 high resolution spec—
trometer with 100 kc/s field modulation. The method
employed for the calibration.of the magnetic field has

21 and the estimated

been described in detail elsewhere,
accuracy of the g-values and hyperfine coupling constants
measured in this way are 1'0.0004 (in 2.0000) and + 0.03

gauss respectively. DlMeasurements at 77°K were made with

the paramagnetic samples immersed in liquid nitrogen in.a
quartz Dewar which could be inserted directly into the

spectrometer cavity. Measurements at temperatures between

770 and 295°K were made using a variable-temperature
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‘accessory designed and constructed in these laboratories;
- the absolute temperature of the sample could be controlled
within + O.5°K. Spectra at 4,2% wefe obtained employing
a Varian V4545B liquid helium accessory and superheterodyne
detection. Powder spectra were occassionally measured at
4.0 Ge/s on a Q-band spectrometer which empléyed'super—
heterodyne detection. Single-crystal spectra at 770 and
295°K were obtained on an X-band spectrometer on which the
magnetic field was calibrated against a proton NMR magne=-
tometer. Both of these instruments have been fully
described elsewhere.21’22

Measurements at %.1 G¢/s were carried out on an S-
band spectrometer which incorporaﬁed a three port circu-
lator, one arm of which was connected to an E.M.I. reflex
klystron which had a power output of 150 mW. This arm also
included an attenuator for varying the power and a wave-
meter for measuring the microwave freqqency._ The second
arm of the circulator was connected to the spectrometer
cavity via a matching variable impedence, and the third
arm was coupled to the crystal detector. . 100 kc/s
modulation of the magnetic field was used to sample the
slope of the electron resonance absorption line. The
rectangular cavity oscillated in the HO,l5 mode and the

100 kc/s modulation was introduced internally by means of
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two single-turn coiis positioned in a Helmholtz configu-
ration for maximum homogeneity.

The D.C. magnetic-field was provided by a Newport
Instruments Type A e;ectromagnet with 4-in pole pieces
fitted with 7-in pole tips, - ihe maximum field available
was 3,500 gauss. Thé magnetic field was non-linear with
current because of the saturation of the magnetic yoke
and was therefore, monitored wifh a Hall'probe the output
- from which straddled the.X-axis of an XY-recorder.
Consequently the chart was linear with field. The signal
from the crystal detector was amplif?ed at 100 kc¢/s, phase-
sensitive detected, passed fhrough a noise filter and
finally fed into the recorder.

To increase the sensitivity of the spectrometer a 64
channel‘averaging computer was available. For measurements
av 77°K samples were immersed in liquid nitrogen in a quartz
Dewar which could be directly inserted into the cavity, and
for measurements within the range 140° to 450°K a variable-
temperature accessory incorporating a tungsten resistance
thermometer was uséd. A

All of these spectrometers,- except theifirst, wére
designed and constructed by Mr. J.A. Brivati.

2. Optical Absorption Measurements

Electronic spectra within the range 50,000 - 8,000 cm-'1
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were measured on a Unicam SP700 ‘*Double-Beam' Recording
Specfrophotometer. The optical épeétra of vitreous
samples between 77°K and room temperature were obtained
using a variable-temperature cell which was designed and
constructed in these laboratories. The absolute tempera-
ture of the sample was monitored with a precalibrated
copper-constantan thermocouple with direct digital readout.
Single-crystal optical absorption studies were carried
out with the crystals mounted in an adjustable sample-
holder, and the optimum conditions for the measurement of
spectra were obtained using a variable iris-attenuator
ﬁlaced in the reference beam of the sbebtrophétométer.

3. Reflectance Spectra

The diffuse and total reflectance spectra of finely
powdered materials were obtained using a Beckman DK2A Ratio
Recording Spectrophotometer with 24500 Reflectance Photo-
meter Attachment. All Spectra were measured at room
temperature against a reference sample of lithium fluoride
or magnesium oxide. |

4, Infra-red Spectra

A Perkin Elmer 225 grating infra-red spectrophotometer
with a low temperature accessory was used for the measure-

ment of IR spectra of frozen solutions.
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5. DNethods of Irradiation

Irradiations with 60

Co fy-rays were carried out in

a 'Gammacell-200' supplied by Atomic Energy of Canada
Ltd., which produced an effective dose rate of approxi-
nately 0.15 Mrads per hour. TIrradiations at 77°K were
accomplished with the samples immersed in liquid nitrogen
in a pyrex DeQar which was designed to fit close to the
radiation source. Photolysis with 26508 radiation was
carried ou? with a high-pressure mercury arc lamp, and
photolysis at 77°K was accomplished by placing the sample
in a quartz tail-piece of a Dewar filled with liquid

1

nitrogen.
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INTRODUCTION TO PART I

In Part I of this thesis we report the preparation-
of some interesting inorganic radicals by '7-irradiation
of polycrystailine matri¢es containing impurity ions.
These doped powders were produced by coprecipitating the
microcomponent with a large excess of a suitable host
material, ﬁarticularly calcium carbonate or barium sul-
phate. The ESR and electronic spectra of such radicals
were used both as an aid to their identification and as
a probe into their electronic structure and geometry.

Thé initial act in the radiation damage of
inorganic diamagnetic solids is commonly electron ejec-
tion. If the ejected 'conduction' electron is trapped
in some manner at a distance from the parent cation, and
if the latter distofts to inhibit hole migration, then
péramagnetic species result and can often be studied by
ESR. In general these 'centres' are stable only at low
temperatures and readily decompose when the substrate is
annealed. In the absence of impurity or defect sites the
electron and the hole-centre may recombine to produce an
excited parent molecule which often decomposes before it
has time to drop to the ground séate. A suitable
impurity ion at a lattice site in fhe solid can act as a

competing trapping site for the electron, and the result-
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ing radical may have a high thermal stability. This
stability will be enhanced if the coafiguration and
charge of the paramagnetic impurity centre are compatible
with the host lattice. For example, as we shall see later,
the most stable oxyanion radicals trapped in an MIIXO3
lattice are almost certain to have the X052— structure.

The coprecipitation technique has several substan-
tial advantages over conventional methods of obtaining
~ dilute solid-solutions of the impurity ions that are
precursors to tri-, tetra- and penta-atomic radicals in
ionic crystals. In particular, one can often coprecipi-
tate either salts that do not form mixed crystals with the
host when grown by slow evaporatipn from solution, or salts
that -decompose at elevated temperatures obviating melt-
growth techniques. A fundamental understanding of the
coprecipitation phenomenon is necessary before it is
possible to.anticipate which impurity.ions will be incor-
porated into a particular precipitated matrix. VWe begin,
therefore, with a brief review of those factors which
influence this process.29

COPRECTPITATION

Coprecipitation of an impurity with the host material
probably occurs either by the adsorption of the microcompo-

nent onto the host or by the formation of a solid solution.
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The concentration of the microcomponent is deter-
mined by:

a) The relative sizes and charges of the copreci-

pitant and host lattice ions.

A low concentration of coprecipitant ions will
occur if their inclusion in the host necessitates

a significant lattice distortion. This distortion

may be relieved however, if the impurity ions aggre-

gate to form neutral molecules or clusters within
the matrix.

b) The structﬁral relationship between the host

lattice and the copreciﬁitant salt.

The highest concentrations of impurity ions are
obtained when the materials are isomorphous. This |

also seems to indicate that molecular units rather .

than individual ions are incorporated into the host

lattice.

The rapid direct mixihg of reaéents in high concentra-
tion to form precipitates is the least reproducible method
of inducing coprecipitation. However, this method does
have the advantage that it often leads to a loss of selec-
tivity by the host, and a concomitant increase in‘
concentration of impurity ions. The solid state diffusion

. process may then be sufficiently rapid to render the solid
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phase homogeneous, the rate of diffusion increasing
markedly when the precipitate is annealed close to its
melting point. When the substrate forms as a colloidal
precipitate, impurity ions ih the solution can be
adsorbed onto the solid surface. These foreign ions may
then be incorporated into the subétraﬁeflattice, mainly
at the 'inner' surface of each precipitate particle.
This mechanism is particularly important because copreci-
pitation may occur with tﬁe formation of an adsorption
compound even though the microcomponent ions are
structurally incompatible with the host lattice.

There is no apparent reason why liquids should not
be coprecipitated with solids, and indeed solvent mole-
cules have been found in close association with the host
lattice (a) as part of the solvation structure in the
normal crystal lattice, (b) as part of the crystal
structure, (c) incorporated with the coprecipitated
foreign ions, and (d) occluded and entrapped at micro-
scopic sites.

For the following reasons we have used calcium
carbonate (calcite) and barium sulphate extensively as
host matricés for the coprecipitation of impurity ions.

a) Both salts form as colloidal precipitates from

agqueous media at temperatures close to the boiling
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points of the solutions. Thus impurity ions

whose structure may not be compatible with either
of these lattices may still be coprecipitated as
adsorption compounds. If the powders are then
annealed at high temperatures, ion diffusion

occurs, rendering the solid phases homogeneous.

b) Neither salt contains abundant magnetic nuclei
(see Table I.1) so that there is no line broadening
in the ESR spectra of trapped radicals fhroﬁgh |
superhyperfine interactions with the matrix.

¢c) Both salts are very insoluble in water.

d) The ESR spectra'of fhe radicals formed by the
Y-irradiation of both pure CaCO3 and BaSO4 are
relatively simple, consisting of broad featureless
absorptions centred close to the free-spin g-~factor.
Consequently, they do not complicate the analysis of

ESR spectra arising from trapped radicals.



CHAPTER III

THE ALKALI METAL ION - HYDROGEN ATOM CENTRE

IN BARIUM SULPHATE
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THE ALKALI METAL ION -~ HYDROGEN .ATOM CENTRE IN BARIUM
SULPHATE | -

The exposure of precipitated barium sﬁlphate toi
;y—rays led to the formafion of hydrogen atoms which
were subsequently trapped at a variety of sites in the
host lattice. One such_trapped-atom centre, stable at
77°K, exhibited hyperfine coupling to a second nucleus.

LXPLRIMENTAL PROCEDURE

All reagents used were AnalaR grade purified further
by recrystallisation from aqueous solution. Barium
sulphate powders doped with impurity ions were prepared
By precipitation at 370°K from aqueous: solufions’of
barium thoride containing approximately 10% of the
microcomponent salt, and the suspension was allowed tb
digest at 355°K overnight. Samples of the doped powder
were dried at 420°K for 24 hours prior to their exposure
to -y—radiation doses ranging from 0.5 to 30 Mrads, at.
both liquid nitrogen and room temperatures.

EXPERIMENTAL RuSULTS

When barium sulphate was precipitated from aqueous
solutions containing sodium ions, and then vacuum dried,
powdered, and Y -irradiated at 77°K, its ESR spectrum
at this temperature and a microwave power level of 10 mw

showed the presence of three paramagnetlc defect centres
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(Figure 1III.1 ). The most abundant radical, character-
ised by an intense featureless absorption centred close
to the free-épin g-factor, also resulted when fused
barium sulphate was 'y -irradiated at 77°K. This centre
probably originated from the radiation damage of
sulphate anions. However, we were unable to detect
hyperfine interactions involving 33 (338; I-= 5/2,
0.74% isotopic abundance) and therefore, could not
unambiguously identify this species. Wé shall label
this centre the "sulphate" radical for the purpose of
this account. At 77°K and 100 mW, features from the
"éulphaté'rgdical and the second paramagnetic centre,
labelled B in Figure III.1, were almost completely
saturated whilst those of A, a pair of axially symmetric
quartets (Figure III.2 ) separated by approximately

511 gauss, had increased both in resolution and intensity.
An increase in concentration of radical A occurred when
the barium sulphate was precipitatéd in the presence of
singly charged anions such as nitrate, chlorate or

Y

perchlorate.

When potassium ions were incorporated into the
sulphate lattice an analogous species to A was formed,
but the hyperfine features fiom this centre were less

well resolved and it was only possible to obtain
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perpendicular hyperfine splitting constants from the
outermost features of the quartets. Figure III.?
shows the ESR spectrum at 77°K and 100 mW of irradiated
barium sulphate, precipitated by the addition of sodium
sulphate solution to barlum chloride in D20 The origié |
nal pr1n01pa1 doublet spllttlng of 511 gauss of radical
A has col;apsed to a triplet. of gpproxlmately 79 gauss
separation.

Features from radica} A decayed when the sémple
was annealed to about 220°K; there was a parallel
increasé in intensity of the ESR signal from B. Recool-
ing to 77°K did not regenérate A.
DISCUSSION

1. The Identification of Radical A

For the following reasons radical A is almost
certainly the alkali metal ion - hydrogenatom adduct
(Na*===H):

a) The major doublet splitting of 511 gauss must

arise from the interaction of the unpaired electron

with a single proton (43; I =%, 99.98% isotopic
“abundance). Deuterium substitution resulted in the
expected major triplet splitting of 79 gauss

.arising from the coupling of the unpaifed electron

2

with the 2H nucleus (%H; I = 1).V]
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b) The secondary, axially symmetric. splitting

- arises through hyperfine coupling to a Na¥ ion.
(25Na, I-= 3/2, 100% isotopic abundence). A
marked reduction in thig subsidiary splitting
occurred when potassium ions (39K; I= 5/2, 93.08%
isotopic abundance) replaced Na' ions in the
sulphate lattice. This is not surprising in view
of the smaller nuclear magnetic moment of potassium
compared to sodium.] We have ruled out the
possibility that this splitting arises through
coupling to a 3561 nucleus (I = 3/2, 74.,6% iso=-
topic abundance) of a chloride ion for two reasons.
Firstly, we were unable to detect features arising
from the corresponding 3761 nucleus (I = 3/5,

24.6% isotopic abundance) and secondly, we obtained
exactly the same ESR spectrum from an irradiéted
sample of barium sulphate precipitated from a
solution of barium nitrate, in'the complete absence
of chloride. ' The low natural abundance of the
magnetic 135, 437Ba nuclei (I = 3/2; 6.6 and 11.3%
isotopic abundance) makes it unlikely that these
isotopes are responsible for this subsidiafy |
interaction.

¢) The intensity of the ESR spectrum of this
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radical increased markedly when the sulphate was
precipitated in the presence of anions such as
NO3', 0103- and-ClO4'. In order to maintain
charge neutrality the inclusion of singly charged‘
anions into the sulphate lattice requireg a con-
comitant increase in the condentfaﬁioh of sodiumw
ions as impurity.

2. The Identification of Radical B

The ESR spectrum of fadical B is characteristic
of a species containing a single magnetic nucleus of
spin 2. It is not unreasonable to assume this species ,
to be a hydrogen atom trapped at a barium or sulphate
ion site in the lattice, labelled "lattice" hydrogen
for convenience, since the spin-resonance parameters
of this centre are similar to those reported for hydfo-
gen atoms in the gas phase.ao When the host lattice
was precipitated from Dao, radiation damage resulted

in the formation of the corresponding tfapped

deuterium atom.

The results obtained for radicals A and B are
included in Table IIT.A1.
3, The Strﬁcture of the (Nat---H) Centre

The alkali metal ion - hydrogen atom centre is

thought to arise from the trapping of a hydrogen atom,
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if not at a sodium site itself, then at a barium or
sulphate site close to a sodium ion.

The anisotropic hyperfine tensor representing the
interaction of the unpaired electron with the single
sodium nucleus must have Fhe fopm (2B, - B, - B). From
a crude point-dipole approximation, assuming the distance
between tﬁe interacting dipoles is a measure of the
(Nat---H) 'bond length,' we calculate R in Figure IIT.4
to be 1.52. This can be qompared to the bond length of
1.8% for sodium hydride in the gas phase.50 Since
lAﬁal is greater than lAfal and 2B is necessarily
positive, then Aggo must be positive and almost certainly
results from the direct delocalisation of the unpaired
electron into the sodium 3s-orbital, giving a spin-
density of 0.054. However, the proton coupling shows
ho evidence for such delocalisation, being, in fact,
slightly greater than that of hydrogen afoms in the gas
50

phase. This apparently anomalous increase in the

proton hyperfine coupling can be satisfactorily

explained in terms of the theory proposed by Adriand| ,

and later developed by Jen and coworkers32 , to account
for the effect of the matrix upon the wavefunctions of
trapped atoms. They suggest that the perturbation of
the trapped atom wavefunction's by the matrix can be
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envisaged as the sum of several opposing effects,
principally:

a) The van der Waal's (dispersion) forces between

two interacting particles, which will tend to

maximise the interaction energy by expanding the
wavefunction's of the particles.

b) Pauli exclusion %orces, which operate when the

particle separation is small, and which effectively

result in a shrinkage of the wavefunction's of the
interacting particles away from each other. This
interaction will also admix some of the wave=-
function's of the matrix particles with those of
the trapped atom.

Hence, for the (Nat---H) species, mechanism a) -
would lead to an overall reduction in the proton hypef-
fine coupling from the free atom value, whilst b)
would give rise to an increased proton coupling and
superhypérfine splifting from the ‘'matrix' éodium ion.
The absolute magnitudes of g=-value shifts brought about
by such matrix perturbations are less raadily‘predicted,
but they must always be negative.11 If our basic
model of a hydrogen atom trapped at a distance of
approximately 1-ZX from a sodium ion in the sulphate

lattice is correct, then our experimental results
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. suggest that the effects of mechanism b) outweigh those

of mechanism a).

4, The Structure of the “Lattice! Hydrogen Centre

l The (Na+——-H) centre was irreversibly converted to
“"lattice" hydrogen when the barium sulphate host lattice -
was annealed at 220°K, indicating the_highér:thermall |
stability of the latter centre. By analogy with the
bonding scheme proposed for hydrogen atoms trapped at
basic anion sites in a variety of irradiated phosphétes,33
we suggest that the proton of the ‘lattice"” hydrogen
centre forms a ¢ -bond to a basic oxygen of the sulphate
'anion. The extra electron is then accommodated in the
corresPdnding d“-level; Since the ¢ -level is concént-
rated principally on oxygen the &*-level is mainly on
bydrogen and therefore, the spin-resonance parameters

for this centre closely resemble those of a free hydro-
gén aton,

MisCHANISM OF FORMATION

To explain the formation of fwo inequivalent hydro-
‘gen species we have to propose the existence of two
distinct and competing trapping sites in the sulphate
lattice. X-ray studies of barium sulphate precipitated
from aqueous solution haveAﬁuggested that water copreci-

pitates with the salt and exists as a solid-solution in
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the lattice, a group of three water molecules replacing

a BasQ, unit.34 Analogously, alkali metal ions and'_

solvent molecules may be concurrently coprecipitated if

the size of the combined guest and solvate ion is

appropriate. The lithium ion is known to carry one

molecule of water into the precipitated ;ulphate lattice.>?
If conduction electrons resulting from the radiation

damage of thé host lattice ions are subsequently trapped

at defect sites containing an alkali metal ion and a water

molecule, then there is a high probability that hydrogen

atoms, formed on dissociative electron capture by H20, will:

be trapped at an alkali metal ion site. Alternatively, if

these generated electrons are trapped at defect sites

containing only coprecipitated solvent, then the result-

ing hydrogen atoms may be trapped at a sulphate anion site.



CHAPTER IV

TETRA-ATOMIC OXIDES AND OXYIONS OF THE NON-METALS
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TETRA-ATOMIC OXIDES AND OXYIONS OF THE'NON-METALS

In this chapter we report thé formation of a
variety of tetra-atomic oxides and oxyanions of- the
first and second Tow elements when calcium carbonate
powders doped with suitable impurity ions were exposed
to high energy radiétion. The radicals are classified
according to.the number of valence-electrons they
possess. | ‘

We have assumed that the influence of the carbonate
environment upon the properties of the trapped radicals
is negligible and have compared the?r observed spin-~-
iesonance and molecular paiameters with those of wéll-
substantiated isoelectronic molecules and ions.

ZXPERIMENTAL PROCEDURE

Samples of calcium carbonate‘powders doped with
suitable impurity ions were prepared by precipitation
from aqueous solutions of AnalaR grade ca;cium chloride,
containing approximately 10% of the microcomponent salt,
at temperatures close to the boiling point of the
solutions. Sampies of the doped carbonéte were dried‘at
420°K for 24 hours prior to their exposure to y -radia-
tion doses ranglng from 0.5 to 30 Mrads.

Samples for diffuse reflectance‘measuréments were

powdered in a vibration-mill for several hours prior to
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their irradiation.

THE BOza- ANION AND RELATED SPECIES WITH 2% VALENCE-
4

LLECTRONS

EXPERIENTAL RLISULTS

1. ESR Spectra

Exposure of calcite doped with borate ions to

Y -radiation at 77°K resulted in the formation of the
radicals 0035- and 002.56 On annealing, these radicals
decayed with the subsequent formation of two further para-
magnetic species, X and Y in Figure IV.1. Radical X was
also formed when pure calcium carbonate was irradiated

at room temperature anq it has been previously identified‘
as the COE radical—anion.37 At 300°K and 10 mW micro-
wave power the hyperfine'features of Y were somewhat
obscured by thelintense g-features of the COE radical-ion,
but it was possible to associaté four broad lines

(A»Hms & 7 gauss) with this centre. However, at 27°K
and 100 mW microwave powér consgiderable saturation of

the ESR features from the COE centre occurred, whilst
those of radical Y were cbnsiderably better resolved-

(see Figure IV.2). ' Under these conditions it was possible
to analyse the ESR spectrum of Y in terms of a species '

having axially symmetric g- and A-tensors. Irradiation



59

o> 8860 BREST B

o

P oy T < ooo.m 8
®A0wu1umAOP wampmmu i n@O .00 ;DB .8 ..ﬂ._04

>

st b



40

ToouEB80M - 550 Doo —oRE00

© o TYue 06 o8

Adonmm...uamppm"

(o) edA?Uon@ @

V|

C\7 tov

—~=

@Admm



of calcite doped with both borate and nitrate resulted
in the production of radical Y and N052-58 (see Figure
IV.3). The presence of nitrate impurity centres in
calcite is known to inhibit the formation of the COE
radical-anion (see ChapterIV.B). The spin-resonance
features of the N052'10032—]centre* were completely
saturated at high ﬁicrowave power levels and low tempe-
ratures (Figure IV.4) therefore, we were able to confirm
qur‘analysis of the ESR spectrum of radical Y under these
‘conditions without the ambiguity brought about by the
presence of the COE anion., A further confirmation of our
'analysis was obtained by measuring the spectrum of radical
Y at 8 mm wavelength. (Figure IV.5).

Radical Y was extremely stable in the calcite
lattice and only decayed when the doped powder was heated
to 420°K for several days. Precipitation of borate doped
calcium carbonate from deuterium oxide did‘not affect the

ESR spectrum of the radicals produced by 1/-irradiation.

2. Electronic Spectra

The doped carbonate, which was deep blue after

exposure to T-rays, exhibited an intense asymmetric

* The convention adopted in this and subsequent accounts'.
will denote by NO e- ICO 2- Ia N032 ion occupying a normal
carbonate ion p051t10n in carbonate crystals.
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absorption with a maximum intensity at approximately
630 nm (15,880 cn™ 1) in the diffuse reflecténce spec—
trum, measured at room temperature (see Figure IV.6).
No such band developed in pure calcite upon irradia-
tion and so we assign this absorption‘tq radical Y.

DISCUSSION

1. The Identification of Radical Y

There are several reasons for suggeéting'that
radical Y, formed on irradiation of calcium carbonate
‘doped with borate, is BOBQ-.

a) The ESR spectrum of Y is characteristic of an
axially symmetric 5pecies cbntaining a single
nucleus of spin 3/5. It is not unreasonable to
assume-this nucleus to .be 1B (I = 3/2; 81.17%
isotopic abundance). The spin—resonance lines
for this centre are rather broad (£>Hms % 7 gauss)
possibly due to the presence of unresolved hyper-
fine features from 4OB nuclei (I = 3; 18.83%
isotépic abﬁndance). The spin populations for
the boron 2s- and 2p-orbitals can now be derived
from the theoretical va;ues for spin populations
of unity. If we assume that both the parallel
and perpendicular hyperfine coupling constants

have the same sign, this gives values of 0.014
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for the 2s-orbital and 0.071 for the 2p-orbital
and a 2p/2s-ratio of 5.3. The values of 0.002 for ‘
the 2s-orbital and 0.38 for the 2p-orbital, obtain-
ed from the alternative sign combination, correspond
to a 2p/2s-ratio of 193. This is improbably large
even for an electron confined entirely to the 2p-
orbital of boron, when the 2s-density due to polar-
isation is expécted to be of the order 1-2%. There-
fore, we ignofe the latfer sign combination for the
hyperfine coupling constants.

A comparison of the épin-resohance data and
the derived molecular parameters for Y with those .
of the 003' 56 and N0339 radicals, (see Tables IV.1 & 2)
supports our assignment of this centre to their
isoelectronic analogﬁe, the BOsa' radical-ion.
b) Radical Y is an electron deficient species.
This is demonstrated by the results of the compe-
ﬁition reaction with nitrate ions. The nitrate
ion acts as a very efficient electron trap in the
calcite lattice leading to the formation of the
stable NO,°”|C0;%"| centre (ChapterIV.B). It is so
~effective that it completely inhibits the production
of the COE fadicgl4iqn}foiﬁed,in fhe_absence of 

impurities, upon dissociative electron capture by
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TABLE IV.2. Molecular Parameters for the BOEZJ cog
. ~
and NO, Radicals.
: 2 -

2 2.

.ag ag 2p/2s agtay

BO%' Cacoy —0.01% =0.071 . 5.3 =0.085
cog CaCoy -0.009 -0.038 4.1 -0.047

KHCO, -0.01  =0.030 3.0 -0.040
NOs gﬁggate B B - B

KNO, -0.007  -0.017 2.4 -0.02%4

13x -0.010

molecular

sieve
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the radiation-produced 00310032‘| hole centre.

Both radical Y and N052f were formed when calcite

doped with nitrate and borate was exposed to 7L

raysSe. The production of I was unaffected by the

presence of an effective electfon trap, suggésting:
that it was formed by hole trapping at a borate

| impurity anion site.

¢) The remarkable thermal stability of Y in cal-

cite would suggest thét it has the XOBZ"structure,

maintaining overall charge-neutrality within the

host lattice.

d) The optical absorption spectra of the cog and

NO5 radicals have been reported previously, and

the relevant data are given in Table IV.3. These

isoelectronic radicals have absorption bands in

the region 500-700 nm (20,000-14,000 cm‘q) depend-

ing on the métrix in which they are studied. Hence,

the presence of a strong'asymmetric abéorption-at

630 nm (15,880 cm™ ') in the diffuse reflectsnce

. spectrum of Y in calcite'lénds further support to

~ our assignment. |

e) The borate doped calcite sample was precipi-

tated from an aqueous solution containing 10%

orthoboric acid. Any other radical structure,
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whose formation from an anion derived from ortho=-
boric acid seems plauSible on chemical groﬁnds;
would be expected to have larger 113 coupling '
constants. This is true of such species as B054f
and B0,27; end radicals of the form HBOg, H,B05,
H,BO,, HBO™ and H,BO would be expected to have
appreciable coupling to their hydrogen atoms.

2. The Structure of B032' : g
Figure IW/7is the Walsh correlation diagram for A35
tetra-atomic radicalsﬂo B032- is a 23-valence electron

radical and therefore, from the diagram,'we predict that
the unpaired electron occupies a non—bonding aédmolecular
orbital, constructed entirely from the in-plane 2p-
orbitals of oxygen, and that the molecule will bé planar
as there is no strain to be relieved by distortion. The
magnetic interaction with the boron nucleus must arise
through spin-polarisation of the ¢ -bonding electrons
giving rise to a small dipolar coupling of the form |
(-2B, B, B) together with a small negative isotropic

coupling. The isoelectronic radicals Cogrand NO3 have

been reported to be either planar having D3h symmetry,56’4j
or to exhibit an in-plane distortion?9 Chantry and

coworkers39 poétulated that this distortion was inher-

ent but it has since been suggested that in fact it is
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radicals and molecules.
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environmentally induced.qq Similar environmental

o

effects have been observed for the NO3 radical-anion

(Chapter V.). The smali hyperfine coupling constants
and broad resonance features of the ESR spectrum of B032-
at 3 cm wavelength make it impossible to detect any
deviation from axial symnmetry fo: this radical. However,
at 8 mm wavelength it is quite clear that no such dis-
tortion has occurred. |

The in-plane g-factor (5l) is considerably greater
than the free-spin value. This positive g-shift must
arise through magnetic coupling of the aé—level and the
‘close but lower-lying e'=level. The gulvaluelis expected
to be slightly less than free spin due to coupling of the
aé—level and the higher lying a!-orbital, although the

. 1
experimentally determined value is somewhat greater than

2.0023.
3. The Electronic Spectrum of the BO,2- Anion
7

For 23 valence-electron AOB'oxy-radicals having
DBh-symmetry, there are four low lying excited configu-
rations and corresponding transitions:

I;...(2e')4(e")3(aé)2; P (2e')4(e")4(aé); zﬁé
IT.... (26")%(e")*(ap)?; 28" a—... (261)*(em¥(ap); 2as
Transition I, pola:ised perpendicular to the mole-

cular plane, is forbiddeﬂ, whilst transition ITI is
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strongly allowed and polarised in the plane of the
radical. The observed asymmetric.band in the reflec-
tance spectrum of 3032- ( Amax = 630 nm, 15,880 cm'q)
is assigned to the ﬁransition 2E' -~ 2A', by analogy
with the results of Chantry et. al2% for the isoelec-
tronic cog and NO3 iadicals. This transition occurs
between molecular orbitals that are mixtures of oxygen
2p-atomic orbitals with no cenfral étom'character and
therefore we expect, and indeed find, only slight
shifting of absorption maxima for the series B032', cog
and NO,.

3
MECHANISM OF FORMATION

2=

The boron electron-deficient species B0z~ can be’

formed}by hole trapping at a BOBB- anion sife or by
direct radiation damage of a protonated borate species,
resulting in the loss of a hydrogen atom. The latter
'process can be dismissed since no 3032- radicals, which
are detectable by ESR, were produced when a doped calcite
sample was irradiated for several days at 77°K. B032-
radicals did form;howevér, when the sémple was annealed -
at approximately 220°K, there being a direct resonaﬁt*
hole transfer from the co; radicals.to-the imburity
anion sgites.

Since there have been no previous reports of the
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“existence of B033' anions in solution, it is difficult

to envisage how such anions were trapped'in the calcite
lattice. For the 0032— and Nog ions in solution two
optical absorption bands have been detected - a weak band
near 300 nm (33,300 cm'1) and a rather intense absorption
close to 200 nﬁ (50,000 ém-q). The high energy absorp-
tion has been assigned to a n—n* transition of symmetry

1 14!, whilst the band. close to 300 nm (33,300 cm™ ")

1
is the forbidden Ti-1t* transition of electronic symmetry

E' g

/I
tion to have optical absorption bands in the same regions.

TpY "A,'l.lkZOne would expect the 3033- anion in solu-

We have been unable to detect these absorptions in aqueous
orthoboric acid sblutions, even at temperatures dlose to
the boiling point of the solutions. It should be remem-
bered, however, that precipitgtion of the doped calcium
carbonate sample occurred from a solution containing a
high concentration of calcium chloride. The addition of
neutral salts such as CaC12, Ba012, SrClz, K2504 and KNOB,
to solutions of orthoboric acid is known to result in a

43 A solution of orthoboric

marked increase in its pH.
acid in 5.4 M Ca012 has a pH of 4.5 compared to 10.5
forla pure solution of the acid. .The pH of the solution
of calcium chloride and orthoboric acid from which the

precipitated powders were prepared varied from 3.5 at
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300°K to 1.8 at 368°K. This increased ionisation of
the acid at elevated temperatures and high salt concen-
. 3e

trations may well explain the inclusion of isolated BO3

anions in the precipitated calcite lattice.

SECTION B
THE NO,2- ANION AND RELATED SPLCIES WITH 25 VALENCE-
’a ,

LLLCTRONS

EXPERIMENTAL RESULTS

The presence of impurity ions in doped samples of
calcium carbonate was confirmed by infrared spectfo—
scopy. The IR absorption bands attributable to trapped
nitrate ions were well resolved, even at 500°K, indicat-
-ing that Nog ions occupy vacant carbonate ion positions
in the calcite lattice.

The exposure of polycryétalline samples of nitrate-

doped calcite to Y -rays at 77°K resulted in the formation
36

of the 0033' and COj radicals,”” and a third unidentified
paramagnetic species, labelled (a) in FigureIVB,giving‘rise
to a weak ESR absorption at g = 2.0088. Whenlthe powder
was’ annealed the spectrum altered significantly. At 120°%K
features from the 0033' and cog radicals were reduced in
intensity, whereas there was an increase in intensity of
features from (a) and two new centres, labelled X and Y

in Figure IV.9. At 300°k only X and a second unidentified
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species, (b) in FigureIVﬂ2femained. Radical (b) decayed
rapidly at 530°K whilst X was stable for more than 48_
" hours at 420°K. Irradiation of the doped carbonate at

room temperature gave X and (b) directly, whilst (b) and

2
of pure calcite at this temperature. Therefore, the pre-

the CO, radical- anior? 4 were the radiation damage products
sence of nitrate ions in the calcite lattice suppressed
the formation of the COE ion.

DISCUSSION

1. The Identification of Radical X

For the following reasons radical X is almost cer-

2=,
3 L]
a) The ESR spectrum of X could best be interpreted

~ tainly NO

in terms of a species possessing axially symmetric'
g- and A-tensors and containing a single magnetic
nucleus of spin I = 1. We have assumed this nucleus
to be 14N (1 =1, 99.64% isotopic abundance) and
have completed a spin-population analysis of the“
nitrogen 2s- and 2p-orbitals accordingly. Values
of 0.082 for the 2s-orbital and 0.64 for the 2p-
orbital were obtained if we assumed that‘the com-
ponents of the nitrogen hyperfine tensor had the
same signs. These values correspond to a 2p/2s

ratio of 7.8. The alternative sign-combination has

1
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been rejected as this leads to a 2p-orbital popula-
tion much greater than unity.,
b) The high thermal stability of this radical in

CaCO5 supports our assignment, for the N032-

radical

no longer requires charge compensation within the
lattice.

c) There was a parallel increase in intensity of

ESR features from X as the COBB- electron-excess

centre decayed. This would seem to indicate that X

is formed as a direct consequence of electron capture

- by a nitrate ion, lending further support to our: assign-

ment.

2. The Identification of Radical Y

Radical Y is most probably the unstable nitrogen trio-
xide molecule. However, we were unable to detect hypérfine

14N in the ESR spectrum of this

interactions involving
centre and consequently this must be regarded as a tenta-
tive identification. We base our assignment on the follow-
ing factors: |
a) The experimental g-tensor for Y is remarkably
similar to that reported for-the,NQ3 radical trapped
in single crystals of potassium nitrate44 (see Table
IV4). The principal values of the reported A-tensor

14

are small so that the N hyperfine structure, for
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NO3 in CaCO5

width of the g-features (£>Hms % 5 gauss).

, could well be hidden within the line-

b) The appearance of spin-resonance features from
Y occurred with the simultaneous loss of signals
from the cog centre. This hole-transfer process
occurred when the irradiated sample was annealed
above 220°K. |

. . e 2- -
° ) q’ .
3 The Relative Stabilities of the I 03 3 NOB, 003

and 0023- Radicals in Calcium Carbonate
7

From the annealing experiments, the observed order

of stability for the four identified centres was:

- 3 2-
5 ~ CO3 £ CO, 24 NO,

(planar) (planar) (pyramidal) (pyramidal)

NO

The energy barrier to electron-hole transmission is
a minimum when the required change in geometry of the

47

participant ions is small. ' Electron transfer from neigh-
bouring carbonate ions will therefore, readily annihilate
N0310032"I centres. The resuiting planar cog ions will
have a greater mobility, and therefore a lower thermal
stability than the corresponding pyramidal 0053']00321
electron-excess centres. These in turn will be far 1less

‘stable than the NO32— k032-[ centres because of their

excess charge and mobility by electron transfer.
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2-

4, The Structures of the NO3 and 003;' Radicals
Figure IV.7 is the Walsh orbitai-cqrrelation diagrah40
for AB5 molecules from which we conclude that, in the
25 valence-electron radicals N052_ and 0053-, the unpair-
ed electron occupies an antibonding molecular orbital of
aq-symmetry. This orbital is constructed from the 2s-
and 2pz~atomic orbitals of the central atom and the oxy-
gen 2s- and 2p-orbitals, where the z-sxis is the molecular
03-symmetry axis. ,
If we assume that Coulson's orthogonalityzo:relation-
ships between the hybridisation ratio /&(where A 2 . 2p/2s
ratio) and the BAB angle (8) hold for these AB3 systenms,
then we can estimate the bond angles in N032' and 0053—

from the equation:zo

3

Cos @ = %[m '1:l cecece(5)

From the spin-resonance data included in Table IV.4
we estimate the hybridisation ratios to be 7.8 (Noaz-)
and 5.25 (0055?), corresponding to bond angles of 115°
and 1430 respectively. These angles are almost midway
between those of planar radicals (1200) and the strongly
pyramidal isoelectronic species such as P032_ (~ 1100).48

Plots of the total spin-density (ag + ag) on the
central atom versus AX(where AX is the difference in

electronegativity between the ligand and central atoms)
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for a variety of AO3 and AO2 oxy-radicals are reasonably
linear, and show a marked increase in antibonding spin-
density on A as AX increases:m Figure IV.13 shows such a
plot for 25 valence-electron AO5 radicals from which it
is clear that, whereas the points corresponding to the
second and third row isostructural species fall on a

2= and 0035- are well removed. There

straight line, NO5
is also very little change in the unpaired electron
distribution on going frbm nitrogen to carbon, although
1>7Lincreases significanfly. It seems as though there is
a greater tendancy for radicals of the first row elements
to be planar (possibly for steric reasons) and it is those
radicals with intermediate bond angles that are particu-
larly sensitive to changes in electronegativity. There
is a steady decrease in the 2p/2s ratio on going from
N032- (7.8) to 0053' (5.25) and to the isoelectronic CF3
(~ 3) as the spin-density on the central atom rises. |
This increase in 2s-character on the central atom is’
equivalent to an increase in its electronegativity and
hence to a fall in the antibonding unpaired electron
density thereon. The CF3 radical has a hybridisation
ratio close to three and should therefore, have the same

shape as the second and third row radicals.

We conclude that, in a series of radicals having
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shapes which are intermediate between normal extremes,

an increase in the electronegativity differencé between
the outer and central atoms will lead to an increased
bending and to a decrease in the normal growth of spin- R

density on the céntral atom.

MECHANISM OF RADIATION DAMAGE IN NITRATE-DOPED CALCITE

The primary radiation damage process in calcite is
. expected to be inner-electron ejection from a carbonate
ion, resulting in the formation of the 005[0032-' and

CoO 3-100321 centres. These radicals were unstable at

3
room temperature and decomposed regenerating secondary
electrons. In the absence of impurity ions the parent
hole centres underwent dissociative electron capture,
resulting in the formation of COE radical-anions. During
this process the carbonate emitted an intense blue
luminescence.

When nitrate ion impurities were present in the
lattice the regenerated secondary electrons were preferen-
tially trapped at Nog ion sites, and consequently the form-

ation of the COE radical-anion was suppressed.

SECTION C
2=

4
4

THE 27 VALENCE-ELECTRON SPECIES ClO

EXPERIMENTAL RESULTS

The presence of impurity ions in precipitated samples
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of calcium carbonate was confirmed by infrared spectroscopy.
Calcium carbonate doped with chlorate ions gave | |
only the 0033- and COE radicals when irradiated a? 77°K.36‘
When the powder was subsequently annealed to 220°K there
was a marked reduction in the intensity of ESR features
arising from the Coglcoaz‘[ centre, as a consequence of
which features from a third paramagnetic species, N in
FigureIV.% were observed. At room temperature the
0053—10052'1 centre decayed rapidly, with the subsequent
appearance of spin-resonance signals from a further two
paramagnetic centres, labelled O and P in Figure IV.14.
Radical N was a chlbrine containing species whose
weak ESR spectrum was difficult to identify at 300°K and
10 mW microwave power. However, at 77°K and 100 mW
signals from O and P were completely saturated and only
the spectrum of N was detectable (Figure IV.15). Under
these conditions it was possible to complete the analysis
of the ESR spectrum of the latter centre. Radical N was |
extremely stable in the calcite lattice and signals from
this centre were observed evén after the powder had been |
annealed at 500°K for several days, when both radicalé
O and P had decomﬁosed.

Radical O was also formed when pure calcite was

'irradiated at room temperature and it has been previously
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37

identified as the COE radical-anion.

Radical P also appeared to contain é single chlorine
atom, for it was possible to detect features correspond-
ing to the two abundant chlorine nuclei, 35Cl and 37Cl,
in the ESR spectrum of this species. This centre was
stable at 300°K for several months, but decomposed with
a half-life of 16 hours at 420°K. Its decomposition did
not result in the formation of further paramagnetic
species.

Irradiation of chlorate-doped powder samples of
calcite at 300°K led to the formation of the radicals N,
P, and 005 directly. When a sample of calcite doped with
both nitrate and chlorate was exposed to high energy rad-
iation, only the electron-excess N032-[0032-| centre 20
and radical N were formed. The formation of COE and P
~was inhibited by the presence of the deeper,NOE|0032-l
electron trap in the carbonate lattice.

DISCUSSION

1 The Identification of Radical N

Radical N is almost certainly chlorine dioxide, which

has been studied extensively in the solid, liquid and gas

51,52,53

phases. ESR powder spectra of ClO2 in a variety of

matrices including frozen aqueous sulphuric acid,54

o4 51

carbon tetrachloride, ethanol, and potassium perchlorate
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are characterised by a common intense feature at g =
2.026. Radical N exhibited a similarly intense absorp=-
tion at this position and the ESR spectrum of this
centre, measured at high microwave power and 77°K, was
identical to that of chlorine dioxide in, for example,
vitreous sulphuric acid. (Compare Figure IV.15 with
Figure VIIL9of ChapterVII ). Under high resolution it
was also possible to detect four sets of hyperfine fea-
tures for N (corresponding to a,, of 0102) centred upon
Byx = 2.0015. These facts substantiate our identification
of this centre as chlorine dioxide.

The dioxide is knownto be a decomposition product of
a variety of unstable chlorine oxides and oxyanions (see
Chapters VI and VII).
2. The Identification of Radical P

For the following reasons Radical P is thought to be
the electron-excess species 01032_:
a) The ESR spectrum of C was characteristic of a
radical having axially symmetric g- and A-tensors.
It must also contain a single chlorine atom, for it
was possible to detect ESR features corresponding
to the two abundant magnetic isotopes of this

nucleus (°2C1l, I = 3/, 75.4% abundance; and >/Cl,
I = 3/o, 24.6% abundance).
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The‘spin populations of the chlorine 3s- and
3p-orbitals were derived from the theoretical values
for spin populations of unity. When we assumed that
both the perpendicular and parallel hyperfine coupl-
ing constants had the same sign we obtained values
of 0.067 for the 3s-orbital and 0.14 for the 3p-
orbital, corresponding to a 3p/3s ratio of 2.0.

The alternative sign combination for the coupling
constants resulted in a 3p-orbital occupancy great-
er than unity, and was therefore rejected. Tables
IV.5 and © include the spin-resonance and molecular
parameters for P obtained from this analysis.

b) CThe most probable alternative structure for P,
derived from an isolated 0105 anion, is 0103. How-
ever, the derived hybridisation ratio of 2.0 is
considerably smaller than that reported for chlorine
trioxide trapped in a number of irradiated per-
chlorates. Iurthermore, the total chlorine spin-
density in P is only 0.21 compared to 0.42 reported
for ClO5 (see TableIV.6). Of course radical P could
be a ClO3 radical whose ESR parameters have been
considerably modified by the carbonate lattice, but
in our experience trapped radicals are not usually

so sensitive to the nature of their environment.
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We are therefore, inclined to rule out the
possibility that P is 0103.
c) Radicai P is an electron-excess centre. Nitrate
ions have been found to be most effective electron |
scavengers. When these ions were concurrently
coprecipitated with chlorate by calcium carbonate,
radiation—generated electrons from the matrix

anions were preferentially trapped at N0310032-|
centres. This inhibited the formation of P, whilst
the production of N (0102) was unaffected.

d) The appearance of ESR signals from P concurrent
with the loss of features from the electron-excess
0035' anion, would suggest that radical P was formed
by thermally initiated electron transfer from
0055°|0052-|centres to chlorate impurity ion sites.
e) The high thermal stability of P is in accord
with this rédical having an X032" structure.

5. The Electronic Structure and Sterochemistry of the
2

Cl0.“~ Radical Anion
7

From the Walsh orbital-correlation diagram for AB3
molecules40 (Figure IV.7) we predict that the unpaired
‘electron of the 01032- anion occupies an antibonding
molecular orbital of a%-symmetry. This orbital is con-

structed from the 3s- and sz-atomic orbitals of chlorine
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overlapping with the 2p-orbitals of oxygen lying along
the Cl-0 bonds. The z-axis is the molecular Ca-symmetry
axise.

The observed significant 3s-orbital contribution
from chlorine, coupled with a hybridisation ratio less
than three, suggests that 01032- is a species whose
stereochemistry deviates little from planarity. It is
surprising, however, that there is such a large delocal-
isation of spin-density onto oxygen (see Table IV.6) when
one considers the predicted high antibonding character of
the molecular orbital containing the unpaired electron.

We would also predict an axially symmetric g-tensor
for this speqies. g” is expected to be much greater than
the free-spin value, the deviation arising through the
magnetic coupling of the aa-level and the close, but
lower-lying aé-orbital. Similarly, the in-plane SL-factor
will be greater than 2.0023, but the deviation will be
somewhat smaller than that predicted for 8, - This
positive g-shift must arise through the magnetic coupling
of the a

1
It is encouraging that the experimental parameters

- and the lower lying e'-levels.

are very similar to those we have predicted, but this

simple picture of a slightly pyramidal tetra-atomic

radical is open to criticism. 01032- is one electron
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55
5

We might expect, therefore, that 01052~ has a stereo=-

short of C1F whose structure is shown in Figure IV.16.
chemistry midway between tetrahedral (as in 0105) and
trigonal bipyramidal (as in ClFB). There is also the
possibility that this centre is undergoing a dynamic
Jahn-Teller distortion similar to that proposed for PF4
56

in ~7-irradiated KPF, powder. - However, we feel that
this is unlikely, since the ESR parameters of this centre
were insensitive to drastic changes in temperature.

MECEANISM OF RADIATION DAMAGE

When the doped calcite was irradiated at 77°K and
subsequently annealed to room temperature, it was possible
to follow the consecutive decomposition of the matrix
defect centres. At 220°K, the CO%[COB2-I centre decayed,
and although we could not detect signals attributable to

Cl0, radicals at this temperature, a weak ESR absorption

3

from 0102 was observed. We conclude that chlorine dioxide
was formed from the decomposition of transient ClO5 radi-
cals, produced by hole transfer from the carbonate electron-
deficient centres to 0105 impurity ions.

At 300°K, the 0053_1C032" centre decayed with the

subsequent formation, by electron transfer, of the elec-

tron-excess 01032' radical.
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CHAPTER V

2

THE %3 VALENCE~CLECTRON ClO4 ~_ANTON AND

RELATED SPECIES
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THE %3 VALENCE-ELECTRON Cth2_ ANION AND RELATED SPECIES

Morton has detected two paramagnetic centres in
KClO4 crystals "y-irradiated at 77°K which he suggested
might be ClO4 radicals trapped in magnetically distinct
59

sites. The spin-resonance parameters reported for
the two centres are not similar (see Table V.4) and
radical (II) is less stable than radical (I).

The theoretical justification for his assignment is
unconvincing and we feel that whilst (I) may be the
0:101 - 0 - O (see Chapter VII)
(II) is probably the electron-excess species 01042°.

peroxy-chlorine compound
In -
view of our previous success in specifically preparing

such electron-excess species by doping the parent ion in-

to a suitable host crystal,58’6o we attempted to form the

o-
4

a trace of perchlorate impurity. In this chapter we com-

Clo radical by irradiating barium sulphate containing

pare and contrast the spin-resonance and molecular
parameters obtained for this centre in the sulphate matrix
with those of lMorton's radical (II) and the recently

reported iso-structural species Aso44' (or As(OH)4),61

6 62 ot 6
PF,,”° P01,°% and s¥}.53

EXPERIMENTAL PROCEDURE

All reagents used were AnalaR grade purified further

by recrystallisation. Samples of barium sulphate doped
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with perchlorate ions were prepared by precipitation

from aqueous solutions of barium chloride containing
approximately “10x of KClO4. The samples were allowed to
digest at 540°K overnight and dried under vacuum for seve-
ral days prior to their irradiation. If the powders were
dried at temperatures above approximately 450°K some
decomposition of the coprecipitated ClOZ ions occurred.
Powdered samples of the doped sulphate were exposed to
~Y-radiation doses ranging from 2 to 30 Mrads at both 77°K
and room temperature.

EXPERIMENTAL RESULTS

The spectrum of a polycrystalline sample of perchlo-
rate-doped BaS0, , irradiated and examined at 77°K, is
shown in Figure V.1. Both radicals A and B exhibited
hyperfine interactions characteristic of species contain-
ing a single chlorine atom. It was possible to detect
features in the ESR spectra of both A and B corresponding
to the two abundant isotopes 3501 and 3701, whose relative
intensities were in accord with the natural abundance
ratio of 3.07 and whose separation was consistent with
their magnetic moment ratio of 1.202. Radical C contained
no detectable interacting nucleus. | .

When the sulphate was annealed to BOOOK the spectrum
changed markedly. Whilst A was stable at this temperature
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both radicals B and C had decayed, the decomposition of
C giving rise to a new paramagnetic species D (Figure
‘V.B )e Irradiation of the doped sulphate at room temp-
erature gave A and D directly, though only radical D was
formed when pure barium sulphate was irradiated at BOOOK.

When nitrate was concurrently coprecipitated with
perchlorate by barium sulphsate, exposurerof the powder to
ionising radiation at 77°K led to the formation of radi-
cals B and C and the well-characterised N032-|SO42-I
centre.58 When annealéd to 500°K radicals B»and C
again decayed, with the formation of D, whilst the nitrate
centre was stable at this temperature.

To facilitate the interpretation of the complex X-
band ESR spectrum of the irradiated doped powder, further
spectra were measured at both Q- and S-band frequencies.

DISCUSSION

l. The Identification of Radical A

The ESR spectrum of this centre was interpreted in
terms of the spin-Hamiltonian:
77 =B (814H 8, + 85H8, + B35H585)+ A141,5, + Ayolo8,
+ A33135;
where S =% end I =3
For the following reasons we are tempted to assign

the resulting parameters (Table V.4 to the C1042'|8042'l
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centre:

a) The presence of Nog EO42-I electron trapping

centres in the sulphate lattice inhibited the forma-

tion of radical A, suggesting that this centre was

formed as a direct result of electron trapping at a

perchlorate ion site.

b) The observed high thermal stability of this

centre is in accord with our suggestion that A has

the structure X042-.
¢) In Table V.2 the spin-resonance data for the well-
characterised radicals Cl00, Cl0,, C10y, and 01052‘
are collated for comparison with those of radical A.
Also included are data for Clg which is isoelectro-
nic with C10°".

None of the listed radicals possesses the
combination of a significant chlorine isotropic
coupling, a very small anisotropic coupling, and
positive g-value variations, characteristic of A.

The choice of structure for this centre lies therefore,
o-
’

between the species Cl0, C10,, and 01042' whose

formation from a perchlorate ion seems most likely.

2~
ClO2

would be a 21 valence-electron AB2 species and .
from the appropriate Walsh orbital-correlation diagram

(Figure VI18) we would predict that it is probably

64 -
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linear with a 2§:g ground state. The giffactOr for
this radical is expected to be very close to the free-
- spin value since the configuration:

e W2 mMe oL CT,
would be highly excited. The significant positive g-
shifts observed for A seem to rule out this possibi-
lity. The observed isotropic hyperfine coupling of
74%.6 gauss is considerably larger than that we would
expect for 0104 by analogy to isoelectronic species,
such as P0,°".%?

We consider therefore, that the foregoing argu- -
ments virtually eliminate all possibilities except
01042' for the structure of radical 4.

2. The Identification of Radical B

A comparison of the spin-resonance parameters of
radical B with those reported for the ClO5 radical trapped
in a variety of matrices (Table V.1 ) leaves little doubt
that tnis species is chlorine trioxide.

3. The Identification of Radicals C and D

The identification of the two radicals formed on
irradiation of both perchlorate-doped and fused Ba804 is
based upon a comparison of their spectral parameters,
given in Table V.3, with those of already well-substanti-

ated species. On this basis alone it is concluded that



93

*JIOM STYL °®

90 08002  $200°2 6002  £€00°Z Yo5%x %05
60 92002 9€00°2  9¢00'z  9g00 2 S(%0s)%molx %os
89  8600°2 §%00°2  ¢o0Lo*Z  8L00°2 %0%s%x os
8 4/00°2 G400°2 89L0Z  OLO0Z X 00¢ Tosed (@) %os
49 26L0°2  4900°2 2800°2 OLEO'Z - 8oy os
99  2020°2  4$00°2  2900°2  98%0°2 os®y os
8 ¢STO'2  9400°2  9400°2  L0%0'Z W Ll ¢ommm (o) Tos
rvg . GGg 22q Llg
*J9y4 . I0su9q-3 : XTI78L] TeOoTDBY

suoTuefx() anyding SnOTIep JI0J B3B8 ooUBUOSay UTdG UOJI30014 ‘TN T1dvd



9% -

C and D are most probably SO4 and SO2 respectivelye.
Although the g-tensor of radical C is axially sym-

metric, the principal values are very similar to those

- . 66
reported for the SO4 radical trapped in X-irradiated K2SO4

and photolysed alkali metal persulphates.67

The radical SOE, in which the unpaired electron occu-
Pies a 2b1—antibonding molecular orbital, has been detected

8 69
and KZCH2<SOB)2°

as a radiolysis product of KES2O;5
Since the radical possesses Cgv—symmetry it is character-

ised by a completely anisotropic g-tensor. There is little
doubt that D is so‘é,
well-known and has an almost isotropic g-tensor whose

for the alternative structure sog is

principal values deviate little from free-spin.

However, we were unable to detect hyperfine interac-
tions involving 355 for these centres (555; I = 3/2, 0.74%_
isotopic abundance) and therefore, could not confirm these
tentative assignments,

4, The Structure of 010“2-

The energy level scheme for tetrahedral XO4 molecules

2= is a 33 valence-electron

is shown in Figure v.4.01o4
species and will have its unpaired electron in either the

255‘or 352-orbital* in the undistorted anion, whichever is

*The asterisk in 1 * or the bar in 51 denote
antibonding character.
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lir\ure V.4.

The molecular orbital diagram for tetrahedral

XO0” molecules.
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the lower in energy. FigureV.5 illustrates the variation
in orbital energies for tetrahedral XO4 molecules as the
electronegativity of the central atom changes and for 0104,
where XO ¥Ygp» the 251-1evel has been calculated to be-
approximately 2.5 eV lower than 352.33 We therefore
expect, and indeed find, that a spin-population analysis
of the hyperfine tensor for this radical (Table V.1) indi-
cates that the uapaired electron occupies a molecular
orbital which has significant s-character on the central
atom. The observed anisotropic chlorine coupling, albeit
small, is then a measure of the distortion of this anion
from a purely tetrahedral structure, for it reflects the
presence of p-character in the molecular orbital. One
would not expect any intrinsic Jahn-Teller distortion for
a radical having a 2A,l--ground state and therefore, the
destruction of tetrahedral symmetry may be environmentally
induced, perhaps through a non-spherical distribution of
adjacent cations. If this is so it is not surprising that
there is some discrepancy, however small, between the
anisotropic paraneters obtained for 01042— in barium
sulphate and those reported by Morton for centre (II) in
K0104,59 if indeed the latter centre is €10,°”[C10j |.

The observed spectral parsmeters can best be accommodated

~if we assume that this induced distortion of the tetroxy-
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anion reduces its symmetry to sz. Then the deviations
of the anisotropic g-factors from the free-spin value'

must arise through the following excitations:

A gpqt e (8) (0202805 2, — oo (0% (0))%(0))%(5))5 2,
A gyt oee (8)2(0)(0)%(5 )5 2B, — wuu (2,)P(0))%(8,)%(5,)5 24,
A gt wee (82002 (0) (@)% %8, = cen (20207 (005D Py
Since g1q<§g22<(533 we conclude that, when the distortion
of the tetrahedral anion to CZV-symmetry splits the non-~
bonding tq-level into a5, bq- and b2—orbitals, the as=
level is lowest in energy. Although the ESR experiment“
indicates that a distortion of the anion has certainly
occurred, the exact configuration adopﬂed is not easily
predicted from"Nolecular Orbital Theory.

At room temperature the isoelectronic molecule PF4,
made by exposing KPF6 or NH4PF6 to ionising radiation,
gives a purely isotropic spectrum in which all four
fluorine atoms appear to be magnetically equivalent.56
When the irradiated samples are cooled, the spectrum
broadens'markedly before giving a very complex and, as
yet, uninterpreted powder spectrum. This broadening is
considered to arise from an inversion process of an un-

symmetrical PF, unit, such that two inequivalent pairs
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of fluorine atoms are interconvertedThis proposal
is supported by the observation that in an SF#

matrix at low temperatures gives an isotropic spectrum
characterised by two pairs of inecuivalent fluorine
atoms.63 The analogous chlorine species, PCl”.,prepared
by the UV-photolysis of phosphorus trichloride, is also
reported to possess two pairs of non-equivalent ligand
atoms, and a trigonal bipyramidal structure has been
proposed for this radical (Figure V.6 ), In contrast
the isoelectronic radical SF# in solid SF”* is reported to
have four magnetically equivalent fluorine atoms even at
96”°K.*"*\Ve can satisfactorily account for the structures
of these radicals and, indeed, predict the most probable
configuration for the 010% ” anion, using simple argu-
ments based upon the "Valence-Shell Electron-Pair
Repulsion Theory." The configuration of maximum proba-

bility for an AB” molecule having 5 electron pairs is:
X
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Cl
Cl
Cl
Cl
Fir*ure V.6. The proposed structure for the radical

PCl” in a ?Cl” matrix.
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For example, the $4- valence-electron molecule is
known to have this structure, where the axial S-F' bonds
are longer and weaker than the equatorial S-F bonds and
the sulphur non-bonding electrons are accommodated in an
equatorial sp -lone pair orbital. In contrast, the §2
valence-electron perchlorate anion 010” is tetrahedral.
The radicals PF*, PCl”, SF~ and CIO”” have 55 valence-
electrons, so that we expect them to adopt configurations
between these two extremes and the three most probable

alternative structures for these species are

o (I) (IT)

(III)
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The total antibonding electron density (a§ + ag) on the
central atom in a variety of paramagnetic molecules and
ions has been shown to decrease asAXfalls (where AXs=

X
PF

ligand™ Xcentral atom>' For the series of radicals

y» PCL, and SFZ AXis large, so that the unpaired
electrons are expected to be confined largely on the
central atoms. Consequently, structure(l)is the configu-
ration of maximum probability for these radicals, where
the electrostatic interactions between the electron-
pairs will be a minimum. The anisotropic spin-resonance
data for these species have not been obtained, but if

they have this trigonal bipyramidal configuration in

which the unpaired electron occupies an essentially spz-
lone pair orbital on phosphorus or sulphur, then the
observed isotropic spin-densities (ag) of about 0.3
correspond to unit occupancy of these central-atom orbi-
tals. For the isoelectronic tetroxide (ASO4)4-, prepared
by the action of Y -Tays upon KHzAsO4 at 77°K,L>X.is again
large and ag on the central atom is close to 0.5.61However,
the detection of hyperfine coupling to four equivalent
protons for certain orientations of this radical would
suggest that it is best considered as As(OH)4, where the
As044' unit is rigidly held close to the tetrahedral

configuration (III) through hydrogen-bonding to the protons
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of adjacent units in the KH2AsO4 crystal. Hence, the_

unpaired electron of AsO44- in KH2AsO4 must be located

in an orbital which is constructed principally from the
arsenic 4s-level.

In contrast,NX for 01042- is small and probably
negative, so that the unpaired electron is principally
confined to the ligand oxygen atoms. Because of this
loss of spin-density from thé region between the axial
Cl—0' bonds, this radical is expected to adopt the
slightly distorted tetrahedral structure (II) in which
the unpaired electron occupies a molecular orbital having
significant 3%s-character on chlorine. This structure is
in accord with the molecular and spin-resonance parameters
of 01042- included in Tables V.1 and V.4.

We conclude therefore, that whilst the radicals PF4,
and SF;

4 4
tures, the species 01042- in BaSO, and (AsO4)4- in

PC1 may well have trigonal bipyramidal struc-

KH2ASO4 are distorted only slightly from the tetrahedral

configuration.

MECHANISM OF FORMATION

Exposure of perchlorate doped barium sulphate to Y-
rays at 77°K gives the radicals SO, C1042— and C1Oy.
Chlorine trioxide is probably formed when the per-

chlorate hole-centre 0104, unstable in this lattice at
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,77°K, undergoes homolytic bond fission. However, we
cannot rule out the possibility that this molecule is
derived from chlorate ion impurities concurrently co-
precipitated with perchlorate by the sulphate. On
annealing, the 802[8042-[ and 010318042"I centres decay,
the former giving rise to the SOE radical, and the latter
decomposes into products that are notvdetectable by ESR
spectroscopy. This is unusual, for ClO3 is known to
undergo thermally initiated decomposition into the rela-
tively stable paramagnetic dioxide in chlorate and per-
chlorate matrices, where the process has been monitored

spectroscopically;7o Both the 802 host'radical and
01042f are extremely stable in BaSO,. |



PART II

SPECTROSCOPIC INVESTIGATIONS OF RADIATION

DAMAGE IN KC1l0, AND KC1lO,
Py e




CHAPTER VI

RADIATION DAMAGE IN POTASSIUM CHLORATE
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RADIATION DAMAGE IN POTASSIUM CHLORATE

Alkali metal chlorates are particularly susceptible
to high-energy radiation, and high yields of paramagne-
tic products can often be obtained with comparatively
small radiation doses (of the order of 10™° Mrads).

This property, coupled with the fact that a variety of
defect centres are often formed, has stimulated wide-~
spread interest in these systems and the literature
abounds with conflicting identifications for the radia-
tion-produced species.

The ESR and electronic.spectra of irradiated pot-
assium chlorate are particularly complex, and consequently
a complete analysis of the radiation damage products has
- yet to be accomplished. In ‘y-irradiated KClO5 at 295°K,
Hastey gﬁ.gl?Bclaimed to have identified the superoxide
anion 05 and a 'two-chlorine' centre (001-0105)-, in
which the 'monoxide' interacts weakly with the chlorate
ion. Because the spin-resonance parameters of the 'ClO-
fragment' were not consistent with those predicted for
this radial Atkins gﬁ.gi?‘preferred to reassign this
centre to a (Cl—ClOB)- species containing a considerably
flattened chlorate ion. Furthermore, the strong line
“centred close to g = 2.01 at 295°K, which was ascribed

73

by Hastey and coworkers to 05, exhibited considerable
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g-anisotropy at 77°K. Atkins 93.3;.54 noted that the

" observed parameters for this centre were close to those
expected for the ozonide anion Og, the central g-value
being identical with that reported for sodium ozonide.
A subsequent ESR investigation by Fayet and ’I'hieblemoxll‘«:,'?5
whose ‘results appeéred in the literature'when the present
investigation was complete, identified the products of
radiation-damage in KClO5 as Og a 'two-chlorine' centre
designated (C1-ClX), and a third radical, ClO,.

¥rom a detailed spectroscopic investigation of the
radiation-colouring of KClO3 single crystals at 295°K,
Ramasastry and Sastry78 concluded that the stable products
were Cl0~, 0105, €10, and Og. These species were charac-
terised by absorption bands at 260 (38,500), 310 (32,200),
360 (27,800), and 450 nm (22,200 cm™ 1) respéctively.

We have attempted to resolve some of the ambiguities
outlined above and to reconcile the identified products
with an appropriate mechanism for the radiolysis of
potassium chlorate.

EXPERIMENTAL PROCEDURE

1. The Crystal Structure of Potassium Chlorate

KC10. is monoclinic and the dimensions of the unit

3

cell, which contains two molecules, are a = 4.652,

b = 5.598, ¢ = 7.09% and B = 109°38'. It belongs to the
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space group Cgh and has characteristic cleavage planes
pérallel to the (001) and (100) faces. The 'plate-like'
crystals are tabular parallel to the (001) face and they
are frequently twinned with (001) as the twinning-plane.77

Figure VI.1 is a projection of the atomic positions
of K, C1 and O in the ac-plane for a single unit cell of
, KClOB. The positions of the atoms along the b-axis are
indicated as fractions of the length of side b relative
to the ac-plane.

2. Sample Preparation

Single orystals of KO0 of suitable dimensions for
ESR experiments (0.3 x 0.4 x 0.3 cms) were grown by the
slow evaporation of saturated aqueous solutions of the
AnalaR grade salt. A polarising microscope was used both
to eliminate twinned crystals and, coupled with crystal
morphology, to determine the unit cell directions.

Powder samples of KClO3 Were obtained by milling
single crystals whose dimensions were unsuitable for
single-crystal investigations.

Samples of potassium chlorate were exposed to *7-
radiation doses ranging from 0.02 to 3.5 Mrads at both
77°K and room temperature.

3. Electron Spin Resonance Spectra

In single-crystal investigations, crystals were
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mounted with silicone grease onto the end of a Perspex
rod with an accuracy of 320. The rod fitted snugly into
the ESR spectrometer cavity and a protractor of large |
radius attached to the end of this rod enabled accurate
orientafions (+ 0.250) of the crystal to be made. The
characteristic angular variations of ESR features arising
from the radiation-produced radicals were monitored as
the crystal was rotated in turn about three orthogonal
directions perpendicular to the applied megnetic field -
(HO). The crystallographic a, b and c¢' axes were chosen
for convenience. The c¢' axis is perpendicular to both a
and b, and therefore, to the (001) face, and makes an
angle 19°38' to ¢. Individual spectra were measured
every 5°, except in certain orientations when it was
necessary to reduce this interval to 2.50.

Variable-temperature measurements were carried out
on powder samples irradiated st 77°K and carefully
warmed, at 5 deg. K intervals, to room temperature.

The interpretation of the often complex ESR spectra
was facilitated by supplementary measurements at Q-band
frequency.

4, Electronic Spectra

The electronic spectrum of a thin 'plate-like'’

single crystal of irradiated KClO3 was measured at room
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temperature in the region 220-270 nm (45,000 - 37,000
cm—q). The subsequent photolysis of the centres produced
by irradiation was accomplished using a high-pressure |
mercury-arc lamp, emitting principally 36BOX radiation.

EXPERIMENTAL RESULTS

1 The Interpretation of the ESR Spectra of Chlorine -

Containing Radicals

22c1

There are two magnetic isotopes of chlorine,
and 37Cl, each having a nuclear spin I = 3/2 and the
ratio of their natural sbundancesis 3%.07 : 1. In a
single crystal therefore, each chlorine isotope will give
rise to a set of four hyperfine lines, the intensity of
the set arising from the 35Cl nucleus being 3%.07 times
that of the set from 57Cl. Furthermore, the ratio of the
hyperfine splittings arising from the two nuclei will be
approximately equal to their magnetic moment ratio
(7Y5501/?/5701) of 1.202.

. Since chlorine has a nuclear spin I = 3/2, it poss-
esses a quadrupole moment, Q (for 35Cl the electric quad-
rupole moment eQ = -0.079 x ’10_24 cm2). The quadrupole
moment, effectively an asymmetric distribution of charge
within the nucleus, interacts with the electric field set

up by both the valence electrons of the atom and by the

crystalline environment, which, in the absence of an
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applied magnetic field (Ho), determines the axis of |
quantisation of the nuclear spins. When Ho is para-
llel to the crystal-field symmetry axis, the nuclear
hyperfine levels are first-order shifted by an amount
which depends on MI but is independent of Ms? so that
the frequencies of the allowed transitions (AsMI = 0)
are unaffected (see FigﬁreIVéD. However, when Hj is
applied at an angle 6 to the symmetry axis of the cry-
stal-field, second-order effects must be taken into
account. The equations representing the second-order
shifts in the nuclear hyperfine levels have been shown
to contain terms in 6, MI’»Ms and Q's where Q' repre-

sents the interaction of Q . with the electric field

gradient d2 at the nucleus:.
5zg
2
_ 360 d eV
Q' - 41(2I_1) aZ2 ......(6)

This means that the shift is different for each
level and consequently the nuclear hyperfine lines are
unequally spaced. The quadrupole interaction results in
maximum separation éither at theends or in the middle of
a group of hyperfine features, depending on the sign of
Q, rather than a progressive increase or decrease with
Ho' Furthermore, the quadrupole interaction tries to

align the nucleus along the symmetry axis, whereas the
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The energy levels for a system with electron
snin S g showing the effect of
the nuclear quadrupole moment when is

parallel to the crystal-field symmetry axis.
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magnetic field established by the electrons tries to
align the nucleus along the resultant magnetic field
direction. The result of this competition between the
electrostatic and magnetic interactions is a scrambl-
ing of the nuclear energy levels so that the 2I + 1
~levels, usually represented by]MI> , may become admixed
with the |M; + 1) states to an extent . The normal
selection rule ﬁ;MI = O now breaks down and transitions
withAMI = + 1 or + 2 become allowed (see Figure IV.3).
The intensity of these 'forbidden' transitions is
proportional to <K, which becomes progressively larger
as the angle (8) between Ho and the symmetry axis of the
quadrupole interaction increases to 90°. These 'forbid-
den' lines appear quite strongly in certain orientations
in single crystals and almost certainly confuse the
interpretation of powder spectra. However, powder
spectra at Q-band become simpler to interpret because
the three-~fold increase in the magnetic field strength,
compared to X-band, tends to align the nucleus parallel
to Ho and consequently o approaches zero. The problem of
unambiguously analysing the ESR spectra of chlorine
.containing radicals, often complicated by the super-
position of features corresponding to the 'allowed'

(AM; = 0) and 'forbidden' (&AM, = + 1, + 2) transitions,
I I - -
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is also simplified by the fact that the sets of hyperfine
lines corresponding to the 5501 and 37Cl nuclei have the
characteristic intensity and separation ratio's mentioned
previously.

The effect of the guadrupole interaction upon the
ESR spectra of these radicals is accounted for by the

addition of the term:

V(18 .
Ao = Q' (- %I (T + 1)) | ceeeea(?)

to the spin-Hamiltonian described in Chapter I. We

| have not undertaken a complete analysis of these quad-
rupole intefactions in the compounds studied and no
quadrupole coupling constants are included in the Tables.
Despite this limitation the principal values obtained
after a rigorous treatment of these quadrupole terms

. show little difference from those obtained by the normal

analysis of powder spectra for the chlorine oxides.

2. Ilectron Spin Resonance Spectra of KClO5

a) ~-irradiated at 295°K
{

i) Single-crystal Spectra

The exposure of potassium chlorate to-y-rays
at room temperature resulted in the formation of three

distinct defect centres. Figure VI.4 shows the ESR spectrun,
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measured at 295°K, of a single crystal of KClO3 orien-
ted with the applied mangetic field (Ho) parallel to the
crystal a-axis. The origins of the hyperfine lines are
marked on the diagram. Both radicals A and B contained
chlorine and occupigd single,magnetically distinct sites
in the chlorate lattice, whilst C appeared to contain no
interacting magnetic nuclei.

Radical A was responsible for a quartet of features
arising from the interaction of the unpaired electron
with a single chlorine nucleus, for it was possible to
detect features corresponding to both the 3501 and 5701
isotopes in this orientation.

Radical B appeared to contain two chlorine atoms,
since in certain orientations of the crystal it was
possible to detect hyperfine lines corresponding to the
isotopic combinations 55Cl——55Cl, 5501-——5701, 5701—-—5501,
and even 5701—-5701. In poorly resolved spectra however,
it was only possible to discern features attributable to
the 35CJ.-—-BSCl pair, giviﬁg the impression that B was
characterised by a simple guartet of quartets.

Radical C gave rise to a very broad resonance that
often obscured features from A and B, particularly in the
regions of minimum hyperfine splitting.

Figures VI.5 to 7 are plots of the angular variations
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of hyperfine features corresponding to radicals A and B
as Ho.explored the crystal ab, ac' and bec' planes in turn.
The ESR spectra of these centres were fitted to the spin-

Hamiltonian:

# = Hogos + I.A.S 000000(8)
where S =34 and I = 3/2

and the principal values and direction cosines of the g-
and A-tensors (see Table VI.1) were evaluated using Schon-
land's/l5 method.

The spectra of radical A4 were analysed unambiguously
in the three plenes. However, for B, the values of Ay
and By, Were more precisely determined than the remaining
parameters, for at the position of minimum hyperfine
splitting the spectra were particularly complex. The 32
features corresponding to thel&MI = O transitions for the
various isotopic combinations of B overlapped with the 8
allowed transitions of A and with broad resonance of C,
together with the 'forbidden' transitions of both A and
B (whose intensity is a maximum in this region), in a
very narrow region of the spectrum (~ 50 gauss). These
regions are therefore dotted in Figures VI.5 to 7. The

spin-resonance features arising from radical C exhibited

a very small angular dependence, consequently they have
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been omitted from these plots for clarity. The ESR
parameters of this centre, included in Table VI.2 were
obtained from a powder spectrum measured at 77°K.
Initially, radicals A and B were produced in
approximately equal abundance, however, when the crystal
was annealed to 513°K a decrease in the intensity of
features from A was accompanied by a parallel increase
in those from B. We conclude therefore, that a least
sone of A was converted to B as a result of the anneal-
ing process. At this temperature radical A decayed, by
a first-order process with respect to A, with a half-life
of approximately 5 minutes and Figure VI.8is the thermal
decay curve for this process. After 40 minutes at this
temperature the ESR spectrum was remarkably similar to
that reported by Hasty gg.gl:75for X-irradiated KClO5 at
room temperature. Radical B annealed rapidly when the
crystal was heatgd to 345°K, whereas no perceptible decay
of C occurred even when the crystal was heated to 400°K.
When an irradiated single crystal of KClO3 was photo-
bleached with 36508 radiation, ESR signals from a fourth
centre (D) appeared at the expense of both A and B.
Radical C was apparently unaffected by the photolysis
but was sensitive to radiation in the visible region and

was bleached slowly when left exposed in the laboratory.
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Figure VI.Q is a Q-band spectrum of D in a single
crystal of KClO3 measured with Ho parallel to the érystal |
a-axis. The spectrum consists basically of a septet of
lines with the intensity distribution 1:2:3:4:3%:2:1.
Figure VI.10 is a plot of the angular variation of the
hyperfine lines from D as Ho explores the ab-plane. Rad-
ical D was thermally stable in the chlorate lattice up to
420°K.

ii) Powder Spectra

Figure VI.1M is an ESR spectrum, measured at

295°K, of irradiated XC10, powder and again the origins

of the hyperfine lines ari marked on the diagram. Only
the parameters a and 8yx for radicals A and B could be
derived from this spectrum. Kadical A was also charac-
terised by an intense absorption centred at g = 2.026 -
2.027 in the powder spectrum. When the powder was cooled,
the broad central resonance from C narrowed markedly and
Figure VI.®2shows the three well-resolved g-features of
this radical at 77°K. The spectra of radicals A and B
were also better resolved at this temperature, but this
did not lead to any additional information. In variable-
temperature experiments, the parameters a and Byx of A

and B showed a significant temperature sensitivity, reach-

ing maximum values when the powder was cooled to 4,2%K,
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The spin-resonance parameters obtained from these powder
spectra are shown in Table VI.2for comparison with those
derived from the single-crystal study.

b) Y-irradiated at 77°K

7

A complete single-crystal investigation of the low

temperature, radiation demage of KClO5 has yet to be
accomplished. However, we have attempted a partial analy-
sis of the extremely complex powder spectrum of KClO3
irradiated and measured at 77°K.

The exposure of potassium chlorate powder t0'7—rays
at 77°K resulted in the formation of several paramagnetic
defect centres. After 20 minutes irradiation two distinct
species could be identified from the complex ESR spectruﬁ.
These are labelled E and F in FigureVIﬂB. It was also
clear that radical A was formed at this temperature, since
the characteristically intense feature at g £ 2.027 was
dominant in this spectrum, whilst signals from radicals
B and C were absent. The ESR spectra of radicals E and F
were interpreted in terms of axially symmetric species
possessing both g- and A-anisotropy, and the spin-
resonance data obtained from this analysis are included
in Table VI.4.

Figure VI . #+isthe ESR spectrum of the irradiated

powder after it had been annealed at 90°K for approxim-
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ately 10 minutes. At this temperature radical F rapidly
decayed. When the sample was heated to 120°K, only the
spectrum of radical A was observed and this can be seen
in Figure VI.15. Finally, annealing to 295k resulted
in the simultaneous formation of radicals B and C and in-

an increased yield of A.

3. The Electronic Spectrum of Irradiated KClO5

Figure VI/6 shows the optical absorption spectrum of
a thin 'plate-like' single crystal of KClO3 which had
been exposed to a‘y-radiation dose of approximately 0.5
Mrads at 295°K. The crystal was mounted in the uv
spectrometer with the tabular (001) face perpendicular
to the incident radiation. This spectrum has been pre-
viously analysed in terms of the overlap of several
individual absorptions with maxima at 216 (46,400), 240
(#1,700), %05 (32,800), 360 (27,800), and 445 nm (22,500
cm-q).‘?8 (This analysis is marked on the diagram).

When the irradiated crystal was photobleached with
56502 rediation, a weak band, with a maximum intensity
at 380 nm (26,300 cm_q), developed at the expense of the
360 nm (27,800 cm™ 1) absorption. (see FigureVIA7). This
absorption is assigned to radical D, whilst A or B was

responsible for the band at 360 nm (27,800 cm-q).
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DISCUSSION

1. The Identification of the Radiation Damage Centres
in KClO3
a) Radical A
For the following reasons this species is almost
certainly chlorine dioxide:
i) The observed spin-resonance parameters of
radical A (Table VI.) are very similar to those
previously reported for ClO2 trapped in a variety
of matrices.
ii) Powder spectra of the dioxide invariably
exhibit an intense absorption centred upon g =
2.026 - 2.027. Radical A has a similarly
intense feature at g = 2.0277 in the chlorate
matrix.
iii) The optical absorption band with a maximum-
intensity at 360 nm (27,800 cm-q) almost cer-
2 2

A2 < B,l transition

This transition occurs at 355 nm

tainly arises from the

of 0102.

(28,200 cm-q) for the dioxide dissolved in
and at 365 nm (27,400 cm™ )
79

CH,0H 1 c8
5O or CC L4
in the gas phase.

b) Radical B

This radical contains two ineguivalent chlorine
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atoms. Figures VI.5 to?7 illustrate the splitting of the
four widely spaced lines originating from this centre
into subsets of four. We have labelled the nucleus
responsible for the major hyperfine splitting 801 ana
that responsible for the subsidiary interaction bCl. We
have discounted the possibility that this minor.splitting
arises from superhyperfine interactions with a K" ion
(39K, I = 3/2, 93.08% isotopic abundance) for two reasons.
Firstly, one would expect the coupling to an alkali metal

ion to be almost isotropic, by enalogy to the Na’-COZ

80 whereas the sub-

centre in irradiated sodium formate,
sidiary interaction in KClO3 is highly anisotropic.
Secondly, it was possible, in certain orientations, to
identify features corresponding to the chlorine isotopic
combinations 2(22c1)—P(32c1), &(32c1)—P(37c1), 2(37c1-
“P(3%c1) ana 2(37c1)—P(37c1).

For the following reasons we conclude that this
centre is probably (b01—-a0102)':

li) Figure VI.5 shows the angular variation of the

ESR spectra of radicals A and B as Ho explores the

ab-plane. There is a striking similarity between

the symmetry properties of the hyperfine features

of these radicals in this plane; a similarity which

is also reflected in the ac'~-and be'-planes.
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ii) It is clear, from TableVI.1 that the form of
the A-tensor in ClO2 (radical A) is very similar
to that ascribed to 2C1l in radical B.

iii) Although the g-tensor in B is more aniso-
tropic than in 0102, the average g-values are
similar.

iv) The P

Cl-hyperfine tensor is axially symmetric,
as expected for a 'chloride-like' anion.
v) The relative and absolute magnitudes of the
isotropic and anisotropic coupling tensors for
bCl are very similar to those reported for the
C1~ fragments of the H-centre (Cl4‘)5_.8’I
vi) The chloride ion is known to be one of the
stable radiolysis products of K0105.76

¢) Radical C

Radical C contains no detectable magnetic nuclei and
was originally identified, by Hasty gz.gl.,75 as the
superoxide ion. However, 05 is a 2“3/2 species and as
such is expected to possess an axially symmetric g-
~tensor with principal values that deviate markedly from
the free-spin value. Extensive investigations bvaénzig
and coworker582 have shown that this radical trapped in

a variety of alkali halide lattices is characterised by

a g-tensor of the form: g“ £ 2.3 and sl'E 1.94. The
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g-tensor of radical C, obtained from a powder spectrum
measured at 77°K, is shown in Table VI.2. It is clear |
that these values are close to those expected for the 19
valence-electron Og ion, isoelectronic with 0102, where
the central value (gzz) is identical with that observed

74

for solid NaO,e. VWle therefore identify radical C as

3
the ozonide anion.
The small angular variation of features from C in
a crystal of KClOB, coupled with the fact that the single-
crystal spectrum of this centre resembled the broad aniso-
tropic resonance expected from a powder, seems to indicate
that Og ions occupy a large number of magnetically dis-

tinct sites in the chlorate lattice. The diffuse
reflectgnce spectrum of solid NaO5 exhibits an intense
absorption with a maximum intensity at 440 nm (22,700
cm-q).74 e are, therefore, tempted to assign the 445

nn (22,500 cn™ 1) band in irradiated KC105 to the Ch, —

2B transition of the ozonide anion.

1
d) Redical D
Radical D, produced by the photolysis of *y—irradi-
ated KClOB, is undoubtedly the Vi -centre Clg. Fayet and
Thieblemont751mwe concluded that the principal values

of the g- and A-tensors of this centre lie in the cry-

stallographic ab-plane. Therefore, a compléte single-
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crystal study of this centre was unnecessary, for the

principal values 8> QL, a, and gl_could be obtained by

f
measuring spectra in the ab-plane alone. These values

are very similar té those reported by Schoemaker for

Clg trapped in KCl and included in Table VI.3 for compari-
83

son.
The spin-resonance features from this centre in

KC1l0, were curiously split into doublets. This splitting

3
may have arisen from a weak coupling to a neighbouring
proton trapped in the chlorate lattice, or because the
photolytically generated Clé ions occupied two magneti-
cally distinct crystal sites differing only slightly in
their relative orientations. We consider the latter
explanation more probable because Clé ions generated in
3 crystals grown from 99.8% D2O still exhibited this

doublet splitting and because of a marked increase in

KCl0O

this splitting when the spectrum was measured at Q-band
frequency.

e) Radical E

Radical I is thought to be chlorine trioxide. The
spin resonance data for this centre were obtained from
a spectrum, measured at 100°K, of KClO5 powder which had
been irradiated for approximately 20 minutes at 77°K.

The data were derived from this spectrum by the applica-
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58

tion of the Breit-Rabi equation to the outermost

M, = i.éé)perpendicular and parallel transitions, since

I
the central region of the spectrﬁm was extremély complex
owing fo the superposition of the 'allowed' (£>MI = 0)
and 'forbidden' (£>MI =+ 1, + 2) transitions of a
number of chlorine-containing radicals. These data,
included in Table VI.4, are remarkably similar to those
" reported for chlorine trioxide trapped in a variety of
perchlorate matrices, and it is on this basis that we
identify E as ClOB.
f) Radical F

A comparison of the spin-resonance data obtained for
F and those of the 01052_10052_1 centre in chlo:ate—doped
calcite (Table VI.4) leaves little doubt that they relate

to the same radical. Again the tabulated parameters for

2
5

Breit-Rabi

~ in KC1l0, were obtained by the application of the

58

Cl0
)
equation to the outer-most hyperfine fea-
tures which correspond to transitions for the nuclear spin
states My = & 5/2.

The fact that both radical F and ClO5 were formed
in the low temperature radiolysis of KClOB completely
rules out the possibility, mentioned in Chapter IV
that the stable chlorine centre in chlorate-doped CaCO5

was ClO5 whose molecular and spin-resonance parameters
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were seriously modified by the carbonate environment.

2. The Electronic and Molecular Structures of the

Radicals Trapped in Irradiated KClO3

a) The ClO2 Centre

Chlorine'aioxide has 19 valence-electrons and,
therefore, from the Walsh orbital-correlation diagram
for A32 molecules (Figure VI.18 ), the unpaired electron
is expected to occupy an antibonding 2b1-orbital which
is constructed from the Bpx—orbital of chlorine and the
2px—§rbitals of the ligand oxygen atoms. The x—axis is
perpendicular to the molecular plane, whereas the y-
axis lies along the 0-0 direction and the z-axis is ﬁhe
molecular 02—symmetry axis.

The deviations of the experimental g-factors from

the free-spin value arise from the following excitations:

Do oo (12,)(30,)%(ha, )2(20,)%5 24, = v (12,)°(30,) (42, )2( 20, )s
Dy oee (19,0230 (ke ) (2005 2oy = oo (12,)%(30,) (ke ) (20,);

Be, i eee (12,)2(30,) (12 ) 2(2))% B, = oon (18,)°(30,) (00 (22, )5

We therefore expect, and indeed find, that
- 4 0 :
8yy> gzé> Byy = 2.0023. The experimental By value of
2.0022 implies that there is a negligible contribution

from chlorine 3d-orbitals to the molecular orbitals
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.of Cl10 for significant d-orbital contributions would

2’
lead to a negative value for[>gxx.
There is no ambiguity about the signs of the

experimental hyperfine coupling constants, since Aiso

for 550102 is known to be approximately +16 gauss.54

The tensor Aq, representing the dipolar coupling of the
electron with the 55Cl‘nucleus, is not axially symmetric
and can be resolved into two component tensors of the
form (2B, -B, =B) and (-B', -B', +2B').
viz:
+61.9 +62.2 -0.3%
=31.4 = -31.1 + -0.3 gauss
-30.5 =31.1 : +0.6

. ' n
A,1 Aq . A,.l

The major component A% is cylindrically symmetric
about the x-axis and corresponds to the electron in the
2b1-level of the dioxide. ZIXrom this tensor we estimate
the chlorine Bpx-orbital population <a§x> to be 0.62.
The subsidiary tensor A% and Aiso arise from spin-
polarisation and correspond to unpaired electron density
in tﬁe 4aq-molecular orbital which is constructed from

the chlorine 5pi-and 3s-atomic orbitals. We estimate

the Bpé- and %s-orbital spin-populations to be 0.006 and
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0.01 respectively.

The results in Table VI.2 clearly show that the
experimental g- and A-tensors of ClO2 in KClO5 have a
narked temperature sensitivity. The values of B for

32010, were 79.9, 83.1 and 85.8 gauss at 295°, 77° and

2
4.,2% respectively. The axx-value of 85.8 gauss at
4.2°K can be compared with the value 80 + 5 gauss for
35ClO2 in KClO4, estimated from an extrapolation of the
results of Byberg and coworkerssq to this temperature,

53

and also with Curl's gas-phase value of 74 gauss.

This discrepancy between the values obtained for ClO2

in ionic lattices at 4.2°K and the gas-phase value is
hard to explain. At low temperatures one would expect
the librational motion of radicals trapped in crystalline
matrices to be a minimum, consequently the observed A-
factors should approach those obtained in the gas phase.
The steadily increasing value of 8y @8 the temperature
was lowered, may have been a consequence of the increas-
ing influence of neighbouring K" ions on trapped ClO2
molecules as the lattice contracted. If the approaching
potassium ions perturbed the ligand atoms of 0102 to
such an extent that they effected a slight increase in

the electronegativity of the interacting oxygens, then

this would lead to an increased antibonding electron
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density on the central chlorine atom and a concomitant
overall increase in the principal values of the chlorine
A-tensor.

From the principal directions (x, ¥y and z) of the g-
tensor (see TableVI.1) we can estimate the orientation
of the 0102 radical relative to the unit cell of KClOB.
The y-axis is parallel to the 0-O bond direction and
lies 2long the crystallographic b-direction, the x-axis
is pervendicular to the molecular plane and is parallel
to a, and the z-axis lies along the molecular 02—
symmetry axis which is necessarily parallel to c¢'. One

C1l0, molecule is formed either from Cl (0), 0 (+0.22)

2
and 0 (-0.22), or from Cl (0.50), O (+0.72) and O (+0.28)
in the aqchq unit cell (see IigureVL20), the sites
beihg megnetically indistinguishable.

b) The 'Two-Chlorine' Centre (°1-2010,)"

For the purpose of this discussion the 'two-chlorine'
centre is treated as an isolated aClO2 molecule which is
slightly perturbed by a neighbouring bCl- ion. The close
similarity between the spin-résonance parameters of the
'8610-1ike' moiety and Cl0, (radical A) is taken as
adequate Justification for this assumption. TFrom the
data in Table VI.1it is clear that the x-axis of the “Cl0,

fragment in the 'two-chlorine' centre, like that of CIOE, is
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parallel to the crystallographic a-axis, whereas, the
¥y~ and z-principal directions are shifted by approxi-
mately 16 + 50 in the bc'-plane with respect to the
corresponding values in 0102. Whilst B has retained
its free-spin value in (b01-ac102)", the chloride ion
perturbation of the Cloe-fragment has resulted in incr-

eased values for both g and 8,,° It appears that this

I
weak interaction between bCl- and aClO2 has resulted in
a lowering in energy oflphe antibonding 2b1-orbital and
a concomitant increase in the magnetic coupling to the

lower lying 4a,~ and 5b2—levels, which is reflected in

1
the increased values of A~gyy and ﬁxgzz.

For the analysis of the major hyperfine tensor
corresponding to a0102, we nave assumed that the signs
of the hyperfine coupling constants are identical to
those of ClO2 in this lattice. We obtained aﬁ isotropic
coupling of 22 gauss and as before (see 0102) the aniso-
tropic tensor could be resolved into two axially symmetric
components of the form (2B, -B, -B) and (-B', -B', +2B")
where 2B = 65.6 gauss and 2B' = 2 gauss. A spin-popula-
tion analysis based on these values indicates that the |
total Spin-density on the central chlorine atom is

approximately 0.66, an increase of 5.5% compared to the

chlorine spin-density in 0102(A). If the spin-density
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on bCl were acquired by direct electron transfer one
would have expected a reduction in the total electron
density on aCl, in contrast to the observed increase.
This increase can be accounted for if a spin-polarisa-
tion mechanism is operative, giving rise to a small
negative spin-density on bCl with a subséquent increase
in the positive spin-density on 2Cl. The a0102—fragment
is thus an electron-excess centre and the bCl- becomes
'hole-like' in character, the radical being electroni-
cally similar to the well-known VK—centre.85
We are unable to determine the signs of the com-
b

Cl experimental A-tensor. iowever, A.

ponents of The iso

(bCl) and 2B (bCl) are expected to be negative, for the
reason outlined above, and consequently there are only -
three sign-combinations to be considered. Ve cannot
determine which is the correct combination to use, but
fortunately both 2B and Aiso vary little between the
three alternatives. We can therefore, make approximate

estimates for the b

Cl 5pz- agd 3s-orbital spin-popula-
tions, whica are 0.096 and 0.003 respectively. The

- corresponding 3p/3s ratio of about 30 is characteristic
of é species in which the unpaired electron is confined

to a molecular orbital principally constructed from a

3p-atomic orbital on chlorine. We have not neglected
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1.73

the possibility, proposed by Hasty et. and supported
by Atkins and coworkers,54 that the secondary chlorine
splitting is caused by a 'ClOB-like' fragment. The main
objection to this is that the observed 3p/3s-ratio of 30
is far larger than that expected, even for a considerably
flattened chlorate ion. liechanistically, it is also
easier to envisage the formation of the VK-centre Clé
from the photolytically induced decomposition of (Cl-
0102)— rather than from (0501-0102)-.

Each chlorate ion in KClO5 has one near-neighbour
in the unit cell diasgonally above it, at a disténce of
-5.652. Figure VI.20 shows two unit cells in which the
dashed line Jjoins two such neighbouring anions. It seems
very probable that the chlorine atoms of the (01-0102)-
centre arise from such a pair of ions, and we have
estimated the positions of the constituent atoms in this
centre from the principal directions of the g- and A-

tensors. For bCl, the:ﬁ;axis lies approximately along

the C,-symnetry axis of the parent ClO5 ion making an

>

angle of 270 * 50 with the Xa—axis of a0102, both princi-
pal directions lying in the ac-plane. For aCl, the z,-

axis lies approximately 16° + 50 out of the ac-plane, and
consequently the ya-axis makes an angle of 16 + 50 to the

crystallographic b-axis (see Figure VIJO).



Cl

Cl
Ch-symmetry axis
of the CIO? ion
ri Bue VI.10. he orientation of the {'Cl-~ClOp) centre in

KC10%>with resrect to the crystallographic g,

b and ¢ axes.
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Finally, it is interesting to compare the distri-
bution of unpaired electron density in the (01-0102)_

centre with that in the recently reported H-centre:

formed in X-irrsdiated alkali metal chlorides at .2001{.8’l

(see Table VI.3). A spin-population analysis of the
hyperfine parameters reported for this centre suggests
that approximately 0.73 of the unpaired electron is
distributed between the central YCl atoms of the C15
ion, whilst about 10¥ is delocalised onto the axial
*X01”™ ions. The resultant 3p/3s-ratio on *Cl is 49,

the Bp-Character being 0.098 and the 3s-character being
0.002. These data and the corresponding values for the
(01-0102)- centre are included in Table VI.5, and we
believe that the close similarity of these results
further substantiates our identification of bCl as a

'Cl -like' fragment.

¢c) The Ozonide Anion og‘
This radical appears to occupy a large number of
magnetically distinct sites in the chlorate lattice and
consequently we were unable to obtain the direction

cosines of the g-tensor. Therefore, we cannot detemrine
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the relative orientations of the radicals in these sites.
The g-tensor of this radical has the form gy&j}gzz>»

- < 2.0023, which is typical of a 19 valence-electron

dioxide having a 2B,l--ground state (see 0102).
d) The VK-centre 012

For the analysis of the hyperfine tensor shown in
Table VI.5 we have assumed that sign combination for the
components of the A-tensor which gives a total unpaired
electron density closest to unity. The unpaired electron
occupies a g*-molecular orbital constructed from the
halogen EpZ-atomic orbitals so that the observed iso-
tropic coupling, which corresponds to a 3s-orbital
. occupancy of 0.024, must arise through a spin-polarisa-
tion mechanisn.

From the direction cosines of the g- and A-tensors,

75

we concur with Fayet and Thieblemont' conclusion that

the Cl-Cl internuclear axis of the Clg—centre (the z-
direction) is parallel to the crystallographic a-axis of

hClOB.

The 015

lattice, annealing only when the crystal was heated above

centre was remarkably stable in the chlorate

420°K for several hours. This is unusual, for the VK—
centres in alkeali halide lattices are very unstable and

often decay rapidly, even at 77°K. This increased
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stability in KClO5 is probably due to the inability of

2
contrast to its behaviour in the alksali halides.

Cl, to migrate from site to site in this lattice, in

e) The C10, Centre
7

Chlorine trioxide is a 25 valence-electron species
in which the unpaired electrén is expected to occupy a
molecular orbital of aq—symmetry constructed from the
chlorine 3%s- and sz-orbitals and the oxygen 2p-orbitals;
The z-axis is the molecular C5—symmetry axis. From the
akially symmetric A-tensor of this radical which is |
included in Table VI.4we have estimated the spin-popula-
tions of the chlorine 5pz—and 3s-orbitals fo be 0.36 and
0.08% respectively. The corresponding 3p/3s ratio of
4.34 was inserted into equation (5 ) to calculate an
approximate OEIO bond angle of 112° for this radical.

The g-tensor of the trioxide is characteristic of
a 25 valence-electron species, having a 2A1-ground state,
where 3L> g“>.2.0025. The deviations of the experimental
g-factors from the free-spin value arise from the follow-

ing excitations:
Bg s aes (26)3(3e)/f(a2>2(6a1)2; %5 <= ... (20)%(3e)4(a,y)%(6a,)5 Ay
and  (20)4(3e)3(a,) (62,075 % < .. (20)4(36)4(ay)" (62))5 iy

Bt eer (20043004 (ay) (60,)%5 2y = oov (20)4(30)%(a,)" (60));
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Since the 1&2-orbital is cioser to the 6a1—level

- than either the 2e- or Ze-orbitals, one might predict
Ag, to be larger than Agj_ . ;However, the la,-
orbital is confined entirely to the ligands whilst theA

b6a,-orbital is expected to have considerable central

/I
atom character. Consequently there is little mutual
overlap. In this case therefore, the energy differénce
1s not the overriding consideration and we find that
8L>-gn> 2.0023%.

£) The 01072' Centre

J .

In Chapter IV.Cwe predictedfthat the unpaired

- electron of 01052_ would oécupy;an antibonding aj-
orbital constructed from tge chlorine %s- and 5pz—atomi¢
orbitals and the 2p—orbita;s of oxygen lying along the -
Cl-0 bonds. The spin—poPu;ations of the chlorine 3p,~
and %s-orbitals have been calculated from the data . in
Table VI4 to be 0.086 and 0.071 respectively, correspond-

ing to a 3p/3s ratio of 1.2. The spin-resonance data

o-
3

for comparison.

of C10 in calcite are also included in this Table

We ican establish the nmost stable structure for the

2=
3

"Valence~Shell Electron-Pair Repulsion Theory." The most

Clo radical-ion from simple. arguments based upon the:

provable configuration for an AB5 molecule or ion having
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five electron pairs on the central atom, two of which are

non-bonding, 1is

For example, the 28 valence-elecrron species ClFl is
known to have a trigonal bipyramidal structure, the four
atoms forming a distorted 'T '-shape, with FCIF = 87 29*.
In contrast, the GIO”", having tv/o fewer non-bonding
electrons, 1s pyramidal. Consequently, we might expect
the 010%2_ ion, having 27 valence-electrons, to adopt a
configuration midway between these two extremes. Indeed,
the configuration of maximum probability, in v/hich the
electrostatic repulsion between the electron pairs is a

minimum, for this radical is

:>G%-symmetry axis

Gl

(I1)
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Brown and Pee184 have recently concluded that
Vlchlqrine 3d-orbitals play a marginal role in bonding
in ClFE, and that the structure of this molecule can
be satisfactorily accounted for using molecular orbitals
constructed from a basis set of chlorine 3s, Bpx’ 5py
and 5pz-atomic orbitals and the fluorine 2p¢ -levels.
By analogy, we are tempted to reject the possibility
of 3d-orbital involvement in bonding in 01052—, so that
the C1-0 bonding o -levels must be constructed from
chlorine %s- and 3p-orbitals and the oxygen 2pC ~levels.
As a consequence of this significant chlorine 3s-orbital
contribution to the bonding orbitals the effective
difference in electronegativity between the ligands and
the central atom, AX, is expected to be small and nega-
tive. Hence, a considerable fraction of the antibonding
unpaired electron will be delocalised onto the oxygen
atoms, resulting in the angle 6 in structure (II) being
' greater than 90°.

This is Jjust the structure we predicted in Chapter
IV for 01052‘ from the Walsh orbital-correlation scheme
for AB5 moleculesfoand is in accord with the experimental
spin-resonance and molecular parameters of this ion,

included in Tables VI.4 and VI.5. The axially symmetric

g~ and A-tensors reflect the CBv-symmetry of the ion, and
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the unpaired electron is considerably delocalised onto

the oxygen ligand atons.

MECHANISM OF RADIATION DAMAGE IN KClO5

Figure VI.20 shows a projection of the atomic posi-
tions of the Cl and O atoms in adjacent unit cells of
KClOB. One unit cell labelled a,C4
which is diagonally below and joined to it at a corner,

and a second a5Cos

have been projected along b. The positions of the
constituent atoms along the b-axis are indicated as
fractions of the length of side b relative to the 8,¢4-
plane. Each chlorate ion lies 5.652 away from its
nearest neighbour (joined to it by a broken line in the
figure) and is separated by more than 52 from the next
nearest chlorate ion. The primary irradiation process
is probably the ejection from an isolated anion of an
inner-electron which meay then be trapped at an adjacent
0105 ion, or transmitted through the lattice as a con-
duction electron and subsequently trapped at a distant
~anion site. This would résult in the formation of
several inequivalent defect centres:

1) 0105—-01032—; the pair of radicals being

separated by 5.653

—C10.°";

ii) €10, 5 s

58

with a separation of rmore than



0 (0.50)
91 (0.50)
(+0 .22) p
©)o1
0)o0 =109 38
= 5.59A = 4.63A
liitare VI.Z20. A projection along the b-axis of the atomic

positions of the Cl and 0 atoms in two adja-

cent unit cells of KO0O10%.
P

lo4
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iii) isolated C10; and C105 ions.
Chlorine trioxide is known to decompose to the more
stable ClO2 in the gas phaseE35 and in ionic lattices
such as KC1O, (see Chapter VII), and it is reasonable to
assume that this is one process that gives rise to
chlorine dioxide in potassium chlorate. Therefore, we
énly have to postulate that chloride and ozonide anions
result from the decomposition of 01052—10105‘ centres to
explain the formation of all the detected paramagnetic
species in irradiated KClOB. Centre (i) would result in
the production of the 'two-chlorine' centre (Cl——ClO2)-
and ozonide ions, whilst the decay of centres (ii) and
(iii) would lead to isolated 0102, Cl™ and Og species.
In view of the high electron affinity of ClO5 (EA =
%.96 ev)86 the dissociative recombinatioh of radiation-
ejected electrons with their pearent ions is likely to
occur, resulting in the formation of a variety of mole-
cules and ions, including the species Cl0O, 0105, 0,,

Cl™, ClO, and Og which have been detected both by

2
spectroscopy78 and chemical ahalysié.76

A surprising result of this investigation is that
Og ions appear to occupy a multitude of distinct sites
in the chlorate lattice, whilst the isostructural ClO2

molecule is restricted to a single,magnetically distinct
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position. This probably indicates that ozonide anions
are produced by several different reaction pathways,

including diffusion-controlled processes of the form:

and O2 + 0 —> 05.



CHAPTER VIT

RADIATION DAHAGE Il POTASSIUM PERCHLORATHL
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RADIATION DAMAGE Il POTASSIUM PERCHLORATE

Electron spin resonance studies of radiation damage
in potassium perchlorate have been reported by several
workers. Col§ﬁ7has tentatively assigned the spectrum of
one stable defect centre to the'trapped 0102 molecule by
a comparison of the observed spectral parameters with
those previously reported for this dioxide. His conclu-
sion was later supported by Symons and coworkersz54 who
also identified the less stable species ClO5 trapped in
this lattice. Byberg gg.gg,thave recently reinvestigated
the earlier results of Cole, underteking a more rigorous
analysis of the C.'LO2 spin-resonance parameters by taking-
into account the significant quadrupole interaction terms
in the spin-Hamiltonian for this centre. In essence now-
ever, their conclusions differ little from thoseof the
latter author. .

Morton.59 claims to have prepared the species 0104
by the exposure of KClO4 crystals to*y—rays at 77°K. He
suggested that this radical was formed in two meagnetically
distinct sites in the lattice, which he labelled (I) and
(II), and proposed that these inegquivalent sites seriously
modified the stability and structure of the tetroxide.

The spin-resonance parameters reported for these centres

in irradiated KClO4 are listed in Table VII.?.
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Optical absorption studies of the ultraviolet photo-
lysis of chlorine dioxide were first reported by Norman
and Porter in 1955.88 They photolysed Cl0, trapped in a
glassy hydrocarbon matrix at 77°K and monitored the
increasing intensity of a new absorption at approximately
260 nm (38,500 cm™') es the characteristic Cl0, band at
260 nm (27,800=cm_1) decayed. They attributed the new
absorption to chlorine monoxide.” Symons and coworkers54
subsequently repeated the experiment in frozeﬁ sulphuric
and phosphoric acid matrices, following the photolytically
induced decomposition of the dioxide by ESR spectroécopj.
They noted thet the original spectrunm ofClO2 was almost
completely replaced by a second spectrum which they
naturally ascribed to the monoxide. However, the mole-
culap and spin-resonance parameters they deduced from the
poorly resolved ESR spectra were not in good agreement
with those expected for this 2TT5/2 radical.54

Rochkind and Pimentel, and Arkell and Schwagergo
have examined the photolysis of matrix-isolated ClO2 by
IR spectroscopy. Both groups of workers detected two new

infrared bands which they tentatively assigned to the

'peroxy-chlorine' species Cl00. This radical has also

A*By chlorine monoxide we shall denote C10,
although the material 0120 is also known by
this nanme.
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been postulated as an intermediate necessary to the
understanding of the kinetics of the photolytically
induced gas-phase reaction between chlorine and oxygen.

M

Porter and Wright have proposed the following pathway

for the reaction:

1, -2% 201 ceeeea(9)
Cl + 02 — Cloo .....o(’lO)
Cl + Cloo ——— 2010 .-----(11)

In this chapter we describe the results of a com-
prehensive reinvestigation by both magnetic resonance
and optical spectroscopy, of the photolytically induced
decomposition of chlorine dioxide trapped in single
crystals of KC.‘J.O,+ and a variety of glassy matrices. We
conclude with some comments on the mechanism of radiation
damage in KClO4 and propose some tentative structures for
the radiolysis products.

EXPERIMENTAL PROCEDURE

1. The Crystal Structure of KClO4

Potassium perchlorate crystals are orthohombic with
- four molecules per unit cell. The unit cell has dimen-

sions a = 8.834%, b = 5.650% and ¢ = 7.240%, and belongs
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1672
to the space group Vn.

Figure VII1is a projection of the atomic positions
of the K, Cl and O atoms onto the ac-plane for one unit

The ClO, ion is almost tetrahedral with

4° 4
the chlorine atom and two oxygen atoms of each ion loca-

cell of XC1lO

. ted in a mirror plane. The remaining oxygen atoms and
the chlorine atom define a plane perpendicular to ac.

2. Sample Preparation

a) Single crystals and powders of KC10,

Single crystals of KClO4 were grown by the slow
evaporation of saturated aquéous solutions of the AnalaR
grade salt. The crystal axes of specimens having
suitable dimensions for single-crystal investigations
(0.3 x 0.3 x 0.5 cms) were identified by the use of a
polarising microscope in conjunction with crystal mor-
phology. Large single crystals were carefully polished
down to dimensions suitable for optical measurements
(0e8 x 0.5 x 0.1 cms) prior to irradiation.

Powder samples for diffuse reflectance, IR, and ESR
measurements were obtained by milling-down small oxr
aggregated crystals.

Samples of the crystals and powders were exposed
to ~Y-radiation doses of approximately 3 Mrads at 770,

195° and 295°K.
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b) Glasses containing chlorine dioxide

.Chlorine dioxide was chemically generated at 295°K,
by the addition of KClO5 powder to 90% aqueoué H2804.
The chlorate disproportionates to chlorine dioxide and
perchloric acid in this medium, according to the equa;

tion:

3H2804 + BKClO3 — BKHSO4 + 20102 + HClO4 + H20
-ooooo(']2)

The dioxide was then displaced from solution by a
stream of dry nitrogen gas and redissolved in a variety
of solvents including cold aqueous solutions of sulphuric,
phosﬁhoric and hydrochlbric acids, carbon tetrachloride
and isopentane. Suitable solvents combined good optical
transparency in the vitreous state with a degree of chemi-
cal inertness towards the highly reactive C10,. (It was
necessary to use solvents that vitrified on cooling for
the ESR measurements, since solvents which did not glass-
ify tended to aggregete the solute in clusters. Conse-
gquently the ESR spectrs of paramagnetic solutes were
poorly resolved because of spin-spin broadening).

2. Electron Spin Resonance Spectra

Single crystals of ~y-irradiated KClO4 were photo-
bleached with 56503 radiation at 295°K for approximately
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20 minutes prior to the measurement of spectra. The
characteristic anguler variations of ESR features
arising from the photolysis products were then monitored
as the.crystal was rotated in turn about the crystallo-
graphic a, b, and ¢ axes. The interpretation of the
single-crystal results was facilitated by supplementary
measurements of powder spectra at X- and Q-band frequen-
cies. |
Samples of chlorine dioxide trapped in glassy
matrices were photolysed with 3650X radiation at temp-
eratures close to 77°K. The photolysis process was
progressively monitored by ESR spectroscopy.

4, Tlectronic Spectra

The electronic spectrum of an irradiated crystal of

KC10, was measured at intervals as the radiolysis products

4
were progressively photobleached with 56503 radiation at
300°h. Similarly, the optical absorption spectrum of a

5 in vitreous 90% aqueous HgsO4 was measured
as the dioxide was irradiated with 56503 light.

samnple of Cl0O

5. Infrared Spectra

A small gquantity of "y-irradiated KClO4 crystals,
which had subsequently been photolysed, was powdered,
mixed with dried KBr, and pressed into a disc of about

1 cm diameter and 0.5 mm thickness. This disc was fitted
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into the low temperature attachment of the infrared
spectrometer (see Chapter I ) and spectra were measured
at both.77°K and room temperature. The spectré obtained
were poorly resolved and obscured by the intense back-
ground absorption of the ClOZ ion. Better results were
obtained by measuring the IR spectrum at 77°K of a
photolysed solution of 0102 in rigid carbon tetrachlo-
ride.

LXPERIMENTAL RESULTS

1. XZlectron Spin Resonance Investigations of the

Photolysis of Chlorine Dioxide

a) In single crystals of KC10,
When potassium perchlorate was*y-irradiated at 495°K

and subsequently annealed at room temperature for several

51

days, the stable radicals Cl0, and Og were formed.
When the irradiated crystal was then bleached with 36503
radiation the ClO2 centre decayed giving rise to a third
paramagnetic species G. Figure VII.2 shows the ESR spectrun,
measured at 77°K, of G and Og in a single crystal of KCl0,
with the applied magnetic field (HO) in the ac-plane.

The spectrum was characterised by two sets of quartets
(corresponding to hyperfine interactions with 3501
nuclei), originating from a single chlorine-containing

radical (G) occupying two magnetically distinct sites.
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These quartets are superimposed on the broad central
resonance of the Og ion. _

Figures VII.3 to 5 are plots of the angular variations
of the hyperfine features which corresponded to the
'allowed' transitions of radical G as the magnetic field.
explored in turn the ac-, bc-, and ab-plane of the irra-
diated crystal. It was noted that within each set of
hyperfine features the spacing was not always equal and -
that in certain orientations 'forbidden' transitions
occurred. The intensity of these latter transitiohs was
often about equal to that of features arising from the

A M, = O transitions of both G and unphotolysed ClO2

I
remaining in the crystal. For this reason it was decided
not to undertake a complete analysis of these 'forbidden'
lines and therefore, no quadrupole terms were included in
the spin-Hamiltonian used to describe G. The principal
values of the g- and A-tensors of radical G, evaluated
using Schonland's me‘c:hod,/15 are'summarised in Table VII.Z.
The principal wvalues 355 and a55 occurred twice in
the ac-plane at + 55° from the c-axis, two values arising
because G occupied two distinct sites in this lattice.
Since grland 344 also lay in this plane, 850 and a5, Were

necessarily parallel to the b-axis. rfigures VII.6 to 8

show the angular variations of the g- and A-tensors of
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?irrure VIIe«6. Angular variations of the g- and A-factors of
radical G in KCIO” as H explores the ac-plane.
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Figure VII.7. Angular variations of the g- and A-factors of

radical G in KCIO" as explores the bc-plane
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radical G in the ac-, bc-, and ab-planes. It is quite
clear from these plots that the principal axes of these
tensors were not spacially coincident and that.the

values Bqqs 8441 533 and a33 were insensitive to small
changes in 6. Consequently we could not determine their
relative positions to a greater accuracy than + 10°. For
this reason we have not.included direction cosines in
Table VII2 although we believe an upper limit of 15-20° can
be set for the angle between the corresponding axes of
849 and CYPP and between g53 and a53'

These results are in good agreement with those of

Byberg9

5 (see TableVII.2) reported soon after the present
investigation was complete. However, as we shall see
later, we do not agree with his conclusions about the
structure of radical G.

Considerable broadening of the ESR spectrum of
radical G occurred when the crystal was warmed above
140°K. However, even after heating to 295°K the spectrum
rencasured at 77°K was identical to that before the heat
treatment. This line-broadening af high temperature has

been associated with a spin-rotational interaction71

similar to that discussed for 01‘02.94
Radical G decayed with a half-life of approximately

12 hours at 295°K resulting in a concomitant increase in
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the concentration of ClOe. At 525°K G was completely
~converted to the dioxide in less than 4 hours. At this
stage it was possible to repeat the whole cycle and
photolytically regenerate G. The concentrations of both
ClO2 and G decreased slightly after each cycle indicating
that the interconversions were not quite quantitative.

b) In powders and glasses

The X-~-band spectrum of chlorine dioxide in frozen
90% aqueous H2804, shown in Figure VII.9 was surprisingly
complex and consequently, from this spectrum Symons and
coworkers54 could only derive the parameters 8y and Byxc®
This complexity arises through the superposition of a
number of 'allowed' and 'forbidden' transitions in the
central region of the spectrum. The Q-band spectrum of
this system (Figure VII.10) was simplified by a merked
reduction in the intensity of features corresponding to the
transitionsAM; = + 1, £ 2 (see Chapter VI). An analysis
of this spectrum yielded all the diagonal components of the
g- and A-tensofs listed in Table VII;B.

When a sample of 0102 in vitrified H2SO4 was photo-
lysed at 77°K for approximately 30 minutes, the strong
ESR absorption of the dioxide was almost completely

replaced by new features associated with radical G. The

loss of 0102 during photolysis was most conveniently
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followed by the observation of the characteristic intense
absorption at g = 2.0257, which arose from the overlap of
several 'allowed' and 'forbidden' transitions. At the
same time the appearance of G was monitored by the
increasing intensity of a strong feature at g = 1.999.
Figure VIIMshows ESR spectra, measured at 77°K, of ClO2
in HESO4 as the system Qas progressively photolysed. A
similar spectrum toVIIAMd has been shown by Symons and
coworkers (Figure 3 of reference 54) in which they
assign a peak 'd' to radical G. However, an examination
of FigureVIIN suggests that this peak (g = 2.0257) results
from residual unphotolysed ClO2 and that the shoulder on
the high field side of this absorption ariées from G.
Because the small hyperfine coupling constants were
coupled with linewidths close to 4 gauss, only the values
g55 and a33 for G in this matrix could be extracted from
the spectra measured at both X- and Q-band frequencies.

Figures VIIJ2 and 13 show powder spectra of G in KClO4
at X- and Q-band frequencies; partial analyses have been
included on the diagrams. At 8 mm wavelength features
corresponding to g33 and a33 were well-resolved, but the
remaining parameters were less readily obtained because
of the overlap of spin-resohance features from G with

the very intense absorption of the O5 ion in the free-



(a) before photolysis
(central portion only)

= 1.999
(characteristic feature
of the new radical)

(b) after 5 minutes UV
photolysis

(c) after 1 hour

? = 2.0256 (d) after 5 hours

characteristic
feature of G1lOg)

Fi'-ure VII.1l1l. hSR spectra, measured at 77"h and 9.3 G-c/s, of
CIO” in 90>1 aqueous HpSO” as the system v/as
progressively photolysed with $650% radiation.
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spin region. The data derived for G in vitreous
sulphuric acid and powdered KClO4 are included in Table .

ViI.2.

2. Lklectronic and Infrared Investigations of the

Photolysis of Chlorine Dioxide

Chlorine dioxide has a characteristic absorption
band with a maximum intensity at 365 nm (27,400 cm-q) in '
aqueous sulphuric 8cid.8% on photolysis at 779K this
band rapidly decayed with a parallel increase in intensity
of a strong peak at 260 nm (38,500 cm-q). The intensity
of the original absorption was approximately half that of
the 260 nm (38,500 cm-q) peak after four hours photolysis.
Figure\ﬂlﬂ4showsobticél spectra of ClO2 in vitreous
sulphuric acid as the sample was progressively photolysed
with 36508 radiation. |

The ultraviolet spectrum of a single crystal of 7/-
irradiated KClO4 exhibited tﬁo intense absorptions at
370 nm (27.000 cm™ 1) and 430 nm (23,200 cm™ ') corres-
ponding to the radicals C1l0, and Og. The effect of
56502 radiation on these centres is shown in Figure VII. 5.
A rapid diminution in intensity of the 370 nm (27,000 cm 1)
absorption was accompanied by a corresponding increase in
intensity of a broad band around 280 nm (35,700 cm_q).

Attempts have also been made to measure the IR
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spectrum of radical G, but experiments using KClO4 and
HQSO4 matrices were unsuccessful. Howeyer, ClO2 in
rigid 0014 was photolysed to produce G, and the IR
spectrum obtained at 77°K, although poorly resolved, _
showed two new bands at approximately 1430 and 1440 en™ 7.
DISCUSSION

1. The Identification of Radical G

Symoné%shas recently suggested that the photolytic
product of ClO2 in rigid media (radical G) is in fact the
'peroxy-chlorine’ species ClC0 and, for the following
reasons, we have reaffirmed this conclusion:96

a) ClO2 and G are readily interconverted in a

variety of host matrices. This would appear to

suggest that G is isomeric with 0102.

b) The g-tensor of G is very similar to those of

F0O0, C10,, N0, and 03, all of which are iso-

structural with Cl00. The parameters for FOO are

included in Table VII.2. for comparison.

'c) Rochkind and Pimentel,agand also Arkel and

Schwager,gohave produced a species thought to be

€100 by photolysis of c1oé in solid nitrogen (20°K)

and argon (4#.2°K). Their principel evidence for
this identification was the detection of an IR

1

absorption at 1440 cm ' which was assigned to an
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0-0 stretch. The equivalent vibration appears

1 in F0O, at 1390 cm~' in HOO, end at

at 1500 cm~
1556 en~V in 0, (Raman). Our IR results are in
accord with these findings.

o7

d) Morris and Johnston have recently reported
the detection of both Cl0 and Cl00 in the gas-
phase photolysis of chlorine dioxide by an in-
genious molecular modulation technique. Fort-
uitously, the absorption maxima of both ClO and
Cl00 coincided almost exactly [257.7 nn (38,800
cm'q) and 247.5 nm (40,400 cm_q) respectively ],
but by varying the frequency of the incident
radiation it was possible to observe the spectra
of Cl0 and C1l00 independently. Radical G is
characterised by a strong absorption at 260 nm
(38,500 en”™") in vitreous H,SO, and at 280 nm
(35,700 en™") in KC10,.

e) The most likely alternative structure for G
is Cl1l0, a 2TT3/2 diatomic radical. In order to
accommodate the observed spiﬁ-resonance results
for G in terms of this species, it is necessary
to postulate that a very large 'crystal field'
interaction has lifted the degeneracy of theTTZP-

molecular orbitals. It is difficult to see why
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such an interaction should occur to the same
extent in two very different environments; namely
vitreous aqueous sulphuric acid and pofassium
perchlorate. The results of Symons and coworkers,
Byberg and the present investigation indicate a
maximum chlorine spin-density of approximately 20%
in G. For ClO one would have expected the anti-
bonding unpaired-electron to be more closely
assoclated with chlorine than with oxygen, since
oxygen is slightly the more electronegative atom.
Indeed, recent gas-phase electron resonance and
rotational spectroscopic studies of ClO have shown
that the chlorine spin-density in this diatomic is
close to 0.50.98’99

2. The Electronic and Molecular Structures of Radical G

The 0-0 stretching frequency in the series of AQOO
radicals FOO, C1l00 and HOO is peculiarly insensitive to

the nature of A. This fact has prompted Spratley and

100

Pimentel to describe these species in terms of molecules

having bond angles close to 90° with a weak & -interaction
between A and what is virtually a slightly perturbed

oxygen molecule. Their proposed molecular orbital scheme
*

J
orbital of the oxygen molecule overlaps with the 2py-

is shown in Figure VII.M6 for FOO. The 77 _-antibonding
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Fir;ure VII. 1l6.

The molecular orbital scheme for FOO proposed

by Spratley and Pimentel (reference 100).
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orbital of fluorine to form a weak O =T bond, con-
sequently the unpaired electron would be accommodated
in the unperturbed oxygen TT;-level. _ However, we see
no compelling reason to assume that the bond angle in

- C100 should be close to 90° and we prefer not to abandon
the more conventional Mulliken-Walsh description which
has so satisfactorily accounted for the bonding in a
wide range of inorganic radicals. Therefore, since
Cl00 is a 19 valence-electron Tt -radical, one would
expect the Ciab bond angle to be in the region 110-4200,
by analogy with the isoelectronic species ClO, (118.5°)

and N022- (115°). Arkel and Schwagergo have proposed

a CiBO angle of approximately 110° from the results of
their IR studies. |

Since the electronegativities of chlorine and
oxygen are approximately equal, we expect that the spin-
density distribution in Cl00 will resemble that in ClO2
and Og; approximately 0.64 on the central atom and 0.18
delocalised onto the ligands. For such an electron dis-
tfibution in Cl00 we predict the following contributions
to the chlorine hyperfine tensor:

a) A small isotropic coupling arising from the

polarisation of the g -bonding orbitals. This

coupling is expected to be small and negative,
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through the cancellation of a positive term from
spin directly on chlorine by a negative contribu-
tion from spin-density on the central oxygen atom.
b) Theré/will be two major contributions to the
anisotropic hyperfine tensor. The first, result-
ing from spin-density in a chlorine 3p-orbital,
will have the form (-B, +2B, -B) where the major
component is perpendicular to the Cl00 molecular
plane (axis 2). The second, smaller in magniﬁude
than the first, will have therform (+B', +B', =-2B'")
and results from negative spin-density polarised
into the Cl-0 ¢ -bonding level. Its major com-
ponent will be parallel to the Cl-0 bond direction
(axis 3). Since |2B | is expected to be larger than
|2B'|, a combination of these components will result
in an experimental fensor having a large positive
value perpendicular to the molecular plane, a
negative value along the Cl-0 bond which will be
somewhat smaller in magnitude, and a small negative
term orthogonal to these. The form of the expected .
experimental hyperfine tensor and its relationship
to the molecular structure of Cl00 is shown in
FigureVII.17.

c) Calculations using a point-dipole'approximation
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show that the indirect dipolar coupling of the

chlorine nucleus to spin-density on the central

oxygen atom will give a contribution of <1 gauss

to the experimental A-tensor and therefore, can

be neglected.

In Table VII4 the eight possible forms of the hyper-
fine tensor, assuming all the possible sign permutations
for the components, have been listed. In this Table the
B tensor represents the total anisotropic coupling.

Only combination (vi) fulfills all the criteria listed
above. This has a negative isotropic ébupling and an
anisotropic tensor which can be resolved into_two axially
symmetric components of the form (=4.2, +8.4, -4.2) gauss
and (+3.2, +3%.2, =6.4) gauss. The former tensor corres-
ponds to a chlorine Zp-orbital population of 0.084, whilst
the latter arises from spin-polarisation of the Cl-0 ¢ -
bonding electrons. The molecular parameters derived from
this analysis of the experimental A-tensor are given in
Table VII.5. It should be noted however, that the large
number of uncertainties, particularly the unknown contri-
butions from quadrupole interactions, make these conclu-
sions rather tentative. Nevertheless they are consistent
~with the proposed structure. |

The form of the g-tensor in Cl00 is expected to be
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The Molecular Parameters of 0102

Radical

Cl0

C1Q0
(6)

and C1lQ0

- 0.040 0.009 0.40

a2 2

ap('m) P(22) ap(55>

Matrix 32
Py
Haso4 0.59
KClO4 0.51
2
KCloq' -

0.084 0.064 0.002 0.850
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similar to that in ClO2 and O,. In these isoelectronic

3

A0, radicals the g-factor that deviates the least from

2
the free-spin value is oriented perpendicular to the
molecular plane, whereas the maximum g-factor lies in
the molecular plane parallel to the ligand O-O direct-
tion. Whilst we also expect g,, (2.0017) of Cl00 to be
perpendicular to the molecular plane and spatially
coincident with 8555 the large spin-orbit coupling with
chlorine (A gy = 586 cm™ ! whilst Ay = 151 en™ ) will try
to align the maximum g-value (833) along the chlorine-
central oxygen atom direction. Consequently, 833 will
tend to lie somewhere between the Cl-O bond direction
and the direction defiﬁed by the chlorine and outer
oxygen atoms, and will make an angle © (estimated
previously to be 10-15°) with the 833 direction. The
Third g-factor (811) will be orthogonal to g,, and 833
making an angle © to 344 and should have a value inter-
mediate between g53 and 8ooe However, it is clear from
Table VII.2 that 811 has a significant negative deviation
from the free-spin value which might arise from undetect-
able chlorine 3d-orbital contributions to the molecular
Qrbitals of the 'peroxy-chlorine' radical or through the
magnetic coupling of the electron with suitable higher

lying unoccupied orbitals (for example 6a' in Cs-symmetry).
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2. The Geometry of the Cl0O0 Centre in KC1lO,

It is reasonable to assume that the ClOO0 molecule
occupies an identical site to that of its isomeric
precursor 0102. Consequently, as the experimental data
outlined in Section VII1 suggest, the Cl00 molecule lies
in the ac-plane of the unit cell of KGlO4. However, the
C1-0 direction (axis asy) in G100 is not coincident with
either of the two Cl-0 bonds in 0102. Figure VII. 18 shéws'
the suggested orientation of a single Cl00 molecule,
with respect to the parent Cl0, (shown dashed in the
figure) in the KC1lO, lattice. The second magnetically
‘distinct site is obtained by the rotation of the b-axis
by + 55°.

4, The Electronic Spectrum of ClOO

Morris and Johnston.q7 have recently detected both
Cl0 and Cl1l00 in flash-photolysed chlorine-oxygen mixtures.
Thg absorption maxima of Cl0O and ClO0 occurred at 257.7 nm
(38,800 cm-q) and 247.5 nm (40,400 cm'1) respectively.
Thereforé, the intense absorptions with maxima around
270 nm (37,000 em™') arising from the photolysis of C10,
in both KClO4 and vitreous H2804 may be superpositions of
the optical absorptions of both Cl0 and Cl00. However,
we have been unable to detect the former diatomic radical

by ESR épectroscopy, even at temperatures as low as
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approximately 1.3°K, in either the acid or perchlorate

matrices.

The 2A2 < 2B,l transitions of the radicals ClO2

and 03 ocour at 370 nm (27,000 cn™ ") a 430 nm (23,300
cm’q) respectively in KClO4. We are tempted to suggeSﬁ
that the Cl00 absorption at 280 nm (35,700 cm™ ') in this

matrix is the corresponding 2A" < 2A' transition in
Cs-symmetry.

5. The Isomerisation of Chlorine Dioxide

0102 was photolytically converted to ClO0 in vitreous
sulphuric acid and approximately 50% of the original
dioxide was regenerated when the matrix was melted. In
KC10, the isomerisation of chlorine dioxide resulted in
an almost quantitative conversion to Cl00, whereas in
KClO3 (see Chapter VI) photolysis resulted in the destruc-

tion of ClO0, with no apparent formation of Cl00. Thus,

2
the photolytic decomposition products of ClO2 depend upon
the environment, being different in KClOa, KC104 and
rigid sulphuric acid.

We propose the following mechanism for the process:

(1)
U-Voo (C10 + 0) ,/f”’jr

c10, -Leles <
(i1)~ 6100

CloO+ M=-=0
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where (C1l0 + O) represents the initial products trapped
in a cage in the matrix, (i) represents the interaétion
of the ejected oxygen atom with the matrix anion M, and
(ii) is the intramolecular isomerisation to C1l00.

In sulphuric acid approximately 50%.of the reaction
proceeds via (i), M - O being the diamagnetic monoper-
sulphuric acid, and the}products are ClO_and Cl00 in
roughly equal proportions. In KC10, (ii) is the princi-
pal reaction pathway, presumably because a reaction
through step (i) would lead to the formation of unstable

ClO5 ions, which will not be favoured.

In contrast, the reaction

€103 + 0 —> Cl0 ceeees (13)

is expected to be favoured in KClO5 so that the ejected
oxygen atom is extracted from the cage before ClO0 forma-
tion can take place. The ClOZ ion has been detected
previously as a stable radiolysis product of K0105.76

ASPECTS OF RADIATION DAMAGE IN KClO,

The exposure of KClO4 crystais to Y/-rays at 77°K
results in the formation of two inequivalent chlorine-

59

containing centres. Morton has ascribed these centres
to trapped €10, radicals, denoted by (I) and (II) in

Table VII.1, which occupy two magnetically distinct sites
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in the perchlorate lattice. The g- and A-tensors of
radicals (I) and (II) are not similar and radical (II)
was less stable than (I), decomposing when the matrix
was annealed to 100°K. ' Whilst it is possible that the
two radicals are ClO4 occupying different lattice sites,
.experience suggests that the effect of fhe host lattice
is not usually so pronounced as this. For example, the
g- and A-tensors of 0102 in sulphuric acid, KClO5 and

are all very similar. Also, by analogy to the
Oa

KClO4

isoelectronic species PO,“” and SO,, the observed spin-

resonance parameters are rather surprising for a 31
valence-electron tetroxide. The magnetic properties of

radicals (I) and (II) are given, together with those of

o-
4

the total 3s-character (ag) and the chlorine 3p/3s ratio

PO and 50,, in TableVII.6. It can be seen that both

of (I) and (II) are uhexpectedly large, and that the g-
tensors of these species are quite different from those

of the other radicals. It was stated in Chapter V

that the magnetic properties of radical (II) were remark-
ably similar to those we have previously assigned to 0104'1
The identity of radical (I) still poses a problem, since
most of the 'normal' mono-chlorine species are known.

One alternative that has recently been proposed is the

47

peroxy-species:
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0
AN

Cl—0
o) 0

The orbital of the unpaired elecﬁron would be consider-
ably delocalised onto the'peroxy-oxygensg consequently
the observed magnetic parameters would bear considerable
resemblance to those of the o -radical 0103. |
7’-irradiation of KClO4 at 77°K followed by careful
annealing to room temperéture showed that the subsequent
decomposition products of (I) and (II) were C1l0Q0, Og and
Cl0. At 295°K both Cl00 and €10, decomposed to the
relatively stable 0102. We conclude that ClO2 is not a
precursor of ClO0 in the radiolysis process, but, rather
surprisingly, that the reverse is the case.

It is now possible to propose a tentative mechanism

for the radiation damage of KClO4 based on these observa-

tions:
ClOZ Y-radiation _ ClO, + e” , ...;.(14)
rapid O\
Cl0, isomerisation O/Cl—-o\0 (radical I)
o.oooo(’ls)
C10; + e > 010,°" (radical II)

cecesd16)
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0.,6100 anneal . 100, €10, and G10
2 2 3
cooooo(’l?)
' 2~ anneal . A= = - .. -
c10, ~ 03, €103, €105 and €10

ceeeee(18)

The stable products 0105, Cl10,, Cl0~ and 0, have been

detected by spectroscopic and chemical analyses.76



PART IIT

TRAPPED SILVER AND CADMIUM RADICALS IN GLASSY MATRICES




CHAPTER VIII
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SECTION A
THE MATRIX ISOLATION OF SILVER AND CADMIUM SPECIES.IN

UNUSUAL VALENCY STATES

Trapped silver atoms have recently been identified

in irradiated glasses containing silver ions.qo5 This
observation is of potential importance to both the radia-
tion chemist and the glass technologist, and also suggests
one important approach to probing environmental interac-
-tions. Silver atoms trapped in polar and non-polar media
by the simultaneous condensation of silver and solvent
vapour have magnetic properties which are very similar to
those reported for the free atom.,lo4 In contrast, silver
atoms formed by the irradiation of rigid solutions con-
taining argentous ions have considerably modified
properties. In general, the silver hyperfine coupling is
reduced from the free atom.value and there is a signifi-
cant negative g—shift.103 This difference has been
explained in terms of the following model./105 Silver atoms
trapped from the gas phase simply occupy holes in the rigid
solvent lattice. A small increase in the silver hyperfine
coupling can then be attributed to the effects of Pauli
exclusion forces upon the wavefunctions of the trapped

atom (see Chapter III). On the other hand, a decrease in

this hyperfine coupling must arise from the overriding
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inflﬁence of van der Waals (dispersion) forces.aq In
solution silver ions strongly co-ordinate the solvent
molecules which are expected to be held in place when the
érgentous solutions are frozen. The addition of an
electron will not displace'them to any great extent, so
that the unpaired electron acts as a probe of the envi-
ronment of the parent cation.
In this section evidence is presented for the

formation of a number of paramagnetib silver species in

“y-irradiated rigid solvents, particularly aqueous
sulphuric acid. Where possible, their magnetic properties
and structures are compared and contrasted with those of
their isoelectronic cadmium-containing analogues.
EXPERIMENTAL PROCEDURE |
1. Sample Preparation

The silver and cadmium salts and the sulphuric acid

were AnalaR grade and were used without further purifica-
tion. Water was triply distilled from alkaline potassium
permanganate and all organic solvents were dried over
metallic sodium prior to their vacuum distillation.
Samples of qogAgClO4 were obtained by the evaporation of
a solution of 19%4g foil (98%) in a 50/50 mixture of 100
vol. H202 and concentrated HClO4. Before irradiastion all

the solutions were degassed by pumping on the samples at
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77°K, thawing, agitating and refreezing; this cycle

being repeated at least four times. Samples for ESR
measurements were prepared by freezing drops of these
solutions to beadé in liquid nitrogen. These beads were
transfered at 77°K to suitable containers which were

sealed and then exposed to ‘y-radiation doses ranging

from 0.02 to 32 Mrads at this temperature. Samples
suitable for ESR measurement at 8 mm wavelength were pre-
pared by directly irradiating 0.2 ml aliquots of the frozen
solutions in 5 cm quartz ESR tubes which had an approximate
internal diameter of 0.15 cms. Optical absorption spectra
were measured on *y-irradiated, degassed solutions in quartz
cells with a (0.1 x 1.5 cm) cross-section.

2. Electron Spin Resonance Spectra

After irradiation the beads were either transfered,
under liquid nitrogen and in the dark, to a sample tube
which could be placed into a prepared ESR variable-tempera-
ture accessory, or into a quartz Dewar of liquid nitrogen
which could be directly iﬁserted into the spectrometer
cavity. In variable-temperature experiments, ESR spectra
were measured at 2 deg. K intervals as the samples were
warmed to room temperature.

3. Electronic Spectra

The irradiated quartz sample cells were transfered,
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™

in the dark and under liquid nitrogen, to a cell holder
which in turn was inserted into the cooled compartment

of the variable-temperature accessory described in detail
in Chapter 1I. Considerable fracturing of the vitreous
media often occurred when the samples were carefully
warmed, resulting in a loss of optical transparency. To
overcome this, samples were maintained at any one fixed
temperature for at least 20 minutes before the measurement
of spectra.

EXPERIMENTAL RESULTS

1. Electron Spin Resonance Studies of Radiation Damage

a) Aqueous sulphuric acid

The exposure of frozen.aqueous sulphuric acid to
-y-rays at 77°K resulted in the formation of two detect-
able paramagnetic species (FigureVIII.1). The more abundant
radical was characterised by a broad anisotropic absorption

centred upon g = 2.0134, whilst the second radical was
responsible for an isotropic doublet of 506 gauss centred
close to the free-spin g-value. The polymeric nature of
sulphuric acid glasses has prompted Russellj06to identify
the former radical as a hole~defect trapped at an acid
polymer end-group and having the structure -(803)n0502.
(For convenience, we shall denote this matrix hole-centre

by 'SOZ' in both Sections A and B of this Chapter).
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Furthermore, Livingston et.al. have described the second
centre as a hydrogen atom trapped in the glassy matriquo7

It is clear from Figure VIII.1 that each of the atomic
hydrogen hyperfine lines was accompanied by a pair of - |
satellite features, separated by approximately 12 gauss.>
The intensitj of these satellites varied with respect to
the main line as the inverse square of the applied
magnetic field strength. As the microwave power was
increased the main lines broadened, whereas both the
intensity and resolution of the satellites increased. At
approximately 50 mW a further set of satellite lines,
separated by about 24 gauss, could be detected. (Figure
VIII.2). These satellite features have been previously
attributed to the concurrent épin-inversion of the electron
and one or more protons at a distance of approximateiy
1.82.107,108

Low concentrations of ferrous ions (0.05 M) in the
diluted acid suppressed the formation of the 'SOZ' hole-

centre, whereas the yield of atomic hydrogen was apparently

unaffected.

b) Ag,80, in aqueous sulphuric acid
Figure VIII.% shows ESR spectra, measured at 77°K, of
‘y-irradiated 5.0M aqueous H2804'containing varying |

concentrations of Agzsou. Whilst the formation of the
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3,6 gauss 6.3 gauss
a) Measured,
at 77”K and
lOmW °
2960 gauss

b) Measured
at 777K and

3omW

Figure VIII.2. The low-field and high-field features of hydrogen

atoms trapped in frozen aqueous H”SO”*.
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sulphate hole-centre was unaffected by the increasing
Ag+ ion concentration, the yield of trapped hydrogen
atoms was suppressed by the presence of the transition
metal ions in the glass.

The spectra consisted of a pair of broad doublets
separated by approximate;y 680 gauss and these are thought
to arise from aquated silver atoms.103 (Naturally occurr-
ing silver has two magnetic iéotopes: 109Ag, I=13,

°4, 48.1% abundance, and 1O7Ag, I=1,

IYN =-1.422 x 10
Y =-1.237 % 10'4, 51.9% abundance). These features were
superimposed upon signals attributable to trapped hydrogen
atoms and the 'SO,' centre.

The ESR spectrum of a glassy sample of Y-irradiated
7.5 M aqueous H2804 containing 0.1 M Agzso4 is shown in
FigureVIII.4. The increased acid concentration of the
vitreous matrix clearly resulted in the formation of two
new silver-containing centres at the expense of aquated
silver atoms. The more abundant radical, labelled A in
the Figure, gave rise to a pair of broad anisotropic
doublets with a major splitting of.302 gauss and a subsi-
diary coupling of about 120 gauss. Supérimposed upon the
- broad resonance from A were numerous, poorly resolved

superhyperfine splittings. When the sulphuric acid concen-—

tration of the matrix was increased further, there was a
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concomitant increase in the concentration of A. However,
in acid environments greater than 8.0 M no superhyperfine
features could be detected in the ESR spectrum of this
centre. |

The second radical, B, was responsible for a remark-
ably narrow-lined doublet at both low-field and high-field
separated by approximately 650 gauss. Each of the spin-
resonance features from this centre was accompanied bj a
weak pair of satellite lines whose separation varied with
the applied magnetic field and whose intensity, with
respect to the main lines, increased as the microwave
power increased (see Figure VIII5) ESR signals from B could
not be detected in environments having acid concentrations
greater than 8.0 M or less than 7.0 M. Warming the irra-
diated sample to 100°K resulted in a loss of signals from
B and an increase in the concentration of aquated silver
atoms. There was also a marked reduction in the ESR line-
width of A and an increase in the resolution of the super-
hyperfine splittings associated with this centre. (Figure
VIII.6.

When the experiment was repeated using 0.1 M Agzso4
dissolved in 7.5 M D,S0, in D,0, there was a noticeable
linewidth reduction in the ESR spectra of both aquated

silver atoms and radical B. In this matrix the broad
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quartet of featurés associated with A collapsed to givé
what appeared to be a pair of triplets spread over
approximately 220 gauss. However, considerable overlapp-
ing between features from A and the broad resonance
arising from the 'sulphate’ hole-céntre occurred in the
central region of the spectrum, making an unambiguous
analysis impossible.

To facilitate the analysis of the complex X-band
ESR spectra, supplementary measurements were made at Q-
and S-band frequencies, and the experiments were repeated

109

using silver salts enriched with the Ag isotope.

c) CdSO4 in aqueous HESO!|

The ESR spectra of ‘y-irradiated frozen CdSO4 solu~
tions in aqueous H2804 were characterised by an intense
axially symmetric resonance centred upon g £ 1.99 and a
corresponding broader and weaker feature close to Ho =
5100 gauss. These features were superimposed upoh signal s
from the matrix hole-centre and trapped hydrogen atoms.
The cadmium-containing radical giving rise to these fea-
tures is label;ed C in Figure VIIL.7. Again the presence of
impurity metal ions in the vitreous aqueous acid did not
.inhibit the formation of the 'SO,' centre, although the
yield of hydrogen atoms was significantly reduced.

Radical C was the only paramagnetic cadmium species
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detected in acid environments ranging from 4.5 M to 18 M.
When Cd2+ ions were introduced into the aqueous acid as

-o - . . ' _'
Cd(N03>2’ ‘7 irradiation yielded the 'SO,', NO and NO,,
radicals. The presence of nitrate in the matrix inhibited

the formation of radical C.

a) AgC10, in CH3OH and CHBQEZQE

When a frozen solution of silver perchlorate in
methanol was exposed to ‘y-rays the paramagnetic products
of radiation damage, stabilised at 77°K, were solvated
silver a‘oc;msw3 and the CH20H and CHO matrix radica13109
(Figure VIIL8). Warming the sample to 100°K resulted in a
marked reduction in the intensity of features from the

CH.OH radical with the simultaneous formation of a new

2
paramagnetic species, D. Radical D was characterised by
a broad intense doublet (A.HMS € 30 gauss) of approximately
120 gauss (Figure VIIISOa). When the experiment was repeated
using CDBOD, the ESR spectrum at 100°K was essentially
identical to that in methanol, except that there was a
small linewidth reduction.

A species, E, giving rise to an axially symmetric
doublet centred.close to the free-spin g-value,'was formed

when a solution of AgClO, in ethanol was irradiated at 77°Kk

and subsequently annealed to‘ﬂOOOK. (Figure VIII.9b).
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a) riethanol

(AgOCH%) +
(Radical D)
Iso
10 1S o
b) Ethanol

Figure VIII.9. ESR spectra, measured at 10Ckk , of AgClO” in

alcoholic matrices.
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e) C4(C10), in CH,OH and CH,CH,OH
Figure VIIIA0 shows the ESR spectra of ‘y-irradiated

frozen solutions of cadmium perchlorate in methanol and
ethanol. The paramagnetic products of radiation damage
were CH20H and CHO from methanol,1090H5QHOH from ethanaquo
and a species, F, which was present in both matrices and
whose spin-resonance parameters closely resemble thoSé of
C in agqueous H2804. (A relatively narrow absorption
centred on g ¥ 1.99 and a corresponding broader and weakexr
feature at approximately Ho = 5100 gauss). Annealing the
alcoholic matrices to 100°K did not generate cadmium ’
species corresponding to the silver-containing radicals

D and E.

2. Iklectronic Spectra of the Products of Radiation

Damage
a) Aqueous sulphuric acid

The optical absorption spectrum, measured at 77°K of
a de-aerated and 'y-irradiated H2SO4 glass is shown in
" Figure VIIIA1. The very weak absorption at~600 nm .
(17,000 cm-q), characteristic of irradiated quartz, domi-
nated the spectrum of an empty cell which had been exposed
to )/—rays at 77°K. The absorption with a maximum
intensity at 444 nm (22,500 cm~ 1) has been previously
assigned to the 'sulphate' hole-centre (€ = 3000 + 400).111



234

- %<DO SR

e
-p
co
H
TO
cO
U co
u CD
*H U
e H
«H
o -P
cy
G
(o] o
e H
o- =1
o
-p
o O
U
=1
cD co
U
pi a
co H
co
83 c\J
—X
<1-
«' o
co rH
u O
-p
|5}
o O
A
co
Pi
u: *
v O

ZI«'/IO

WSO



28~

K]
|
o\

30,000 25,000 20,000 15,000 -1

cm
Pifjure VIII.1l1l. Electronic spectrum, measured at 77®K, of

irradiated 5.0 M aqueous H"SO".
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This absorption could be photobleached with an unfil-
tered tungsten lamp, or thermally annihilated ét 150°K.
All subsequent optical absorption spectra of ~7-
irradiated samples of Haso4 containing impurity ions were
measured against a 'blank' of the irradiated pure acid.

b) Ag,S0, in aqueous H,SO,

Figure VIII.12 shows optical absorption spectra,
measured at 77°K, of 0.05 M Ag2804 in varying concentra-
tions of‘y-irradiated frozen aqueous sulphuric acid. As
the concentration of the acid was increased absorption I
having a maximum intensity at 345 nm (29,000 cm-q) was
reduced in intensity, whilst the amplitude of absorption
II CAmax = 290 nm; 34,500 cm'q) was increased. From a
comparison with the temperature profile of the ESR signals
arising from the radiation products of Ag2804 in aqueous -
H2804, we are tempted to assign absorption I to aquated
silver atoms and absopption II to radical A. Radical B
was formed in very low yields and consequently it is
unlikely that we would be able to detect it by optical
spectroscopye. |

c) (dso, in H,80,

The optical absorption spectrum of'y-irradiated
0.05 M Cds0, in 7.5 M aqueous H,S0, is shown in Figure
VIITI.13. The intense asymmetric absorption which developed

on irradiation has a maximum at 290 nm (34,500 cm'q) and
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5.0 M K*So*

7.5 M

’B'Q-ONS/\ oS,

c 10.0 M HpSoO*

40,000 55,000 50,000 25,000 20,000
cm"

Figure VIII.12. Electronic spectra, measured at 777K, of

irradiated samples of 0.05 M Ag280* in

various concentrations of aqueous HgSO”.
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Fi;Ture VII1.13» Electronic spectrum, measured at 777K, of

0.05 H CdsSO* in 7.5 M aqueous H*SO*,
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is ascribed to radical C.

DISCUSSION

" 1« The Identification of the Radiation Damage Centres

in Alcoholic and Aqueous Acid Glasses containing

Silver and Cadmium Jons.

a) Aquated silver atoms

Aquated silver atoms have been studied extensively
in sulphuric aéid environments. However, it is still
difficult to reconcile the ESR results of Shields 00
with the optical absorption data published by Dainton.and
coworkers.qqq |

Three transient species, giving rise to optical
bands at 310 nm (32,300 cm™ 1), 270 nm (37,000 cm™ ), and
260 nm (27,800 cm-q) have been detected in the pulse
radiolysis of aqueous solutions containing argentous -

ions. The absorption of highest energy has been ascri-

bed to argentic ions formed from the reaction:

2+

Ag++ OH —> Ag +OH- 000000(19>

whilst the peak at 310 nm (32,300 cm-q) has been associa-

ted with the 5°P; . 5 <— 5°5, transitions of silver
2 % 2
atoms. The species giving rise to the remaining absorp-

tionAat,BGO nm (27,800 cm'q) remained unidentified.
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111spectroscopically monitored

Brown and Dainton
the radiation-colouring of silver-containing vitreous
5.6 M sulphuric acid glasses at low temperatures. At‘
77°K the spectrum of the radiolysed glass was dominated
by a strong absorption (’Kmax = 350 nm; 28,600 cm-q)
which had a weaker shoulder at 313 nm (31,900 cm-q).
This band was suppressed by electron scavengers such as
N2O and Fe3+.. By analogy with the pulse radiolysis
results, these authors assigned the 313 nm (31,900 cm'q)
absorption to trapped silver atoms and the lower energy
band to a paramagnetic aggregated silver species, which
they denoted by Ago(Ag+)n. Warming of the glass led to
the decay of the 350 nm (28,600 cm™ ') band, whilst both
the 313 nm (31,900 cm_q) absorption and a new band,
assigned to Ag2+ ions, at 275 nm (36,400 cm_q) increased
in intensity. However, the ESR spectrum of an irradiated
5.0 M sulphuric acid glass containing silver ions (Figure
VIII.3c ) is dominated by signals assigned to aquated
silver atoms; these have the same temperature profile as
the 350 nm (28,600 cm-q) optical absorption (peak I in
Figure VIII.12). Consequently, we have reassigned this

band to aquated silver atoms and consider that the absor-

ptions at 313 nm (31,900 cu™") and 275 nm (36,400 cm™1)

arise from A32+ and argentic ions respectively. (These
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species are discussed in detail in Section VIIIB.)

b) Radical A

As the strength of the aqueous sulphuric acid
environment was increased, the intensity of both the ESR
features from aquated silver atoms and the 350 nm
(28,600 cm-q) optical absorption band decreased. In
contrast, both the concentration of radical A and the
intensity of the 290 nm (34,500 cm-q) absorption were
greater (Figure VIII.12). For the following reasons we
héve identified A as the AgH+ radical-ion.

i) It is reasonable to assume that the magnetic
nucleus giving rise to thg major isotropic doublet
splitting in the ESR spectrum of this centre is 1H
(Figure VIII.6) since in frozen D2804 solution this
principal doublet splitting collapsed to a triplet
of approximately 45 gauss separation.

ii) Radical A contains a single silver atom. The

use of isotopically enriched 109

Ag2804 resulted in
a reduction in the ESR linewidth and a marked
increase in spectral resolution. The spin-resonance
data included in Table VIII.M for this centre were
derived from a spectrﬁm of 7—irradiated 0.1 M

109Ag2304 in 7.5 M aqueous H,80, at 100°K (Figure VIII.q4)
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VIII.15.). Confirmation of this analysis was obtained
from the S—band'spectrum shown in Figure VIII. 5.
¢) Radical B

The remaining detectable paramagnetic species
(Radical B) present in an irradiated sample of 7.5 M
H2SO4 containing Ag+ ions gave rise to a pair of ESR
doublets separated by approximately 650 gauss and centred
on g = 1.9995. We are tempted to identify B as a matrix-
isolated silver atom whose properties are only slightly
modified by the acid environment. We base this conclu-
sion on the following factors.

i) The remarkably small ESR linewidth of B

(AsHhS = 3.5 gauss), compared to other silver

containing radicals in this medium, reflects

the complete absence of hyperfine and super-

hyperfine interactioﬁs_bétween the unpaired

electron of this radical and the protons in

the ligands and the matrix.

ii) Radiation-produced hydrogen atoms are

thought to be trapped at interstitial sites

in the glassy acid natrix112and consequently

the nearest neighbouring proton, which can

undergo nuclear spin-inversion, lies at a

. 108 .
distance of not less than 1.83. We have
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detected analogous sympathetic proton spin-
inversions for B, which would seem to suggest
that this radical and hydrogen atoms occupy
magnetically equivalent trapping sites in the. '
rigid sulphuric acid. | |
iii) ESR signals from B were only detectable
in environments having acid concentrations
within the range 7.0 - 8.0 M. This peculiar
sensitivity to the acid strength of the med-
ium suggests that the structure of the glass

is a controlling factor in the formation and
stabilisation of B. ShieldquBhas recently
detected aquated silver atoms trapped in a
variety of magnetically distinct sites in
frozen solutions of AgNO5. When the vitreous
matrices were annealed the ESR spectrum was
simplified as a small proportion of Ago,

- situated in slightly different crystal fields,
was annihilated. Here also the structure of
the matrix clearly controlled the nature and
stability of the radiation-produced silver
radicals.

We cannot completely rule out the possibility that

B is a silver complex of the form L - Ago - L. The most
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obvious possibility is the di-sulphato complex Ago(SOE-)a,
where the absence of protons in the ligand ions may
account for the very narrow ESR lines of B. However, it
is difficult to understand why the formation of this
complex only occurs for sulphuric acid concentrations
closely approaching 7.5 M. The concentration of SO42— in
aqueous H2S04, albeit small, is almost independent of the
acid strength within the range 4.0 — 10.0 M.113

d) Radical G

The pulse radiolysis of aqueous solutions containing
Cd2+ ions gives rise to a transient absorption at about
300 nm (33,300 cm-1) which grows simultaneously with the
decay of the absorption of the solvated electron.114 For
this reason this band has been identified as the charge-
transfer absorption of aquated cd* ions. The UV spectrum
of an irradiated 5.0 M aqueous sulphuric acid glass con-
taining 0.1 M CdSO4 was dominated by an intense asymmetric
absorption with a maximum 1ntens1ty at 290 nm (34,500 cm 1)
and a weaker shoulder at 250 nm (40,000 cm 4) This
absorption was suppressed by the additiop of electron
scavengers such as nitrate.

Figure VIII.7 shows the ESR spectrum at 77°K, of"y-
irradiated 0.1 M CdSO4 in frozen 5.0 M aqueous H2804.

This spectrum is dominated by an intense axially symmetric
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absorption centred at low g and ascribed to radical C.
The addition of suitable electron scavengers such as

Nog to the solutions prior to irradiation suppressed

the formation of this centre. Its g-factors (g,]1 = 855 =
1.994, 833 = 2,001) are typical of an electron-excess
centre and are in accord with the electron occupying an
almost pure s-orbital. Therefore, we assign this ESR
absorption and the.optical band at 290 nm (34,500 cm'q)
to aquated ca* ionms.

There are two magnetic isotopes of cadmium in
natural abundance, '11Cd (I = %, Yy =-6.483 x 10~
12.86%) and 1120d (I = 3, Yy =-6.782 x 10™F , 12.34%),
‘both of which have nuclear magnetic moments more thanv

109Ag and 1O7Ag isotopes. Since

five times those of the
the S5s-orbital of Cd* should be more confined than in
Ago the hyperfine splittings expected for these isotopes
are close to 5000 gauss (14.0 Ge/s), which are in fact |
lapger than the microwave frequency of the ESR spectro-
meter (9.3 Ge/s). Figure VIII.16 shows the variation in
the energy levels of the 1110d+ or 113Cd+ ions with the
applied magnetic field H,. (Since S=I=%,F=1,0

and M, = + 1, O). It is clear that, when the isotropic

F
hyperfine splitting (A) is greater than the frequency of

the exciting incident radiation, only the transition
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1.0

-1
0.5

V a
1.0 2.0
-1.0
Figure VIII.1l6. The variation in orbital energy levels for a
species with electron spin S = dand I = %

in an applied magnetic field H”.
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F=1,My=0> «> |F=1,M, =~1) canoccur. This

F
gives rise to the high-field component of the cadmium

~doublet. Therefore, we assign the very weak resonance
at Ho = 5000 gauss in Figure VIII.7 to the overlapping
high-field transitions of 111¢cd* and 11%cda*. when the

27 reported the

present investigation was complete Kasai
matrix isolation of Cd* ioms in argdn at 4.2°K. He
detected a well-resolved doublet at Ho x 5000 gauss which
he also assigned to the~Pigh—field transitions of the
M1ca* and 1%ca* cations.

Unlike argentous salts in this medium, the nature of
the radiolysis products of cadmium salts in aqueous H2804
were independent of the acid concentration.

e) Radical D

Radical D, formed when irradiated samples of érgen-
tous salts in methanol were annealed to 100°K, is almost
certainly (AgOQH3)+. We base this conclusion on the
following factors.

i) This radical.wés not formed when irradiated
pure methanol was warmed to 100°K.
ii) No major proton hyperfine couplings were
detected for this species. The ESR spectrum of
D was unaffécted, except for a small reduction

in the linewidth, whén studied in a CDBOD matrix.
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iii) The intensity of the ESR spectrum of this
radical increased with the simultaneous loss of
signals from the CHZOH matrix radical.
f) Radical E
By analogous arguments to those outlined above for
,(AgOCH3)+, the axially symmetric spectrum, which was
produced when a frozen solution of AgClQ, in CHBCH20H
was irradiated at 77°K and subsequently annealed, is.
ascribed to the corresponding species (AgOGH20H3)+.

g) Radical F

The principal products arising from the ‘y—érradia-'
tion of pure methanol and ethanol glasses at 77°K are
CH20H, CHBCHOH and trapped electrons. The addition of
Cd2+ ions to these glasses before irradiation suppressed
electron trapping and resulted in the formation of a
cadmium containing species, F. Radical F can be identi-
fied as a solvated Cd¥ cation by a comparison of the spin-
resonance parameters of this centre with those of ca* in
aqueous H2SO4 (Table VIII.2).

2. The Structure of the Radiation Damage Centres in

Alcoholic and Aqueous Glasses containing Silver and

Cadmium Jons

a) Aquated Silver Atoms

The Ag° complex in aqueous H2804 is characterised



Electron Spin Resonance Parameters

TABLE VIII.Z2.

Matrix
Metaphosphate
-glass
Argon
H2804 (c)
HClO4
CH3CH20H (F)
CHBOH (™

a. Derived using the Breit-Rabi equation

for the Cat Ion in a Variety of

Hyperfinea
tensor
in gauss

1M64 =-5137

11304 =-5374

8550 =-5250

a. =-5190

1s0

be This work

Matrices

g-tensor

1] 1
giso
8iso

2.001 1.9940

8iso

a

1.9924 1.9896 .

1.9926 1.9895

Sav

1.992

2.0006

1.9960
1.9954
1.9905

1.9905

58

252

Ref,

119

27
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by a significant negative g-Shift and a small delocalisa~-
tion of electron density onto the ligands (~2%). If we
assume that the silver atom is octahedrally co-ordinated
in this solvent, then the vacant and higher-lying 5pj
atomic orbitals of silver must be admixed into the qu
ground state to explain the form of the experimental g-
tensor. In Oh-symmetry, the Sp-atomic orbitals which.
compose the Equ—molecular orbitals of the complex are
degenerate and consequently an admixture of these orbitals
into the ground state, by configurational interaction,
will consfitute the precondition of a Jahn-Teller distor-
tion. The experimental results are most readily accounted
for if we assume that the complex distorts to D4h-symmetry
(Figure VIII.1?7) by an extension along one polar axis.

It appears therefore, that it is necessary to invoke
a small admixture of the antibonding aau-orbital into the
318 ground state of the complex, although we were unable
to detect anisotropic hyperfine interactions in the ESR

spectrum of this centre.

b) The AgH' Radical-Cation

Table VIIIA 1lists the spin-resonance data for the AgH+
radical in an aqueous sulphuric acid matrix. These results
are most readily interpreted if we assume that the aniso-

tropic contribution to the silver hyperfine coupling arises
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Vdirectly from spin-density in either the 4d22- or
4dx2_y20rbital,for the radical is characterised by g-
factors with significant positive deviations from the
free-spin value. The anisotropic tensor has the form
(+B, +B, -2B) and since YN for silver is negative we
conclude that this anisotropy arises from electron
density in the 4d22-level. The unpaired electron will
therefore, occupy an antibonding orbital of aq-symmetry
constructed from the silver 4dzg- and 5s-orbitals over-
lapping with the 1s-level of hydrogen. The orbital
populations given in Table VIIL3were derived on this basis.
The deviations of the principal values of the g-tensor
from 2.0023 will then arise through the magnetic coupling
of the 51-level with the close but lower-lying 52- and
Eq-orbitals (we have assumed that the AgH+ complex
possesses Cav-symmetry in vitreous sulphuric acid matrices).
Hence, we expect, and indeed find, that gxx> gyy> 8,5 3
2.0023, where the z-direction is parallel to the Ag-H bond.
These results are in marked contrast to those reported
in detail in Chapter III for the (Na‘t---H) and (K'---H)
centres in barium sulphate, where the unpaired electrons
are confined to.the protons. However, as we emphasised
previously, the latter centres are most probably hydrogen

- atoms trapped at sites adjacent to sodium and potassium



TABLE VIII.3.

Molecular Parameters of the AgH+ Ion |

Radical

Ag;H+
A8(aq)
(AgOCH3)+

+
(AgOCHaCﬂa)

afs(H)

0.55

and Related Species.

ags(As)

O.14
0099
0.17

0.18

a4d§(A8)

0.31
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ions in the sulphate lattice, rather than ionised NaH

or KH species.

c) Isolated Silver Atoms

The ESR data for matrix-isolated silver atoms in a
variety of rigid polar and non-polar solvents, including
7.5 M aqueous sulphuric acid, are collated in Table VIII.4.
Also included in this Table are the values for Ag® in the
gas phase. |

The parameter §A, defined by the equation:

measured free atom
84 = Ay, - Ajso (19)
Ameasured ceeees
iso

is a measure of the perturbation of the trapped atom
wavefunction’s by the host matrix. &A in ice is small and
positive and reflects the over-riding influence of Pauli
exclusion forces in this environment. In contrast the

8§A values in 7.5 M aqueous stO4 and pure ethanol are
negative, which evidently indicates that the van der Waals
interaction predominates in these vitreous matrices.

o adequate explanation has been given for the obser-
vation that the & A values have opposite signs in the two
verj similar polar solvents CH5CH20H and H20. (their
dipole moments are 1.7 D and 1.94D respectively). However,

it is significant that §A appears to be a function of the



TABLE VIII.4.

Electron Spin Resonance Parameters

Matrix

Gas Phase

Co0tyo
Cotise
CH 4O ,0F
7.5 M H,S0,

8.

b.

for Trapped 1O9Ag? in a Variety of

Matrices

Isotropic
hyperfine
Method of coupling
isolation in gauss

- ~706
a ~724
a | -7é2
a -724
>.a -623%
b -686

giso

2.00224

2.0020

2.0016

2.0004

 2.0004

1.9996

By deposition from the gas

By '7-irradiation

This work.

2
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phase

+1.40

+1.15

+1 04'1

-1204‘

-209

23
104

104
104

104
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matrix structure. Negative values are obtained in
glassy matrices such as aqueous HasO4 and ethanol,
whilst a small positive shift was observed in a poly-
crystalline ice matrix.

The AM. = O transitions of silver atoms trapped in

I
7.5 M aqueous stO4 were accompsnied by a pair of
satellite lines, which must arise from the concurrent
spin-inversion of the Ago S5s-electron and neighbouring
protons or silver nuclei. The separation between a
satellite line and the central resonance feature has
been shown to vary with the applied magnetic field

strength, and is given by108

g
AH1 = -—gr}-> H1 -o--o-(ZO)

where£>H1is the magnetic resonance frequency of nucleus
(i) in the applied magnetic field Hye £§H4 (109Ag) at
low-field was 5.25 gauss, which corresponds to an NMR
frequency of 16.6 Mc/s in a magnetic field of about

2960 gauss. (Figure VIII.5). The calculated proton
magnetic resonance frequency in this applied magnetic
field would be 12.6 Mc/s, whereas both the 1°2ig and
1O7Ag NMR frequencies are an order of magnitude smaller
(<1 Mc/s). Consequently we can rule out the possibility

that the species undergoing sympathetic nucleur spin-
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inversion with silver atoms are 109Ag+ or 1O7Ag+ ions.
The ratio of the intensity of these satellite lines
(T1) to that of the central line (To) is given by the

following equation.'lo8

T z 2 52
1 = _i LG 21
Zﬁ; - 20 T H 2; ® (21)
1 ei

where H1 is the value of the applied magnetic field at
which the principal hyperfine transition occurs, and Toi
is the distance between the electron and the nucleus (i)
undergoing sympathetic spin-inversion. The experimental
transition probability ratio of the set of satellites
and the principal transition line for trapped silver
atoms was approximately 1:25. This corresponds to an
-average distance o£'v1.823 between the 109Ag nucleﬁs

and the nearest neighbouring proton, which can be com-
pared to the value of 1.798 calculated for the trapped
hydrogen atom - neighbouring proton separation in this
environment.’los’115

7 We consider these data adéquate'justification for
concluding that trapped hydrogen atoms and silver atoms

occupy magnetically equivalent sites in vitreous 7.5 M
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d) The (AgOCH3)+ and (AgOCH20H3)+ Radical-Cations
The complete absence of detectable proton hyperfine

couplings in the poorly resolved ESR spectra of the
(AgOR)' radicals wguld seem to suggest that they have the
structure Ag' - O - R, where approximately 0.8 of the
unpaired-electron is confined to the bridging oxygen atom.
This is not unexpected, for the higher electronegativity
of oxygen compared to silver will produce a closer associa-
tion of the O - Ag O-bonding electrons with the former
atom. The (AgOR)™ radicals are more akin to solvated
silver atoms than to the AgH+ centre formed in vitréous
‘sulphuric acid. This is reflected in the g—tenéors of the
(AgOR)™ species, where the principal values deviate little
from 2.0023.
MECHANISM OF FORMATION

1 The Solvated Ago and Cdt Radicals in Aqueous

Sulphuric Acid

The primary radiation damage process in rigid samples
of agueous sulphuric acid'is almost certainly electron
ejection. In the absence of electron scavengers, rapid
dissociative electron-capture by H3O+ ions is thought to
give rise to hydrogen atoms which are subsequently trapped
at specific interstitial sites in the matrix.412 However,

even in strongly acid media, mobile electrons can react
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2+ suppressing

with suitable scavengers such as Ag+ and Cd
the formation of hydrogen atoms in favour of solvated
silver atoms and Cd¥ ionms.

2. The AgH' Radical-Cation

The AgH+ radical may well be formed by the direct
reduction of argentous ions by radiation-produced hydrogen
atoms. However, it is more likely to result from the
tautomeric rearrangement of a bisulphato-complex of the
form (AgOSOBH)', produced by direct electron trapping.

- We are encouraged in this proposal by the observation that
the radiolysis yield of AgH+ increased approximately .
linearly as the concentration of bisulphate ions in the
acid environment increased. On the other hand, the yield
of hydrogen atoms from a constant radiation dosage is
known to be independent of the acid strength above approxi-

mately 4 M.

3. The (AgOCH3)+ and (AgOCH20H3)+ Cations
The appearance of spin-resonance features from these
centres accompanied +the loss of signals from the matrix
CH20H and CHBCHOH radicals. This observation suggests
that reactions of the type,
Agt o+ CH,0H —> (AgOCHB)"' ceeees(22)
CHOH —> (AgOCH,CH,)” ceeees(23) ,

3
must be occurring. The CHBOH and CH30H20H precursors of

and Agt + CH
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the matrix radicals may well have been part of the
solvation shells of the silver ions involved in reactions
(22) and (23). <

SECTION B

POLYNUCLEAR SILVER AND- CADMIUM SPECIES IN ALCOHOLIC AND

- AQULOUS ACID GLASSES

In 1959 Wey1116 published a comprehensive monograph
on the optical properties of vitreous media entitled
“Colouped Glasses." In this review he attributed the
characteristic yellow colouration exhibited by many
silver-containing glasses to "the selective light absorp-
tion of the metal in a finely subdivided state." These
'chromophore' groups are very large and consist of a
crystalline arrangement of several hundred silver atoms.
Crystals of KCl doped with less than 0.05 mole % of
argentous ions develop a yellow surface layer when heated
in an atmosphere of hydrogen. This yellow colouration in
the reaction zone has also been ascribed to colloidal
silver metal, which couldAbe precipitated along disloca-
tion lines in the alkali halide crystal by heating.117
The average size of the precipitated aggregates was
determined by electron microscopy to be about 1/;.418

Silver can also form atomic centres in KCl and atomic

solutions in glasses, but in this state the characteristic
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light absorption is absent. This 'frozen-in metal
vapour' is actually a system of trapped free radicals
and the aggregation of.these atoms to form the chromo-
phore group is a radical-annihilation process. As this
process involves spin-pairing the precipitation of the
(Ag)2n aggregate must reduce the paramagnetism.

In this section we investigate, by ESR and optical
spectroscopy, the formation of polynuclear silver species
in acid and alcoholic glasses containiné an excess of
silver ions. Under these conditions the dominant anni-

hilation process must be a reaction,

Ago +,nAg+ —> (AS g++ 1, .-oooo(2l+)

in which spin-pairing and the loss of paramagnetism is

not a consequence of aggregation. We have attempted,
wherever possible, to prepare the cadmium analogues of

the polynuclear silver radicals to facilitate a comparison
of their magnetic properties and structures.

EXPERIMENTAL RESULTS

1. ESR Studies of Polynuclear Species Formed by ~vy-
[}

Irradiation of Ag and Cd Salts in Various Matrices

a) Agasoh in aqueous HZSO!|
The'.y-irradiation of vitreous samples of 0.1 M

AgZSO4 in 5.0 M aqueous sulphuric acid at 77°Kk gave rise
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to two detectable paramagnetic defect centres, aquatgd
silver atoms and the matrix electron-deficient centre
denoted by 'SOZ.' When the acid matrix was carefully
annealed to about 120°K both radicals decayed, the
'decomposition of the former giving rise to the Ag2+

2+ cation (see Figure

radical and the latter to the Ag
VIII.418 ). ESR signals from Ag2+ persisted up to approxi-
mately 135°K when they were replaced by those from two
further radicals, labelled G and H in Figure VIII.4O.
Radical G was responsible for a narrow single line at
g = 2.001 whose intensity and linewidth were particulafly
sensitive to the incident microwave power level, broaden-
ing above 35 mW at 160°K. The radiolysis yield of
radical G increased markedly if the sample was not
' thoroughly degassed before irradiation. This would seem
to indicate that G was derived from dissolved gases in the
samples, and was almost certainly the COE radical-ion.Bo‘
Radical H gave rise to a quintet of hyperfine lines
centred upon g ¥ 1.97 and separated by approximately 150
gauss. Except for a small linewidth reduction, the use
of silver enriched with the 109Ag isotope had little
effect upon the ESR spectrum of this centre. Spin-reson-

o+

ance signals from H, Ag™ and COE persisted until tﬁe acid

glass was warmed to 200°K, but their decomposition did not
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result in the formation of further detectable para-
magnetic species.

At 777K the stable products from the y -irradiation
of 0.1 M AggSO” in 7%*5 aqueous sulphuric acid were
equated silver atoms, AgH""* radical-ions, and a
fourth species which had the magnetic properties
expected for isolated silver atoms which were only sligh-
tly perturbed by the medium. Uhen the irradiated glass
was annealed to 100°K, there was a significant increase
in the concentration of aquated silver atoms, at the
expense of Ag° (Figure VIII.6 ), At 1 1 the aquated
silver atoms were sufficiently mobile for the occurrence

of the primary reaction,

Ag® + K%' — > Agg™ (25)

Consequently, the ESR spectrum of the warmed sample was
dominated by signals from the Ag”*"* centre at this tempe-
rature (Figure VIII.20). Upon warming the matrix a

«
further 10 deg. K, both the Ag"M** cation and the matrix
electron-deficient centre decayed. The decomposition of
the latter species led to the formation of aquat(Ml. argentic
ions . The Ag™”* ion was stable in this medium up to

approximately 170”K, who reas the AgH**' cation did aot

decompose until the sample was heated above 180%K. The
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ESR spectrum, measured at 185°K, of a 'y-irradiated
sample of 0.1 M Ag2804 in 7.5 M aqueous sulphuric acid
was characterised by signals from two paramagnetic
species, the COE anion and a new radical labelled I in
Figure VIII.21. The spectrum of I was extiemely complex
consisting of a basic hyperfine triplet separated by
approximately 300 gauss, the high-field and low-field
components of which were clearly resolved into three
pairs of axially symmetric features. The central
component of the triplet was poorly resolved at this
temperature. When the glass was recooled to 77°K, there
was a significant increase in the resolution of the
spectrum of I, whereas the single feature attributed to
COE broadened markedly and could not be detected above

a microwave power level of 1 mW. Finally, as the
vitreous acid was warmed to 200°K both 005 and radical

I decayed. When the experiment was repeated using
silver enriched with 1O9Ag the spectrum of I aitered
significantly. Although it still consisted of a basic
VBOO gauss triplet, the low-field and high-field compo-
nents collapsed to what appeared to be axially symmetric
~ doublets. However, the spectrum was poorly resolved and
so this analysis has to be regarded tentative.

Figure VIII.22is the ESR spectrum of a Y -irra-
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diated sample of 0.1 M Ag2804 in 10 M aqueous H2804
which had been carefully warmed to 140°K. At this
temperature the matrix hole-centre decayed giving rise

2+

to the intense absorption ascribed to the Ag™ cation

- on the diagram, whereas the AgH+ cation was apparently
unaffected by the annealing process.

At 180°K both AgH' and AgSY

decayed, but in this
concentrated-acid matrix the decomposition of these
radicals did not give rise to further paramagnetic
species.

b) C€dsO, in aqueous H,S0,

At 77°K the stable radical-products arising from
the radiolysis of aqueous sulphuric acid solutions

2+ jons were 'SOZ' and aquated Cd*. The

containing Cd
latter centre was characterised by a strong axially
symmétric absorption close to g = 1.99 and a weaker
feature at H° Z 5100 gauss which has been attributed to
the overlapping high-field resonances corresponding to

1M63 and 11564 isotopes (see Section.A).

the magnetic
When the irradiated solubtions were carefully annonlod
to 120°K, there was a monrked reduction in tho intcnsity
of the Cd* signal parallel with an increase in the
amplitude of ESR features from a third paramagnetic

céntre, J in Figure VIII.23. Although J was almost
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112/114~~ 3+ (Radical J)

In

?i|-':ure VIII.23. ESR spectrum, measured at 120°K, of irradiated
0.'l1l M CdSO” in ~.0 H aqueous H”*SO”*.
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certainly a cadmium containing species, we could not
detect Cd hyperfine features from this centre even under
high fesolution. At 430°K the matrix hole-centre decayed,
but J was stable up to approximately 195°K.

c) C4s0, and Ag,S0, in aqueous H2§(_)4

Aquated Ag® and Cd*, and the matrix 'SO,' centre
were the stable radical-products arising from the radio-
lysis of a sample of 5.0 M aqueous H2804 containing 0.1 M
| Ag,80, and 0.1 M CdsO,. At 120°K the Ag® and Ca* radicals
were sufficiently mobile to diffuse, resulting in the
formation of Ag2+, radical J, and a third paramagnetic
spec;es, K. Radical K was responsible for a narrow pair -
of axially symmetric déublets centred upon g = 1.976 and
separated by about 310 pauss. (Figure VIII.24). At 130°K
the Ag2+ centre decayed, radical XK was stable to approxi-
mately 145°K, but ESR sipnals from J could be det&éted
above 190°K. |

d) AgClO4 in CHZOH oand Cuﬁgg2gg

When radiation-produced silver atoms were warmed to
110°k in alcoholic matrices, they reacted to give the
| (AgOR)* and Aga+ radicals. These species subsequently
disappeared at about 130°K resultihg in the formation of
a fourth silver-containing paramagnetic centre which was

characterised, in CHBOH CH30H OH, CH oD, CH30H oD, CD3OD
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and CDBCDZOD, by an ESR spectrum which was identical to
that assigned to radical H in 5.0 M aqueous H2804.
(Compare Figures VIII.25 and VIIT.9). At 140°K radical
H decayed. When the alcoholic matricesvwere subsequently
- melted, a mirror or black‘precipitate of metallic silver
was formed.

( ) in CH_OH and CH,CH,OH
e) Cd(clo o in /OH and CH 2
Figure VIII.26is an ESR spectrum, measured at 135°K,

of a 7{-irradiated frozen solution of cadmium perchlorate
in methanol. The primary products of rgdiation demage,
CHZOH, CHO and Cd+, were unstable at this temperature and

" their decomposition resulted in the formation of a species
whose spectral parameters closely resemble those of radical
J in H,80, (see Table VIIL5. Analogously, the thermal
bleaching of the primary radical-products arising from ‘7-
irradiated Cd(Cqu_)2 in CH5CH20H resulted in the formation

of radical J.
£) AgCl10, and Cd(ClO#‘)_2 in CHZOH and CH3QEEOH

When irradiated samples of methanol or ethanol

2+ ions were carefully annealed, the

containing Ag+ and Cd
ESR spectra of the glasses altered significantly. At

100°K the primary paramagnetic centres decayed with the
formation of Aga+, (AgOR)™, radical J, and a new species

whose ESR spectrum was remarkably similar to that of K
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112/114~*~+ 112/114~2~5+
(Radical J)
6 g..
I a
Figure VIII,Z26» RSR spectrum, measured at of irradiated

0.1 M Cd(Cio0~)2 in, methanol.
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in 5.0 M aqueous H,S0, (a pair of axially symmetric
doublets separated by about 310 gauss and centred upon

g = 1.973).

2. The Electronic Spectra of Polynuclear Species Formed

From Ag and Cd Salts in Various Matrices

a) Ag,80, in agueous H,S0,

Figure VIII.27 shows optical absorption spectra,
measured at '7’7°, 120° and 170°K, of a 7’ -irradiated
sample of 0.05 M Ag,SO, in 7.5 M H,S0,. Aquated silver
atoms are thought to be responsible for absorption (I)

( Apoy =345 nm; 29,000 cm™') whilst (II) (A . = 290 nm;
3h5oocm-1) has been assigned to AgH' cations. As the
sample was annealed to 120°K the concentration of a new .
species, characterised by an absorption (IV) at 310 nm
(32,300 cm-q), increased at the expense of both AgH® and
aquated silver atoms. At 1?O°K the amplitude of absorp-
tion (IV) was markedly reduced, but there was a compensa-
ting increase in the intensity of a new absorption (III)
at 265 nm (37,800 cm-q). From a comparison with the
temperature profiles of the ESR spectra, we assign
absorption (IV) to Ag2+ radicals whilst Ag2+ cations are

considered to give rise to absorption (III).

b) €dsSO, in aqueous H,,SO[l

L =)

The optical absorption spectra, measured atv77°
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III

II

t\
v

50,000 25,000 20,000 1
cm

Figure VIII.27* Electronic spectra of an irradiated sample
of 0.05 M Ag*EO” in 7.5 M H280” measured at

various temperatures.
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and 120°K, of a sample of y-irradiated 0.05 M CdSO,

in 7.5 M aqueous H2804 are shown in Figure VIII.Z28,
Absorption (V) (/\muc = 290 nm; 34,500 cm'q), previously
assigned to aquated ca* ions, decayed when the irradiated.
sample was warmed and a weaker absorption (VI) (’Kmax =
240 nm; 41,700 cm_q) appeared. This high energy absorp-
tion persisted to 170°K and is assigned to radical J.

DISCUSSION

1. The Identification of the Polynuclear Silver and

Cadmium Species

a) Radical H
For the following reasons we tentatively identify
H as an (Ag)2+-centre.

i) It is reasonable to assume that the quintet
of ESR features characteristic of this centre
arise from the interaction of the unpaired
electron with four silver atoms. The use of

argentous salts enriched with the 109

Ag iso-
tope resulted in a detectable reduction in the
ESR linewidth of this species.

ii) High yields of radical H were obtained
in those Ag+ solutions from which metallic

. silver was the ultimate radiation product.

This suggests that H is an intermediate in the
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VI
40,000 $5,000 $0,000 20,000
cm
Figure VIII. 28. Electronic spectra of an irradiated sample

of 0.0§ M CdoO” in 7»5 M aqueous 1200~ measured

at various temperatures*
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N

‘aggregation process responsible for the

annihilation of isolated silver radicals. ¢

The formation of Ag2+ is almost certainly

the primary stage in this process, and it

is significant that the appearance of spin-

resonance signals from H adcompanied the

loss of signals from Ag2+. It is also

interesting that as a consequence of the

decomposition of radical H, the alcoholic

matrices developed a deep yellow coloura-

tion, prior to the precipitation of

metallic silver, and this colour almost

certainly arises from the chromophore

groups discussed in thé introduction to

this section.

b) Radical I

Radical I, formed when a frozen 7.5 M aqueous sul-
phuric acid solution containing AgH+ radical-cations was
carefully warmed to 180°K, is thought to be the (AgeH)2+
cation. We base this conclusion on the following factors.

i) The ESR spectrum of radical I could best
be interpreted in terms of an axially symmetric
species containing two equivalent silver atoms.

The spectrum consisted of a basic isotropic



triplet of approximately 300 gauss, the
low-field and high-~field components of
which were split into 1:2:1 axially
symmetric triplets corresponding to the
isotopic combinations q09Ag - 109Ag,

109Ag - 1O7Ag, and 1O7Ag - 407Ag. Each of
these features was in turn split into a
doublet by a third nucleus having I = 3.
The use of 109Ag isotopically-enriched

argentous salts resulted in a marked

simplification of this spectrum. The low-

field and high-field components of the basic

triplet collapsed to axially symmetric
doublets.
ii) The minor doublet splitting of the

silver isotopic components almost certain-

- 1y arose from the interaction of the un-

paired electron with a single 1H nucleus.
iii) There was an increase in the ampli-
tude of the ESR spectrum of this centre as
the AgH+ radical decayed. Furthermore,
radical I was formed only in sulphuric
acid matrices from which AgH+ was a

primary radiation damage producte.

285
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¢) Radical J

We were unable to detect hyperfine interactions
involving the magnetic 1110d and quCd cadmium isotopes
in the LSR spectrum of this centre and consequently we
can only offer a tentative identification for radical J.
- The appearance of ESR signals from J, with the simul-
taneous loss of features from the cd* centre, occurred
at approximately 115°K in aqueous sulphurié acid and at
100°K in methanol or ethanol. At these temperatures the

solvents are sufficiently mobile for the reaction:

2+

Cd+ + Cd — Cd25+ ..-.co(26)

to occur, and we therefore identify J as Cd25+. We are
encouraged in this assignment by the fact that the g=-
tensor of this radical closely resembles that of the iso-
electronic Ag2+ centre (see Table VIII.5).

The absorption band at 240 nm (41,700 cm-q), in the
electronic spectrum of 7-irradiated Cd2+ in Haso4 almost
certainly arises from this centre.

e) Radical X

Radical K was formed when irradiated acid and
alcohblic glasses contéining both silver and cadmium
ions were carefully warmed. It has the expected spin-

resonance parameters for a (Ag-Cd)2+ ion, isoelectronic
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with Cd,>* and Ag,* (see Table VIII.5. The axially

2
symmetric doublets separated by approximately 310 gauss
correspond to the isotopic combinations (107Ag--112/1140d)2+
and (109Ag-112/1140d)2+. It is not surprising that we
could not detect features arising from the corresponding
combinations containing magnetic cadmium nuclei because

the large cadmium hyperfine splittings are coupled with
very large ESR linewidths in these matrices. |

The (Cd - Ag)2+ centre was probably formed from the

reactions:

Ag® + Ca%* — (ag - ca)®t ceeeee(27)

and Cd+ + Ag+ —_> (Ag - Cd>2+ 000000(28).

2. The Molecular and Electronic Structures. of the

Polynuclear Silver and Cadmium Containing Radicals

a) The (Ag)4n+ centre

The ESR spectrum of this centre wasvpoorly resolved
in both aqueous acid and alcoholic matrices. The spin-
resonance features were extremely broad OAHMS % 30 gauss),
even when isotopically-enriched 109Ag salts were used, and
there was considerasble overlapping in the central region
of the spectrum between features from this centre and those

o+

from the Ag<" and COE radical-ions. Consequently, we have

been unable to accomplish an unambiguous analysis of this
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* radical may well have axial

spectrum. The (Ag)q_n
symmetry and contain four equivalent silver atoms, in
which case the only possible configuration for this

centre is

g — Ag n+

l

Ag

For this structure the intensity distribution of

Ag

the five hyperfine features should be approximately
1:4:6:4:1. However, the actual distribution is closer
to 1:2:4:2:1.

Alternatively, the ESR spectrum of this radical can
be interpreted in terms of a species possessing tétally
symmetric g- and A-tensors and containing two pairs of
inequivalent silver atoms. This analysis can be
accounted for if the radical has a linear 'chain-like'
structure. Since the most sfable silver complexes have
-a linear L - Ag - L configuration, we prefer the latter

n+ aggregate and the

alternative structure for the (ag),
spin-resonance parameters included in Table VIII.5 were
derived accordingly.

In the (Ag)qn+ centre we cannot independently
determine the value of n. However, the g-tensor of

this centre is very similar to that of Agz where the
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unpaired electron occupies a Bonding ¢ -orbital con-
structed from the 5s- and 5p-atomic orbitals of the -
silver atomsjoBConsequently, n is probably 1 or 3 so
“that the unpaired electron in the (Ag)4n+ ceﬁtre like-
wise occupies a bonding O" -orbital constructed from the
'silver 5s- and 5p-levels.

b) The (AgQH)z+ centre

The spin-resonance parameters of the (AgaH)2+
radical, included in Table VIII.5, reflect the close
similarity between the unpaired electron distribution
in this centre and that in the Agé cation. However,
there is & superimposed residual coupling to a single.
proton in the former species. The most probable struc-
ture for an (Agaﬂ)a+ cation, in which the two silver
atoms are entirely equivalent, is: (Ag - H - Ag)2+.
In view of the higher electronegativity of hydrogen
compared to silver one would have expected the unpaired
eledfron to be more closely associated with the former
atom, which would have resulted in proton hyperfine
coupling constants considerably larger than the observed
25 + 2 gauss. The only slternative structure for this
centre is: (H - Ag - Ag)2+, but here we would not
have expected the silver atoms to remain equivalent,

although a small proton coupling is probable.
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It seems that further studies are needed before
firm conclusions about the structure of this centre

can be drawn.

c) The Cd23+ centre

The Cd23+ centre, in both aqueous acid and alcoholic
matrices, is characterised by an axially symmetric g-
tensor whose principal values have significant negative
deviations from the free-spin value. The unpaired
electron occupies a bonding O -orbital constructed from
the S5s-atomic orbitals of_the cadmium atoms. The princi-
pal contribution to the negative shift of g (1.975) from
2.002%3 must involve promotion to vacant cadmium S5p-
orbitéls. We were unable to estimate the contribution
of these higher lying levels to the bonding ¢ -orbital
of Cd25+ as we could not detect hyperfine interactions

1Mca ana M3ca magnetic nuclei in the ESR

involving the
spectrum of this centre.

d) The (Ag - Cd)2+ centre

Both the silver A-tensor and the g-tensor of the
(Ag - Cd)2+ centre are remarkably similaer to those of the
isoelectronic Agz cation. This is probably because the
electronegativities of silver and cadmium are about equal.
Therefore, we would expect the unpaired electron distri-

bution in the heteronuclear diatomic (Ag - Cd)2+ to be
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close to those in Agh and Cd,>*.
We expect, and indeed find, the following order of
stability for the three identified diatomic cations in

both aqueous acid and alcoholic matrices:
0> > (ag - c)®* > g}

The radical annihilation process is almost certainly
aggregation and the rate of this process must be control-
led by the mobility of the solvent shell about the' expand-
ing metal-ion cluster. The highly charged Cd23+ cation
will bind the solvent molecules more strong;y than

(Ag - Cd)2+ and will consequently have a higher kinetic
stability. Similarly the (Ag - Cd)2* cation will be less
labile than the singly charged Agz radical.
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