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This thesis contains an accoﬁnt of six gas phase
electron diffraction molecular structure determinations
carried out at the University of Glasgow for various
6xygen~containing compounds of chlorine and sulphur.

The apparatus used to record diffraction patterns wag

a modern, commercial, high accuracy, electron diffraction
machine, and SCattered electron intensities were

measured using an automatic microdensitometer, Normél
coordinate calculations,vbased on published infrared
spectroscopic data, are also reported for most of the
molecules studied. | |

Of the first five chapters of the work, Chapter
One is devoted to a review of the electron diffraction
technique, Chapter Two to a description of the theory
on which this technique is based, Chapter Three to s
discussion of the experimenﬁal methods followed, Chapter
Four to an outline of the data processing procedures
adopted, and Chapter Five to a summary of the theory
of molecular vibrations.

Chapters Six and Seven describe normal coordinate,
and root mean square amplitude of vibration, calculations
for perchloryl fluoride (FOlOB) and perchloric acid
: (HClOLL), whilst Chapter Eight, in addition to providing

(1)



an inffoduction to the diffraction work discussed in
"subsequent chapters, includes a tsble of vibrational
amplitudes calculated for dichlorine monoxide (G1,0),
chlorine dioxide (0102), and sulphur dioxide (SOZ)’
from published force constant-data.

In Chapters Nine to Fourteen structural results,
. obtained by gas phase electron diffraction experiments,
are presented for the molecules of dichlorine monoxide,
perchloric acid, perchloryl fluoride, chlorine dioxide,
sulphur dioxide and sulphur trioxide (803)’ values
being obtained, not only for the internuclear distances
present in these systems, but also for t@e éorresponding
root mean square amplitudes of vibration, In the
cases of dichlorine mono#ide, chlorine dioxide, sulphur
dioxide and sulphur trioxide, force constant and thermal
data are used to correct rg(l) bond lengths obtained
by least squares refinement, to the more fundamentally
significant T values, For all six molecules studied,
qualitative remarks are made concerning the chemical
bonding present, the dn-pw bonding theory, described
by Cruickshank for tetrahedrally coordinated second
row elements, being invoked to help rationalise the
structural paramsters opﬁained for perchloric acid
and perchloryl fluoride,

In Chapter FPifteen, sources of systematic error
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liable to have affected the accuracy of the electron
diffraction results of Chapters Nine to Foﬁrteen,

are considered, and future improvements to the
experimental ﬁechﬁique, intended to reduce such errors,
are suggested, It is concluded, however, that these
uncertainties must be fairliy small, since in most cases
where checks are possible, the best determined molecular
dimensions and root mean square amplitudes of vibration
obtained,; agree to within a few thousandths of an
Xngstrom unit with corresponding Pesults determined

by other independent physical methods,

In Chapter Sixteen, certain force constant, bond
length, and force constant, bond ofder, relationships,
originally published for the C1-0 bond by Robinson,
are redetermined, this revision being worthwhile, not
only in the light of the present work, but also in
view of recently published_results for other C1l-0
containing compounds. The revised relationships
obtained should be of considerable value in predicting
Cl-0 bond lengths for molecules whose infrared and
Raman spectira have been thoroughly investigated, and
for which there is therefore a possibility of
calculating force constants,

Finally, five appendices are included which

describe computer programmes written to carry out



the vibrational calculations of Chapters Six, Seven
and Eight. '

The work described in this thesis is original,
and was carried out in partial fulfillment of the
requirements for the degree of Ph,D, in the University

of Glasgow.

June 1968 | A. H. Clark



ACKNOVLEDGMENTS

The author wishes tQ express gratitude to his
supervisors,,Professor D, W, J, Cruickshanlk, and Dr,

B, Beagley, for the valuable advice and stimulating
encouragement which they gave him throughout the course
of the researches described in this thesis,

He also thanks Dr. J.‘K.‘Tyler for much advice
and helpful discussion, Dr. M. S. Child for advice on
the subject of normal coordinate analysis, Dr, T. G,
Hewitt for gssistance'in the matter of experimentation,
Professor D, S, Payne for advice on the preparation
of dichlorine monoxide, and_the‘Pennsalt Chemical
Corporation, Pennsylvania UG, S, 4., for_their generous
gift of a sample of perchloryl fluvoride,

The author acknowledges the provision of certain
electron diffraction data processing computer programmes
by Dr., B. Beagley and Dr, T, G, Hewitt, and also thanks
his colleagues in the electron diffraction and
microwave laboratories for many hours of helpful
discussion, |

Finglly he acknowledges with gratitude the award

of a Carnegie Research Scholarship,.
June 1968 | A, H, Clark

(v)



LIST OF CONTENTS

SUA@TARY e [ 4 * . o [ 4 [ 4 L [ 4 ' L4 L 4 [ 4 L 4 * [ 4 . L 4 L 4 L d L 4 L

ACKI‘IOY;LEDG’I‘IENFPS Y P P ® e ™ e e ) ° o e o > o . '

CHAPTER

1. AN INTRODUCTION TO GAS PHASE ELECTRON

3 DIFFRACT ION . L[] L] [ 4 ] ‘. L L] L] [ J * [ ] L4 [ ] * (4 L 4 ’

2, THE THEORY UNDERLYING THE SCATTERING.

PROCE S S [ J * L4 : [ L] - [ 4 L4 L4 L 4 L 4 * L4 [ 4 L 4 L[4 L4 .

1.
2,
3.

9.
10.

Introduction . o+ ¢ ¢ ¢ o ¢ ¢ o ¢ o o s o o
A general statement of the problem . . . .

The theory of elastic scattering by
single atomMsS . ¢ ¢ v ¢ o o o ¢ ¢ o o o o o

Treatment of the scattering of electrons
by molecules using the indevpendent atom’
approximation . . o ¢ ¢ 6 o o s o e o o

Modification of the intensitiy expression
to take into account mcleculzr vibration .

. The relation between the I(s) of 2.40 and

the measured intensity . o« ¢ o ¢ o o o o o
The radial distribution function . . . .

A discussion of the types of bond length
Obtained [ 2 ] [ ] ® * [ 4 © ® . L ] . * L [ 4 [ 4 [ 4 [ J

Failure of the first Born approximation .
Conclusion ¢« ¢ ¢ o o ¢ o o o o o o o o o o

3. A DESCRIPTION OF THE ELECTRON DIFFRACTION
INSTRUMENT AND EXPERIMENTAL PROCEDURE . . . .

1.
2,

Intl‘OdUCt ion * * o ‘ L] * o [ o L v L 4 i L4 * [ 4
A preliminary description of the Balzers

- El dj— graph L] * * * ° © o L L . L4 L4 [ 4 L 4 L4 [ 4

3.
L.

The vacuwn pumping system . . o o o o o o
Production of the electron beam . . . . «

(vi)

1

20

25

18
L9
L9



5. The nozzie asgenbly and . cold trap .+ o . . 51
6. The sector assembly . v v v o o o o o o « 55
7. Introduction of the sample . . v v ¢ » o « 56
8. The photographic procedure . , v o o o o » 58
9. Microdensitomelry . . . ¢ ¢ o ¢ ¢ o o o » 62
10, Wavelength determination . . . . « o . . . 66

ly, THE ELECTRON DIFFRACTION DATA PROCESSING

ROUTINE L4 . L) e [ * L] L] * L d L L L J L] L [ . L d L] 68

1, INETPOAUCEION v o v o o o o o o o o o o o o 68

2, Conversion of the trace readings to optical
density valuesS ¢« o ¢ o v o o o o o o » o « 68

3. Calculation of the position of the trace
) centre ¢ o o © e e o o e o © o o ¢ e e e ¢ 70

I, Calculation of the s scale . . + v+ ¢ &« ¢ o 70

5. The blackness, planar plate, and sector
COPPections * * [ d ® L 4 - L4 L 4 L4 . [ J L J L 4 L 4 L 4 71

6., Combination of a set of uphill curves
obtained for a particular jet-to-plate
- di Stanc e . L4 © . L [ 4 * L 4 L) [ 4 L 4 L 4 * L 4 L 4 L 4 [ ] 72
7. The first bapkground e o 0 o o o o o o o o (7
8. Modification of the I (s) curve . . . o 79

9, Combination of I_(s) functlons calculated
. for more than on¢ jet-to~plate distance. . 78

10, Pourier transformation . + ¢ ¢ ¢ ¢ ¢ o o « 80
11, Least squares refinement . . + ¢« o« « ¢ o o 81
12, The background adjustment procedure . . . 84

5. CALCULATION OF ROOT MEAN SQUARE AMPLITUDES
OF VIBRATION FROM SPX TROSCOPIC DATA e o e o 86

1In‘bl"oduction...,,...o......-86

2., An outline of the quantum mechanical and
classical mechanical approaches to

. mOleC'Lﬂ.aP Vlb}?abion ¢ e © o e o o e e o o 86

3. The equations of normal coordinate
analySiS [ 4 ® L4 L4 L 4 ® * ¢ L L4 * ® L 4 L[4 L] [ 2 o 93

{viz)



7.

Ly, The inclusion of redundant coordinates .

5. The root mesn square amplitudes of
- Viblaation [ 4 [ ° L 4 L4 ® ® L4 @ * * * [ 4 L 4 *

6. The computational procedure . . . o o »
7. A discussion of the accuracy of force

constants and root mean square amplitudes

of vibration calculated by the above
me thOdS [ 4 * L4 L J L 4 L 4 [ 4 [ 4 L J [ 4 L d ® L J [ 4 L 4 [ 4

A CATLCULATION OF THE ROOT MEAN SQUARE
AMPLITUDES OF VIBRATION OF PERCHLORYL

FLUORIDE . . L . [ ] [ ] . L L] e L L] L L L) L] [ ] )

1. Introduction . + & ¢ ¢ ¢ ¢ ¢ ¢ o o o o &
2, The methods. of calculation adopted . . .
3, RESUIES v v v v o o o o o o o o o ..
b. DIsCUSSION + v ¢ v o o v o o ¢ o o o o o

A CAICULATION OF THE ROOT MEAN SQUARE

AMPLITUDES OF VIBRATION OF PERCHLORIC

ACID o & v 4 0 o 6 6 v o o 0 e 0 e 0. ..
1. Introduction v v ¢ o o ¢ o o o o o o o
2. The methods of calculation adbpted e o o
3. Results o o o ¢ o ¢ ¢ o ¢ 0 ¢ ¢ o o o
i, DisCUSSIOR + v & ¢ o ¢ ¢ ¢ o o o o o o o

AN INTRODUCTION TO THE STRUCTURE
DETERMINATIONS OF CHAPTERS NINE TO
FOURTEEN o (] L) o L] L L4 L4 * e [ ] [ L] L] ® o0

1. Experimentation . . ¢ ¢ ¢ ¢ ¢ o ¢ o o &
2, The diasgrams presented . o o o o o o o o
3. The types of refinement carried out . .
L. The weighting schemes adopted ., . . . o«
5. The final R and .. parameters adopted

ij ijJ
6. Amplitude correction . + 4 o o o o o

(viii)

« 97
«99
[ ] 102

. 106

. 111
. 111
. 111

e 11L
«117

,13&

. 134
.136
. 138
. 140

«153

«153
.156
.158
. 160
. 161
.163



7. Correction Of‘ré(l) bond lengths to T,
. Values ¢ ® © o6 e © e e © e e o o o e e o 165

' 8. Calculation of spectroscopic amplitudes . 167

AN ELEGTRON DIFFRACTION INVESTIGATION OF
GASEOUS DICHLORINE MONOXIDE ., o & ¢ o o ¢ o o 174

10,

11.

12,

13.

1., Introduction ¢ v ¢« ¢ ¢ o ¢ e o ¢ o o « 174
2' Experimen.ﬁal . . L ] [ ] L4 [ L J * * € [ J [ 4 [ 4 175
3., Results . ¢ ¢ o ¢ ¢ o o o o o o o o o 176
l‘l'. Discussion [ J * o L Yo L 4 L 4 ® L 4 * [ J [ J [ 4 L2 177
AN ELECTRON DIFFRACTION INVESTIGATION OF

PERCHLORIC ACID VAPOUR e o 6 e e o o o o 200
1. Introduction o« ¢ ¢ ¢ o ¢ o ¢ o o o o « 200
2’ Experimental (-2 L J [ ] [ 4 * [ ] [ [ J L J L J [ 4 * * 201
3‘ I{esults L ] ® * ® [ ] [ 4 [ ] * & * [ 4 [ d L J L J L 4 202
I, DisSCUSSION v v ¢ o v o 0 o o o o o o = 205
AN ELECTRON DIFFRACTION iNVESTIGATION oF

GASEQUS PEROHLORYL FLUORIDE o s e e o o e 221
1, Introduction « ¢« ¢ v ¢ o ¢ o o ¢ o o o 221
2, Experimental . o v ¢ o ¢ ¢ ¢ o ¢ o o o 007
3. Results . 4 L4 o . . . e . . o [ 4 L4 L4 [ 222
L, DiscusSsion o «. o o o o o o o o o o o o 223%
AN ELECTRON DIFFRACTION INVESTIGATION OF

GASEQUS CHIORINE DIOCXIDE o4 v ¢ o o o o o 2110
1, Introduction « ¢ ¢ ¢ o o ¢ ¢ o o o o &« QMO
2, Experimental . o ¢ o ¢ ¢ o ¢ o ¢ o o o i1
3. ResUltsS . o ¢ ¢ ¢ ¢ ¢ o ¢ o o o o o o 2112
u. DiSCUSSiOn e e e ¢ o e o e o o o o o . 2&2
AN ELECTRON DIFFRACTION INVESTIGATION OF

GASEQUS SULPHUR DIOXIDE . v v o o o o o @ 256
l, Ill'tl’oduction . @ o o ° o ) . . rd . o * 256

(ix)



2, Exporinental o o o o ¢ o o o o
3, Results o & ¢ ¢ ¢ ¢ o o o o

i, DisCuUBSSion v v ¢ o o o o o « o

14, AN ELECTRON DIFFRACTION INVESTIGATION

SULPHUR TRIOXIDE VAP UR ¢ o ¢ & &

1. Introduction . + ¢ ¢ o o & ; .
2, Experinental . . ¢ ¢ ¢ o o o o

3. Results o ¢ 4 ¢ o o o o o o &
'L"q DiSCuSSiOn ¢ w© v' . L4 o : » ¢ o

15, SOME GENZRAL CONCLUSIONS BASED ON
OF CHAPTERS NINE TO FOURTEEN . .

1. Introduction . o ¢« o o o o ¢ o
2. Systematic error sources ., . .
3., The success of the procedures followed

in Chapters Nine to Fourieen .

Ly, Suggestions for further improvement

[ 4 L 4

L 4 L4

*

[ 4

L 4

*

RESULTS

*

L4

[ 4

L 4

L4

[ 4

[ 4

.285
.285
.285

.292
.296

16, FORCE CONSTANT.-BOND LENGTH AND FORCE CONSTANT

~BOND ORDER RETATIONSHIPS FOR THE

CHLORIIQ-E‘”"O XYG'E.’.\I BOl\m . ') 3 * . .

1, Introduction ¢ o ¢ o ¢ o ¢ » o
2, The force constant=bond lengtii relation
3, The force constant~bond order relation
li, Conclusion ¢ o v o ¢ o o o o

APPENDIX ONE: THE g MATRIX COMPUTER PROGRANME

L 4 L

 APPENDIX TWO: THE EIGENVAIUES PROGRAMME

APPENDIX THREE: THE TORCE CONSTANT VARIATION

L 4

L4

*

]

L[4

300

. 300
300
.306
.309
| 318
.333

PROCEDURE & & o o o o o o o o o o340

APPENDIX FOUR: A COLPUTZR PROGRAME FOR THE X0X
’ ANGULAR SYHFETRIC NOLECULE

 APPENDIX FIVE: PROCEDURE DEPENDINTS
: ERCHTORIC AGID . . .

LI ST OEI RETFEREI\:CE D 8 - [} ' '} * ° e *

(x)

.. J3U3

FOR
L 4 . L 4 * (4 03)‘4-8
[ 4 L L] L d L) 0552



CHAPTHR ONR

AN INTRODUCTION TO GAS PHASE

ELECTRON DIFFRACTION

The gasAphase electron diffraction technique is
a poverful tool for investigating‘the structure and
internal motion of free molecules, Average values
for internuclear distances, and velues for the root
mean square amplitudes of vibration corresponding to
these, may be obtained with an accuracy of a few
thousanﬁths of an Xngstrom unit,»and in certain cases,
internal rotation may be studied, barrier heights
estimated, and conformationai jroblems solved, |

The method is subject to a number of limitations,
however, gnd of these, three principal examples may be
mentioned. First, and most important, the technique
is restricted in its applicability to small or
medium~sized molecules, as the methods used by it to
derive structural parameters, become steadily less
praoticable as the number of interatomic distancqs in
a molecule increases, and the symmetry decreases,
Second, the molecule studied must be reasonably
volatile at ordinary temperatures, ss a considerable
vapour pressure ( around fifty millimetres of mercury )

is required to produce a satisfactory diffraction



pattern. In some cases, however, this problem may
be overcome by applying high temperature gas-nozzle
techniques, though the success of such a procedure
depends on the reacticn of the compound concerned to
“heating. Third, the quantity of sample substance
necessary for a full structure determination, can
amount to several grams, and even if a less rigorous
analysis is attempted, and only a single photographic
plate record of the diffraction pattern taken, up to
half a gram of material may be required. Such
quantities of sample es these, are inconveniently large,
if a rare compoundvis to be studied, or one of an
extremely explosive nature.

ItAis of value in assessing gas phase electron
diffraction, to comﬁare it with microwave spectroscopy,
ﬁhich, although based on different principles, also<
produces structural results for small gas molecules,
The most complete studies made by this technique,
generally determine bond lengths and valence angles
more accurately, and using much less sample substance,
than is possible by electron diffraction, but the latter
method can treat a wider range of molecules, and treat
them more rapidly, as it does not involve the time

consuning and difficult procedurs of isotopic

substitution, nor is it restricted to molecules which



possess an electric dipole moment, Yhenever
possible, it is advantageous td study a coﬁpound by
boih methods, as neither normally enables a direct
determination of an equilibrium bond length to be
made, and comparison of the rg(l) and v, values
obtained by the diffraction and spectroscopic
experiments, respectivély,,is of great interest,

In addition, each method can produce information which
the other is not capable of obtaining, and hence the
Vtwo techniques must be regarded as supplementing
eachother, ?ather than being in any sense in
competition, ’

Electron diffraction by'géses has not always
enjoyed its present staﬁus as a high accuracy structural
tool, 1In common with most other structural
techniques, it has undergone numerous stages of
development, stretching over a period of many years,
The earliest experimental sﬁudies were those of
Wierl1 in the 1930's, and in the following decade,
the structural results produced were, by modern
standards, rather inaccurate, One of the basic
reasons for this, was that the circularly symmetric
diffraction patterns recorded during these early
experiments, showed a rapid fall-off of electron

intensity with scattering angle, and, consequently,



microphotoneter traces of such patterns were extremely
steep, and showed 1ittle sign of diffraction rings.
Because of the consequent inaccuracies involved in
measuring the intensity function from these patterns,
either by visuval estimation or from traces, it was
impossible to calculate internuclear distances with
any great precision, and for a time progress in gas
phase electron diffraction was impeded., - |

The introduction, however, in the 1940's, of a
rotating metal sector ( see Chapter Three ) situated
a small distance above the phogographic_plate, a
development suggested by Debye and Finbak , enabled
patterns to be obtained vhose ﬁicrophotometer traces
were much less steep, and showed clear indications of
diffraction rings. Thus the oscillating component
of the scattered intensity which depends on the
molecular geometry and internal motion, could be much
more accurately determined than had previously been
possible, Consequently, =s the sector technique
became more refined, it was possible in the early

L 5-10

1950's to apply the theories of Debye and Xarle ,
on the effects of intramolecular motion on the
scattered intensity, to the problem of interpreting
diffraction patterns, and more precise molecular

dimensions began to be obtained. From this point



onWardé, that is during the last Lifteen to twenty
years, the electron diffraction technigue has been
steadily improved by extension of the underlying theory,
development of instrumentation, and a@option of more
sophisticated data processing methods.

For example, in the early 1950's, it was
_discovered that the use of real atomic amplitudes of
scattering ( see Chapter Two ), based on the Ffirst
Born approximation, often led to errors in
interpreting radial distribution curves, and,Schomaker_
,and Glauber discussedll the necessity of introducing
amplitudes which are complex functions of the
scattering angle. This aspectiof scattering theory
has subsequently been deVeloped, for example, by
Ibers and Hoernilz, Bartell and Brockwayls, Bonham
. 1L ‘ - 15 16
and Ukaji , Karle and Bornham , and Seip , whilst
problems concerning inelsasstic scattering, and the
effects of chemical bonding on scattering, have been

17 18-20°

considered by Karle , and Bonham and Iijima .
~Considerable advances have also been made in
treatiﬁg~the vibrational problemn, The effects of
anharmonicity on electron diffraction results were
shovn to be significant by Bartellgl in 1955, and
this problem has been further developed by Bartell

2121l 25 ' 26
et al. , Morino , and Reitan . In his original



21 '
paper , Bartell defined the type of internuclear

distance obtained by electron diffraction studies,
and he indicated a way in which this distance,
symbolised rg(l), could be related to the corresponding
equilibrium value Lo Subsequently, electron
diffraction experiments ( see for example references
23 and 2l ) coupled with spectroscopic and thermal
measureﬁents, have in favourable cases enabled
equilibrium configurations to be accurately determined,

Root mean square amplitudes of vibration,
calqulated from infrafed and Raman spectroscopic
data, have been extensively compared with the
corresponding values obtained By electron diffraction
work, and although the spectroscopic values have
normally been calculated on the assumption of ha?monic
motion, the agreement found is usually very good.
A large number of comparisons of this sort are listed
in a work by Cyvin27, and in this reference the
possibility of using electron diffraction amplitudes
to determine the force constants of m&lecules, is
discussed,

The so;called shrinkage effect found to occur
for linear or planar molecules when these are
investigated by electron diffraction, was first

28
observed. by Bastiansen in 1956, and has been



attribgted to non-linear and ouv-oi-plane vibrational
rotion, This effect, which makes such molecules
sesm to be non-linear dr non-planar, has been treated
theorsticslly by 2 number of authors, for example,

29 30
Morino , 2nd Cyvin et al,

Among the improvements which have been made to
instrumentation and to the data reduction procedure,
have been the production of automatic microdensitometers
which output intensity data on punched paper tape, and

31-35 ,
applicatiocn of the method of least squares
refinement to the problem.of extracting structural
parameters from such data,. The manufacture of bigger
and faster electronic computsrs has also played an
iméortant part in autgmating and increasing the rate
of structure analysis.

The modern state of gas phase electron diffraction
has been discussed from several points of view, in
reference 32, and in references 356-L0. At the present
time there are numerous electron diffraction groups
working in different parts of the world, and particular
mention should be made of those in America, Norway,
Japan and Russig, vhose contributions to the subject
have been large. The structural results produced

are of great intserest to many types of chemist, and

it is probable, as instrumentation improves still



further, and becomes more readily available, that

in the future, the technique will be more extensively

practised than it is today.



CHAPTER TWO

THE THEORY UNDERLYING THE SCATTERING
PROCESS

1, Introduction

In this chapter an outline is given of the gquantun
mechanicalltheory of scattering of fast electrons by
molecules, No attempt is made to present a rigorous
analysis of the problem, and for detailed discussions
'of the topics covered, and justification of those steps
assumed below, without proof, textbooks (L1-L46) and
review articles (16,39,L0,47 and L8) shbuld be

consulted,

2. A general statement of the problem

In an electron diffraction experiment, a narrow,
cylindrical, monochromatic beam of electrons, collides
at right angles with a small jet of vapour expanding
from a nozzle,

The wavelength of the electrons, :\ y is given

by de Broglie's relationship,

A= h/p 2.1

. L T S
ote
>

where h is Planck's constant, and the momentum p of an
electfon is determined by the accelerating voltage'gap

#* p is the relstivistic momentum,



TN
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used to produce the beamn.
When collision occurs, the electrons in the beam
interact with gas molecules, and are deflected fronm

their initial paths. The incident beam is thus

spread out, and electrons travel away, in all

directions, from the scattering centre.

In experiments, a probortion of these scattered
particles is received on a rectangular, glass,
photographic plate, whose position relative to the
gas,samplerand incident beam may be undérstoéd from
figure 2.1. In this diagram the incident beam is
shown as travelling along ghe 7z axis, in a positive
direction, and is assumed to strike a small volume of
vapour.situated at the origin O, The plate lies in
the plane Y'CX', with its centre at the point C, and
it recéives eiectrons which have been deflected through
an angle @ , where § varies f‘rom Oo at C, to some
limiting value determined by the size of the plate
and its distance from O,

From the nature of the incident beam and the gas
volume producing diffraction, it is evident that the
distribution of scattered electrons is axially
symmetric about the z axis, and hence is independent
of the dihedral angle () . It follows from this

that the pattern obtained should be circularly

11



symmetric about C, and in fact, as is well known,
electron diffraétion photographs, pariicularly those
taken using a rotating sector, show a series of
diffuse, concentric,rings of maximum and minimum
intensity.

The variation of intensity occurring along any
radius may be expressed ag a function of the angle 9 ’
and this function, which characterises the entire
pattern, is determined experimentally using a
‘microdensitometer ( see Chapter Three ).

The object of the presént chapter is to discuss
the relation between this measured intensity variation,
and the nature of the molecuie producing diffraction,

The problem may be approached mathematically as
follows. If the incident beam has intensity IO y
then the number of particles scattered in unit tine,
through angie @ , into an element of solid angle

de ( see fig. 2.1 ), may be written,

J

dN=1,.8(8,0)dw 22

where .d(em)'i.s called the scattering cross section
or differentizl cross section, The number of
electrons incident p2zr unit time, at right angles,
upon unit area situated at the point Q, with position

vector r , is the scattered intensity at Q, and

12



is therefore gifen by,
10)=1,-4(8,0)/ 12 2.3.

If the ™2 factor above, is required to be a constant of
proportionality, then equation 2.3 describes the
intensity which would be received on a spherical
photographic plate of radius r, and a geometric
consideration is required to convert the predicted
spherical plate intensities to the actual intensity
values measured on a flat p}ate r from O, This
correction is discussed in section six of the present
chapter,

The basic problem to be solved is that of finding
0(@) ( the () dependence has been dropped because of
the axial symmetry mentioned above ), by quantunm
mechanical methods, Ideally this could be achieved
by solving the time independent Schrodinger equation
applicable to thé case of an electron moving in the
presence of a molecule, but this equation is too
difficult to solve exactly, even Lor simple cases,

A discussion of an approximate treatment, based on
such an equation, is given in review article (u7),

but in the present chapter, the scattering of electrons
by a single atom will be examined Tirst, and then the

molecule will be treated as equivalent to a configuration

13



of independent atoms, and an appropriate expression

for §(Q) derived.

3. The theory of elastic scattering by single atoms

If no exchange of energy is considered, the
problem of an electron colliding with an atom, may be
treated as that of an electron moving in the vicinity
of a spherical potential V(r), centred on the origin
of a Cartesian reference franme,

If the electron travels along the positive
direction of the z axis, and comes from minns infinity,
then during interaction with V(r) it is deflected
through angle B , and after interaction, passes off to
infinity once more,

The Schrodinger equation appropriate to the

problem 1is,

where r is the position vector of the electron and

V(r) is dependent only on the modulus of r., The

quantity l&dﬂ

density if scattering of a beam containing many identical

2 L
may be interpreted as an. electron

electrons is being considered,
An appropriate asymptotic solution to equation

2.lt, valid when r is large compared with the extent

1L



of V(r), and if V(r) falls to zero faster than a
Coulomb field, is |
A ikz -1 lkf

}/([) « e + (r)-e -f(6) 2.5,

where
K = gr’m E/h 2.6.

This solution consists of an incident plane wave elkz,

and a spherical scattered wave. Its validity can be
verified by substitution in_Q.MT An expression for
S (@) for atoms, can be obtained from this equation by
considering the intensity Qf electrons it predicts
at @, with position vector g; ﬁhere r is very large.
This intensity can be shown to be proportional to
ry/ |2, and since, in practice, the incident plane
wave is not infinite, but has a tiny cross section,

only the second term in 2.5 need be considered.

Hence the intensity at the point r is,

1) = (% | 1t0) |

and comparison of this result with 2,3 shows that,

2
d ()| f18)

The problem of finding d(B) therefore reduces to
that of finding”f(e) , a aquantity called the atomic

# V(r) must be assumed zero when substitution is made.
#% The constant of proportionality turns out to be unity,

15



scattering amplitude for electrons,
This is done by writing the general solution to

2.4, with axial symmetry, as

v = E /-\l Plcos@LF M 2.9,

where esch term in thls series is itself a solution to

2,4, of the general type,
}/l([) ol Fl(r)'Yl(e) - 2.10.

In 2.9 the A. are arbitrary constants, the Pl( cos@ )

1
are Legendre polynomials, and, as can be verified by
substituting 2.10 in 2.4, each of the Fl(r) must

satisfy a differential equation of the type,

r'z'afi;.(r?gf) | k2 - ulr) - l(l+1)/r2)F -

r

where 3 2-”J
u(r) = taﬂzme/m.vm 212.

Since only the asymptotic form of 2.9 is required,
when r tends to infinity, then only the asymptotic
solution to 2.11 is required as r tends to infinity.

This latter can be shown to be,

, -1 |
F(r) & (kr) - sin(kr=1m/2+ 6 ) 213,

where 61 is a small phase shift characteristic of

16



the 1th solution, It follows that the appropriate

form of 2.9 Va31d for large r 1s,

,?/(5 }A (COS(Q)).(kr)_. sin(kr -lrt/2+ § )
2.4

Comparlson of this result w1th 2.5 requires the

expansion,

o -
{
1KY 2 (21m) 0 F;(cos(emkr) sin(kr-(m/2)
(=0 2.15.

This latter result may be obtained by writing the
solution to 2.4, for the case where V(r) = 0, in the
form 2,9, and obtaining an asymptotic solution to 2,11,
for this the case of a freely moVing electron, This
solution is already known to have the plane wave form,
eikz, and hence comparison of these two results leads
to 2.15. When 2,14 is compared with 2,5, bearing 2,15
in mind, algebraic manipulation based on the necessary
equivalence of 2.1L and 2.5, leads to the expression

L9
for f(e) first derived by Faxen and Holtsmark,

f(B) = (Zik)—-} (21+‘1)-(621&—1).P(cos(9))
=0 Y s

It is evident that (B )is in general a complex
number, The principal obstacle encountered in
evaluating f(B) from 2,16, is the problem of finding
the phase shifts dﬂ . These can be calculated by

applying numerical methods to 2,11, and the series 2,16

17



summed, but a useful, approximate, real expression for
50,51
f(e) was obtained by Born, vhich is very often

) Born. Born

used, and will be referred to as f(D
showed that if the phase shifts are small, and the

potential V(r) is weak for large r, then

Born > 2
f(6) = -g U(r)Isin(rs)/(rs))-r.dr
A | 217,
where‘
s = 47.sin(8/2)/x | A2.18.

The approximation made in deriving this result is
known as the first Born approximation, and it is best
for fast electrons and 11ght atoms,

If the potential U(r) for an atom is written in

the form, ,
Ulr)= 8aPm /K2 [-2E7r + V(] 218,

- where V'(r) is the potential arising from the electron
charge cloud, of density/°(r)in the atom, and this
expression is substituted in 2.17 and integration
performed, then the result obtained is the familiar

one for the electron scattering amplitude, namely,

B
flo) % (Z-F(s))/s? 2.20,

where F(s) is the X-ray scattering factor given by the

18
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_expression, A

Fs) = 4 [Sin(sr}/(sr)}'/“m.rftir L2.21,
(0]
and Z is the atomic number,

The results, 2,20 and 2,16, will now be used to

describe scattering by molecules.

L, Treatment of the scattering of electrons by molecules

using the independent atom approximation

If chemical bonding is neglected, and a molecule .
is treated as a configuration of independent atoms, then
the molecular scattering problem may be treated by
summing the spherical waves écéttered by each atom,

The independent atom approximation should be valid if
the range of interaction of the electron with any atom,
and the electron wavelength :X , are much smaller than
the distance between atoms. The approximation should
therefore be best for light atoms and fast electrons.

Let the molecule be a rigid assembly of atoms,
fixed relative to a Cartesian system, with the atoms
distributed among various positions in space ( fig. 2.2 ).
The elastically scattered wave travelling outwards fron
any atom j, to the point Q, with position vector r,
where r is very much larger than the interatomic

distances, has equation,

20



where @ is a phase angle which depends on the position
of the jth. atom in space. If f(@) is written as a

complex number with the form,

fj(ej) =

in.
ﬁ(BJl.e o223

where 7 is a phase angle dependent on ej , and the
nature of atom ,j, then the expressu)n for the

outgoing wave may be written'in the form,

}/(r)- - If(@)

i l’j.and BJ are approxunated to by r and § measured

i,
My 2.24,

relative to 0 ( see fig. 2,2 ), the resultant wave

y(r Z(f If(@)l +¢J ... 225,

where the sunmatlon is over all atoms in the molecule,
V] A K

The scattered intensity at Q is proportional to %(I)'%f),

at Q is therefore,

and hence ,

TR T AL R SO 17 D

\l"ﬂ- . 2.26J

e"mjﬂk.&-% ~@)
WY/
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and therefore,

XK @] |tie1] ek &22jic
ik

k=1 2.28.
In this summation the kjth term is,
% |11 |1.@)]- & Ak e 7Pk
J 2.29
and the jjth term is, 4
-2 2
(r) =-1£(0) 2.30.
J

Hence the scattered intensity at Q may be written as, -

N - «N
-2 /
1) (1) -{? 012+ 3 [ito1H11@) cosan i a0, )
j=1 | jk =1(j#k) 12.31f

where .. is independent of the gpatial positions of
jk p

the atoms, but is a function of the scattering angleg ,
-and AQ ik is the difference in phase between the waves
scattered from atoms Jj and k., This phase difference
may be calculated by finding the path difference Djk’
between these two waves, In Pigure 2,3, Z is a ﬁnit
vector in the directicn of the incident beam, and r is
a unit vector in the direction of the beams scattered
to 9, a very long distance awvay, For the pair of atoms
shovn, the path difference is CAj + AjD, and if this

pair of atoms is the general pair, then

Dy = 2R j-sin(8/2) cos ™%y 232,

N\
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where o(jkis the angle between the vector Ejk and

the vector ( r -= z ). It follows that,

A@~(2”TD JINF (Arfsm(B/Z)/?‘)R C’OS"(Jk"SRJKCOSO(JR
- 2.33.

Herce the 1‘n’cens:ﬁ:y at ] mdy now be written as,

I(r)s () Elf lEIf Hfgg )l.cos(AnS-RyCOS""jk)}
= ket P %
Now in the diffraction experiment the beam is
scattered by a very large number of gas molecules in
all possible orientations relgtive to it, no particular
- orientation being preferred. Hence equation 2,34
must be averaged over all possible values for the coso(,k.
Each of these quantities may vary continuously between J

the limits 1 and =1, and so integration produces the

required average intensity at Q,

;é . 2.35.

In the Wor“ descrlbed in this thesis, because the
molecules examined contained light atoms, Qf fairly
similar atomic number, the cosA) term was assumed to

1k

be always very near to unity, and the amplitudes lﬂ@ﬂ
and*ﬁ?”, were assumed to.be given by Born's J

expression 2.17, and hence by 2,20, Thus for a rigid
configuration of atoms, allowed to take up all possible

orientations relative to the incident beam, the

% Note that the quantily in brackets is just cf(29)9 of
equation 2,3, ol



average intensity of electrons elastically scattered

to Q, is given by,

I(r ol (r- "A){E (Z, Fil E (Zl¢r)|( j"Fj)-sin(sRij)/(sRijQX
=i
If a term 81 02 is added to take atomic inelastic 2:36‘
scattering into account, I(r) is replaced by I(s), and

-2

the r factor treated as a constant of proportionality,

and omitted, then

1(s)o¢(s4){§uz -F, 312 (Zj-FiMz;-F)-sin(sRy)/(sR;)
U~1(|~é)) Jj J
is the final expression obtaihed, . _ 2.37

5. Modification of the intensity exPression to take

into account molecular vibration

Molecules are in reality non-rigid, and undergo
internal vibration and other forms of internal motion,
At any instant, the electron beam not only interacts
with molecules in all possible orientations relative to
it, but also with molecules in a very large number of
distorted configurations, distorted ths is, relative
to the‘equilibrium configuration of minimum potential
energy. As the population of vibrational energy levels
is temperature dependent, the exact distribution of
the molecules among possible states of distortion, is
also temperature dependent,

The modification which nmust be made to 2,37 to

25



take these effects into account can be derived as
follows ( see ref. L ). Let Rij be any interatomic
distance present in the molecule. As a result of
internal motion, a large collection of molecules will,
at any instant, show a practically continuous range of
Rij values surrounding the equilibrium value R:j .

This distribution may be described by a probability
functi:on Pij(R), where Pij(R)dR is the fraction of

the totzl number of moleculeg which have a value of Rij
in the range R to R+dR, Each Sin(SRij)/(SRij) term

appearing in 2,37 can now be averaged using this

probability function. The average is just,
ob o

gop.'j@rg).(sin(SR)/(SR))dR, ... .2.38

and hence the correct form for I(s), which takes into

account internal motion, may be written,

I s)°<s"‘{§ (ZrFBs I 2 FUZR) Fi’j(R)-(Sin(sR)/(SR))d;%
i ijli#)) ° . .2.39.

If the molecule is assumed to undergo only harmonic

vibrational motion, a Gaussian function may be assumed

for each Pij(R) function, not only for any particular
vibrational energy level, but also for the function
reouired above, which is temperature dependent, and
takes into account the distribution of molecules among

all the possible vibrational levels,

26



The Gaussian distribution assumed is symmetric about
. ;

the equilibrium distance le and integration of 2.39,

using it, gives the r°su1t,

I(seasé{EfZ r+s }(zr £ Isin(<R SRy le /}
iji# )’ J J 210.

In this equation the Rij appearing in the sine term,
is related to the centre of gravity value for the

Gaussian distribution,by the equation ( see ref, 21 ),

i ij o

and is in fact the centre of gravity wvalue of the

R} ()i Rjj above] = R?J(O) _u2/RE

function Pij(R)/R. The Uy quantities appearing above,

are the root mean square deviations of the Rij's from
e
the Rij‘s, and are temperature dependent. The
nomenclature used in equation 2.41 is that used by
21

Barteli’ , and will be discussed further in section
eight. The uij's , or root mean square amplitudes of
vibration,bwill be discussed at length in Chapter Five,
For completely harmonic vibration Rij is equal to Rfj(O).
Equation 2,41 has been mentioned at this stage to
emphasise the fact that it is an Rfj(l) distance that
is obtained , when 2,40 is used to describe the
experimental intensity data.

In reality the assumed Gaussian Pij(R) function

is invalid because of anharmonicity of vibration, and

#* This step involves certain apoproximations but is
sufficiently accurate for most purposes,
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a less symmetric type of distribution should be used,
In 1955 Bartell extendedzihe theory to include the
effects of anharmonicity. By assuning a Morse type
of potential, and by extending the results obtained
for diatomic systems to actual polyatomic molecules,

he suggested a better expression for the scattered

intensity I(s). This is,

1s)e s {}[(z “F)+S] }(z )z smsR %S U2
”“ ‘J 242,

where xlJ is g small consfant related to the ‘2’ of the

Morse function. ( see equn, 2.54 )

In the work described in this thesis the function
used to describe the intensity.was of the type 2.LO,
and the xij were not considered.

In the cases of molecules capable of internal
rotation, the treatment given above is invalid, as the
Pij(R) functions for certain distances are no longer
even nearly Gaussian, Discussions of internal motion

L 5-10

of this sort have been given by Debye ™ and Karle

and the problem is reviewed in reference (L8).

% This asymmetry constant'xij is related to 'a' by

Xg5 = auij/6.



6, The relation betieen the T(s) of 2.L0 and the

neasured intensity

Expression 2,40 is proportional to the intensity
of electrons received at any point 9, on a spherical
surface, of radius r and centre O, when an electron
beam travelling slong the positive direction of the
z axis, is scattered by a small gas sample situated at
(O In experiments a flat photographic plate is used
to record this intensity, and is situated r from O, at
right<angles to the 2z axis, and parallel to the xy
plane. In addition , a metal sector ( see Chapter Three )
is allowed to rotate'above the plate, and multiplies
the intensity of scattered eieétrons by a known
function o (s).

The intensity observed at any point on the plate
has to be divided by oL {s), and then by cosB(G), to
convert it into a quantity proportional to the I(s) of
2,40, The 0033(9) factor arises because an area
element on the spherical surface is nearer the origin
0, by a factor of cos (£), than its projection on the
plate, énd also, on p?ojection, the area is increased
by a factor of cos(@).

In practice the experimental data are further
multiplied by su, to give a function, called an uphill

curve because of its appearance, and this has the



theoretical form,

2
) DU(Zi-F)% 81+ (7 FMZy FMsinkR, JisRle

i lJU#ﬁ 243,

if the approximations made in previous sections are
accepted,

"In practice it is found necessary to add an extra
unknown function of s, E(s) , to this equation. This
term is required to take into account extraneous
scattéring of electrons by the internal parts of the
diffraction apparatus itself, A final eXpréssion

for the uphill curve is therefore,

2
x(s)m(z Fifs J+EIS (2 Rz snisR sy -¢ %2

ij(i#) . 2.4

It is clear that theAfirst two terms are independent of
the geometry of the scattering molecule, and it is
normally assumed that this sum, calied the background
scattering curve, is a smooth steadi1§ increasing
function of s, which has no wavelike characteristics,

In electron diffraction work , although the atomic
scattering factors, both elastic and inelastic, are
known, the background curve is usually drawn empirically
through the uphill curve and subtracted from this,

The unknown nature of E(s) makes this necessary,

The function obtainecd on subtraction depends on
#Not in 2 mathematical sense, the gradient chanzes,
see Tig, L, 3, '
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the molecular structure and motion, and may be called
the molecular intensity curve I, ;(s)., If the
assumed background curve is corrsct, then the
molecular intensity function obtained, should have

the theoretical form,

L(s) ot }(z. - FilZ;-Fj)Lsin(sRij/ Ry e 5/2
j=1(i#)) . 2.45,

In the work described in this th651s,rthe Imol(s)

function was modified by multiplying it by,

s /( (1-rm/zm][1-Fh/Zn]} )

where the labels m and n refer to two commonly
occurring atom types in the molecule, The resulting

function may be written as,

} 2 2/2
I(S)'* A [smsP DR e i

NURCRAYY 2.46,
where .

2.47.

N., is the number of equivalent distances of type i}

i
and the summation is over all noneguivalent distance
types.

The reason Tfor carrying out this modification
is, tha the Aij coefficient is independent of s, if
i and j refer to the sams atom types as m and n. In the
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case where this is not so, Aij is s8till very nearly

independent of s, and in some least squares

refinement procedures Aij has been treated as constant.
In the present work the intensitycrve. finally

“obtained after correction, subtraction of the background,

and modification ( for details see Chapter Four ),

was assumed to have the theoretical form 2,46, and the

method of least squares refinement was applied to

calculate the best values of the Ri' and u. . parameters

J ij

consistent with this assumption. The Aij factors

were, where necessary, calculated as functions of s, and

were not assumed constant.

53

7. The radial distribution function

Equation 2.46 for the Im(s) function may be
written in the more general form,
A .
[ (s) et %AU . § [SInRIREPR)-0R
m alltypes © .. 248,
i .
where the assu%ption of harmonic motion has not been

made, This¢i§ equivalent to,
/
[ (5) e B ).s'n ) 2
X g (5P RUR) SinsRIGR .28

and, by applying Fourier transformation theory tg this

s

equation, it follows that,
* For the purposes of this step Ajj should be taken

N A ‘. . . ..
as JIJZlZJ.
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_ e
IR} = ) A, IR(RIR] < gl,,gslsins'?-ds
R J ? .. 2.49

The function of R defined by 2.49 is known as the
radial distribution function, d (R)/R and it is
evident that it consists of a éum of probability
distributions ( note, however, the division by R ),
“one for each of the non-equivalent distances i},

Visual examination of such a curve immediatély
provides information about the structure and internal
motion of a molecule, information which is not apparent
from a similar examination of the corresponding Im(s)
curve, | A

In practice the Im(s) data obtainsd stretch fron
some non-zero lower s limit, to some finite upper s
limit, and the integral appearing in 2.49 cannot be

evaluated as it stands, If it is approximated to by,
gsnwax ' '

Im(s).sinsR-ds

then the d (R)/R curve obtained is distorted from its
true form ( 2.49 ) in two ways. The omission of data
from s = O to s = smin causes the R axis base line to
be curved instead of straight ( the envelope effect ),
whilst the omission of data beyond smax introduces a
noise ripple, which spreads out in either direction

from the base of each peak in the radial distribution

Al
N



curve, The envelope and noise ripple effects make
interpretation of the & (R)/R curve difficult.

The two effects are normally dealt with in the
following ways. The envelope effect may be removed
by adding theoretical intensity data, based on sone
knowledge of the structure to be determined, up to
smin, and then transforminZ, or it may be allowed for
empirically by drawing in an envelope for the(f(R)/R
function obtained, and then subtracting this to produce
a curve properly based on the R axis.

The lack of high s da?a is compensated for by

2
1 . .
£8 , where k is a suitable small

multiplying IM(S) by e~
constant, and then transforming iﬁ aécording to 2,50,
The damping function has the effect of making the
missing high s data contribute 1little to the integral,
and hence the result approximates very closely to what
Woulq have been obtained by. integrating to infinity as
in 2,49, Clearly the great disadvantage of this
procedure is that the peaks in the resulting radial
distribution funqtion are all artificially broadened,
and resolution is greatly reduced. Normally k is
chosen in such a way as to produce a balance between
the effects ofenoise’and broadening.

If the vibrational motion of a molecule were
strictly harmonic, then the‘peaks appearing in the

* the damping function.
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Cf(R)/R plot would be very nearly Gaussian, and the
R wvalue corresponding to the peak maximum would be
very close to the equilibrium value for the distance

concerned, These remarks are in fact more appropriate

to the functiond (R) itself, but the effects produced

by dividing by R , are comparatively small, The
half band width of thesé peaks would also be related
to thg mean amplitude of vibration uij for the distance
concerned, though naturally this width also dspends
on the choice of damping constant (k)

Since Im(s) can be written in the form 2, h6 for
the case of completely harmonic vibration, this

expréssion may be substituted into

L ks »
d(R) v glr(ns)'e . sinsk .ds

R 12,51,

ata
b8

and if the Aij are assumed to be constants, integration

may be performed to give, —(R }??ﬁ
d(R) < } {AIJ/IR”“ k+ U, /2]} ¢ [° k+u /2)
R
(all typesij) . 2.52.

This theoretical equation for thed (R)/R curve , based
on the assumptions of harmonicity, constant Aij's, and
the first Born approximation, may be compared with
expepimental curves,obbtained by numerical integration
of 2,51 between the limits smin and smax. The
envelope effect should be removed before comparison.,

g T
~ Ny523%5.
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Deviations found to occur between the experimental
and theoretical(f(R)/R curves may be assigned to
failure of the approximations made in deriving
exPression 2.52, or to an inadequate démping function
e"ksg, There is the additional possibility that the
- theoretical Im(s) function assumed is based on an

‘N

incorrect model or set of parameters uij and RiJ

8. A discusgion of the types of bond length obtained

The electron diffraction experiment leads, on
data processing, to an Im(s) curve, anduthis on Fourier
transformation, using a suitable damping function,
produces a radial distribution éurve. The problem

to be discussed in this section concerns the nature

of the Rij parameters which may be extracted from the

- experimental data.

Normally these are obtained by fitting a theoretical
intensity expression to the experimental Im(s) curve,
| In the work described in this thesis an expression of
type 2.46 was used for this purpose, and the least
squares refinement procedure was adopted to achieve
the best fit. The experimental radial distribution
curve was used in a qualitative way only.

It is useful, however, to define various types

of internuclear distance in terms of the radial



distribution function ( see ref, 21 ), The general
expression(f(R)/RN will be considered where N may take
on the values 0O, 1, etd., and the molecular vibrations
will be assumed slightly anharmonic,
. 21 N
Following Bartell“", the peak maximum of thed (R)/R
function,correSponding to a particular interatomic

' distance, may be written rm(N), and is related to the

equilibriun Ty value by,
2 2
riNl= r - + au

where u is the root mean square amplitude of vibration

. < .
for the distance concerned, and a' is the constant

appearing in the Morse potential,

%, =2a(r-r _alr-ry)

Sre 2@ ) | e e’ ]
' 2-549

_ -1
and is usually in the order of 2,0 X for single

v(r) =

bonds., Thus ‘a’ describes the amount of anharmonicity
invoived. |

The centre of gravity value fdr a peak in tﬁe
(5(R)/RNfunction‘has already been mentioned in section
five , where the values for N = 0 and N = 1 were
considered., A general relationship relating the

N th value rg(N) to the equilibrium distance r_, is

¥ . -
D = a dissociation energy-



'gN) =t - Nuz/re + 3au2/2  2.55.

If an expression of type 2.46 is used to fit the
experimental Im(s) curve, an rg(l) distance is obtained,
This follows from the nature of eguation 2.40 discussed
in section five, from which 2,46 was derived. If N
is given the valué 1 in 2.55 above, the relationship

between the rg(l) distance and r_ is Jjust,

‘ 2 2
5(1)= - /re + Jau’2 2.58,

The r, appearing in the_second term may.be approximated
to by'rg(l) itself. The constant u is normally
available from the electron diffraction study or from
spectroscopic data, and often‘s’ may be estimated from
speétfosooPic and/or thermal data ( see Chapter Eight ).
It is clear from 2,55 that the relationship
between rg(l) and rg(O) ig that given by equation
2,41 of section five, and again the L appearing in

the denominator may be approximated to by rg(l).

9, Pailure of the first Born approximation

In section four . the independent atom approximaticn
was used to calculate the electron intensity scattered

by a molecule, and equation 2.3%5, containing a COS A”ijk



term was derived. This factor was shown to arise
because of the complex number amplitudes of
scattering prédicted by 2,16,

Assumption of the first Born approximation, the
assumption made in the second half of section four-»
is equivalent to saying‘that the cosine term is always
close to unity, ahd that thermoduli of the scattéfing
_amplitudes are given by 2.20. As has been stated
previously, these assumptions are most Jjustified if
the molecule contains light atoms, all having closely.
similar atomic numbers, and if fast ( e.g, 50 -60 kV )
electrons are employed in scattering experiments,

In the early 1950's use of this approximate
treatment for molecules containing both heavy and light
atoms ( e.g. UF; ), led to errors in interpreting the
radial distribution curves obtained by transforming
the experimental intensity functions., For example,
the peak corresponding to the U-F distance in UF6
was found  to be split into two components, and hence
UF6 was thought to be slightly distorted from a
regular octahedral structure. Twoe types of U-F bond
were presumed to be present.

This splitting may easily be explained, however,
if the cosine factor in 2,35 is a non-zero function

of s , for in such a case the cosAqu. slnstk factor



behaves as the éum of two sine functions sin sRl and
sine SRZ’ where the difference betwe=sn Rl and R2 is
small, |

At the present time complex scattering factors
are used where necessary, and an important list of
values has been given by Ibers and Hoer’ni%2 An
analytical expression for A’] ik has been given by
Bonham and Ukaal?k- Theoretlcal radial distribution
functions, taking into account failure of the Barn
approximation, may be calculated by transforming
theoretical'molecular'intensity curves by numerical
integration,

.For molecules having no aﬁomic number difference
greater than ten, the u values alone should be affected
by assuming real scattering factors. In the |
present work only the Cl.,.H distance in perchloric
acid failed to satisfy this condition, but as is
shown in Chapter Ten this distance 1s exceedingly
badly determined anyway. Accordingly expression
2,116 was adopted for the theoretical Im(s) function,
and the cosine term was neglected,

The wvibrational amplitudes obtained for the C1l-0,
Cl;F and S-0 distances were cgirected using the formula

sugegested by Bonhanm and Ukagl . This correction is

discussed in Chapter Bight.
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10, Conclusion

7 The eguations discussed in previous sections give
avquantiﬁative explanation of the electron diffraction
pattern, The oscillating component of the scattered
intensity is shown to depend on the structure and
internal motion of the gas molecule, and to be
superimposed upon a smooth-background function which
depends, among_other things, on the nature of the atoms
present, and not on their spatial distribution or
vibrational motion. _

_ Although these equations are suffiqiently exact
to enable a great deal of information to be extracted
from measured intensity data; the theory presented
here is necessarily approximate.

For example,_the independent atom treatment ignores

the effects of chemical bonding on the distribution
of electrons in the scattering molecule, and hence
on the scattered intensity. These effects have, it is
true, been shown to be small for the cases of H2 and

18-20
H +, by Borham and Iijima , but they are observable,

2
particularly at low scattering angles, and shouvld be
compensated for by proper adjustment of the background
function in this region. The independent atom

approximation also makes no allowance for molecular

inelastic scattering, multiple interatomic scattering,
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or electron exchange, and again it is necessary to
assume that these effects are small and may be
allowed for by suitable.choice of the background
curve,

The vibrational effects considered in section

five were restricted to those produced by harmonic ( and
.slightly anharmonic ) motion, and hence the equations
presenﬁed in ?hat section are limited in their
appliéability.

- The gas sample has been assumed throughdﬁt to be
infinitesimally small, but the effects of sample size
are not insignificant, and have been shown by Kuchitsu55,
anq_RundgrenSG, to'affect the accuracy of the u wvalues
obtained, |

‘The electron beam has also been assumed ideal,
that is, cqmpletely monochromatic and of extremely
low density, and these conditions are probably fairly
well satisfied in modern experimental work.,

Despite the sources of error ﬁentioned, the theory
in its present simple form, has been very successful,
and structural results obtained by applying it usually
compare favourably with equivalenf information

produced by other physical methods ( e.g. microwave

spectroscopy ).

Lo



CHAFTER THREE

A DESCRIPTION OF THE ELECTRON DIFFRACTION

INSTRUMENT AND EXPERIMENTAI, PROCEDURE

1, Introduction

| In the structural investigations discussed in
Ghaptgrs Nine to Fourteen, the scattered electron
intensities were recorded using a modern commercial
electron diffraction maghine, built in Swizefland by
Balzers of Zurich. This machine, known aé the
Balzérs Eldigraph57KD—G2, is described in some
detail in the present chapter, A photograph of it
is shown in plate 3,1, and a schematic diagram in
figure 3.1.

Two nmicrodensitometers, manufactured by
Joyce-Loebl, and used to measure intensities recorded
on»photog?aphic plates by the Eldigraph, are alsb
deséribed. A photograph of one of these, the more
often used, and more qonvenient, auvtomatic instrument,
is shown in plate 3.2,

At various stages of the description, details
of the experimental procedure followe@ in using the

diffraction equipment, are also given,
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12
13,
13.°
ih.,
it
15.
16,
17.
18.
19.

20,
21,

KEY

TO FIGURE 3,1

The high tension supply line,
The cathode,

The anode aperture,

The condenser lens,

The outlet to the electron gun
vacuum pumping assembly,

The condenser aperture,

A Dball valve separating the gun
from the diffraction chamber,

A liquid nitrogen container
connected to the cold trap.
The cold trap.

The nozzle assembly,

The sample tube,

The nozzle tip and attached
collimeter,

The nozzle position for the
twentyfive centimetre distance,:
Ths cold trap position for the’
twentyfive centlmetre distance,
The nozzle position for ths
eleven centimetre distance,
The cold trap position for the
eleven centimetre distance,
The outlet to the diffraction
chamber pumping assembly.
Scattered electrons.

The beam stop. '

The rotating sector,

The photographic¢ plate,

The microscope.

The photographic plate box,
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2, A preliminarj description of the Balzers Eldigraph

As may be seen from figure 3.1, the Balzers
Eldigraph can be considered'as.bonsisting of two
sections separated by a ball valve (7). Thé smaller
one of these is the electron gun assembly, whilst the
larger one comprises the diffraction chamber, the
gas noﬁzle (10), the cold trap (9), the sector assembly
(18), and the table which supports the machine, and
contains the photographic plate box (21).

The diffraction chamber has a number of -
observation windows set into it, and thése.are fitﬁed
with shutters ( visible in plate 3,1 ) so that light
can be excluded Whén necessary.. |

__A cqntrol consul, visible to the right of the
apparatus in the photograph, is used to operate the
vacuum pumping system and to produce and regulate the
electron beam, |

- Other pieces of equipment, not shown in either
the figure, or plate 3.1, are the transformer and
stabiliser units requiréd to provide the high tension
voltage supply, and the digital voltmeter used to
monitor it, | '

An hydraulic iifting device 1s also available,
and is required to raise or lower the gun and diffraction

chamber relative to the table,
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3. The vacuum pumoing system

~ Provision is made in the Balzers Eldigraph for

separate pumping of the electron gun and thevdiffraction
chaﬁber, when the ball valve is closed. The gun is
evacuated by means of a small rotary backing pump,
and small oil diffusion pump, whilst a similar, but
more powerful arrangemenf, is required for the larger
volume of the diffraction chamber and the table. These
pumps-are situated behind the apparatus, as it is
viewed in plate 3.1.

Gauges, located in the control consul, indicate
the gas pressure at various points in the machine, and
the best vacuum normally dbtaiﬁed iﬁ‘the diffraction

chamber is approximately 5.10"'5 mm of mercury,

i, Production of the electron beam

AThe high tension supply, required to accelerate
the electrons, is normally adjusted to a'value of
approximately fifty thousand volts, and is highly
stabilised ( one part in ten thousand ) to ensure
that the wavelength of the beam ( around 0,051 2)
does not fluctuate duringvexperiments.

The electronsAare generated by a heated filament,
the cathode (2), charged to a high negative potential,

and accelerate towards an anode (3), at zero potential.
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A small meﬁal cylinder, called the wehnelt,
which is more negative than the cathode, is situated
'round the latter, and allows a rough? preliminary,
focussing of the beam onto the anode. The potential
difference between cathode and wehnelt may be wvaried,
and ip experiments it is usually set at an optimunm
value,

The acqelerated electrons pass through an
adjustable aperture in the anode, and are focussed
into a narrow cylindrical beam by an electromagnetic
condenser lens (4). The beam then passes through a
variable aperﬁure, the condenser aperture (6), and
finally enters the diffraction'chamber, if the ball
valve is 6pen. - A further aperture of constant size‘
"called the gross aperture, is swung into position

inside the diffraction chamber if ¢ither of the two
shortest camgra'distances ( see section five ) ére
in operation,

Tpe beam diameter no?mally used in diffraction
work is in the order of 0.2mm, and isldetefminéd by
the choice made of the aperture sizes,

Various centering devices are available on the
outside of the gun;}and these are used to ensure
that the beam passes centrally through the apertures

and lens described above. A fluorescent screen can
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be swung into position above the sector, to enable
Fhe behaviour of the beam to be viewed, and the
centering adjustments carried out.

An adjustment is also present on the gun, which
enables the beam to be centred through the beam stop
(17), situated at the axis of the sector. A
. microscope (20), and small-fluorescent screen,
situated below the beam stop,_are necessary to achieve
this latter centering process,

In the diffraction experiments described in this
thesis, a bean current of between 80 and 120/IA was
normally used, The beam voltage was always adjusted
until a standard reading Was‘obfained on a five window
digital voltméter, connected across a particular |
resistance in the high tension voltage supply unit,

By monitoring the high tensién voltage in this way,

it was possible.to work at a constant wavelengthAfor

a period of several days.

5. The nozzle assembly and Qold trap

The gas nozzle is effectively a metal tube, with
a specially designed platinum Jjet at one end, and an
external connection to a glass sample tube (11) at the
otﬁer. The flow of wvapour through the jet, into the

diffraction chamber, is regulated by a needle valve,



and the inlet tube is surrounded by a water jacket,
through vhich hot water ( up to about 90° C ) may be
passed, if it is necessary to warm the incoming gas.

The Balzers Eldigraph allows four possible
locations of the nozzle relative to the plate. Three
of these, the one actually shown, and positions
13 and 14, are indicated in figure 3.1, and correspond
to Jjet-to-plate distances of fifty, twentyfive and
eleven centimetres, respectively. The fourth
location, the hundred centimetre position, can be
attained if an extra section is bolted between the
gun and diffraction chamber, In plate 3.1 the nozzle
position shown is the hundred éentimetre one, and the
extra section of diffraction chamber required may also
be seen,

The jet-to-plate distances‘are calibrated before
an experiment, by’setting'up standard measuring.rods
mounted in a tfipod, inside the diffraétion chamber,

A vertical travel adjustment on the nozzle enables

this calibration to be made, and the adjustment device
is locked when the opeération has been completed. The
horizontal, radial, and in~out adjustment controls

also available, are still variable, and are required
atla later stage of the experiment to centre the nozzle

and attached collimeter tube (12), relative to the
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bean,

Two other items situated near the nozzle tip,
and not shown in figure 3.1, are (a) a small thermocouple
used to estimate the tempsrature of the gés jet, and
(b) a holder containing a polycrystalline solid
SP?cimen, This holder may be swung into the line of
the beam, instead of the collimeter, and én electron
diffraction powder photograph obtained, showing a series
of sharp, concentric rings. This pattern is always
recorded during diffraction experiments, and is used
to measure the wavelength of the beam, In the present
WOPk»?h?llium chloride was the substance used for this
purpose, |

When diffraction is in progress, and a vapour
sample continuously enters the diffraction chamber,
it is necessary to remove the gas immediately after
sgattering has taken place, This is achieved by
condensing the sample on a iiquid nitrogen cooled
surface. The device used is called the cold trap (9)
and it surrounds the nozzle in the manner indicated in
figure 3,1, The liquid nitrogen required to cool it,
is placed in the insulated can (8). The trap is
supported by a ledge ( not shown in fig. 3.1 ),
attached to the nozzle, and it has holes of a suitable

size cut out of its top and bottom, to permit the
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incident beam and scattered electrons to pass through

unimpeded,

6. The sector assembly

The expression for I(s) given by equation 2..L0
of Chapter Two, contains an g~ factor, and hence the
scattered electron intensity should fall off rapidly
with scattering angle.' The earliest electron
diffraction experiments confirmed this, and the
rhotographic plates obtained showed large gradients
in blackness along the radius of the diffraction
pattern, Furthermore, miqrodensitometer traces of
these patterns showed little.sign of the diffraction

rings so important in determining molecular structure.
s

<

To overcome these difficulties Debye‘, and
Finbak'3~, suggested in the late 1930's, that a flat,
specially cut, metal sector should be rotated a small
distance above the photographic plate.A The effect
produced by suéh a device may be understood by
considering figure 3.2, which shows the general shape
of the sector used in the present work, Because of
the continuously increasing angle of opening, from the
centre to the gdge, the sector multiplies the intensity
predicted by 2.40, by a function of s, which is such

that the recorded pattern shows a much smaller



radial variation in optical density. The. diffraction
rings are clearly visible, bqth on the plate and on
the microdensitometer traces, These latter are less
steep than the old ones, and enable the oscillating
component of the scattered intensity, to be much more
accurately measured than was previously possible.

~ The sector geometry must of course be accurately
known if the méasured,intenSities are to be compared
with theory, and this is normally determined by
examining the sector with a travelling microéco?e.

At_theltime when the prgsenﬁ work was carried out,

the Balzers Eldigraph was equipped with two distinct
sectors, one suitable for the hundred and fifty
centimetre distances, and the other for the remaining
two . Two spzeds of sector rotation are also
availéble, thése being eight huhdreq and four hundred

revolutions per minute respectively.

7. Introduction of the sample

 When the beam has been produced, and satisfactorily
centred through the apertures, lens, cold trap,
collimeter and beam stop, and the cold trap is at

a suitably low temperature, it is possible to introduce

the vapour sample into the apparatus.

56



Before this is done, hewever, the ball valve
is_closed to isolate the electron gun from the main
chamber, A sample tube is attached to the end of the
nozzle assembly as shown in figure 3.1 and plate 3,1,
and is surrounded by a cooling bath to reduce the
sample vapour pressure to a negligibly small value,
‘VWhen this has been achieved the needle valve is opened.
A pressure gauge on the panel of the control consul
immediately registers a pressure increase in the
diffraction chamber, as air from the sample tube, and-
dissolved gases in the sanple, are pumped off, When
these have been removed, the sample is heated to a
suitable temperature ( the vapour pressure should be
roﬁghly fifty millimetres of mercury in diffraction
experiments ), and the vapour is allowed to flow through
the nozzle andAto_condense out continuously on the
cold trap eurface. |

When the pressure in the main chaﬁber has fallen
to about 5.10"'5 mm Hg , the ball valve is opened to
allow entry of the electron beam, and a diffraction
pattern should be observed on fhe larger fluorescent
screen, if this is in position above the sector.

- Visual examination of this pattern enables

adjustments to be made to the beam current, sample

temperature, centering etc., until a satisfactory
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diffraction pattern is obtained on the screen,

8. The_ photographic procedure

Before the apparatus is pumped down, that is
right at the start of an experiment, a lightproof
plate box, containing six to twelve rectangular
photographic plates, of size 13cm by 18cm, mounted in
metal_frames, is loaded into the lower part of the
table, This box is divided into two sections, one
for unexposed, and the other for exposed plaﬁés;
When it is in positioﬁ, the apparatus is pumped down,
and beam production and centering carried out as has
already been described, .

When the stage described at the end of the previous
section is reached, and a good pattern is observed on
thé screen, this latter is swung out of the line of
the scattered electrons, and all cbservation windows
shuttered. A plate is withdrawn from.the plate box
by rotating the plate carrier control on the outside
of the table, At this stage it is still possible to
check that the beam passes centrally through the beam
stop, and this is done by looking through the
microscope (20). If the beam is central, the microscope
is fitted with a cap to prevent light admission, and

an electrostatic exposure shutter in the electron gun
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is switched on, to prevent the beam from passing into
the diffraction chamber, The plate is then wound
into position beneath the sector, and the sector
allowed to rotate, An exposure timer on the control
consul is set to a suitable value, and the exposure
shuttgr opened, At various instants during the
exposure the beam voltage -is checked by examining the
reading on the digital voltmeter, and small corrections
made 1if necessary, After exposure thebsector is
stopped, and the plate wound back and deposited'in

the plate box, The whole procedure may then be

repeated for a second plate and so on, After a

complete run the vapour supply is cﬁt off, and the
ball valve closed, The apparatus is allowed to fill
up with dry nitrogen, and the plate box removed to
the défkroom,‘

The exposure times required for plates taken
durihg the present work were found to vary from
compound to compound, but as a general rule, the
order of decreasing time was that of increasing jet-
to~-plate distance, Typical values were thirty
seconds for the hundred centimetre distance, one minute
for the fifty, three to four minutes for the twentyfive,
and perhaps ten minutes or longer for the eleven

centimetre distance. These values, however, depend
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THE ELECTRON DIFFRACTION PATTERN

FOR FCIO+ AT TWENTYFIVE M

PLATE 3*k

Note:
of the above print,

The uneven blackness visible

in certain regions

and not forming part of the
diffraction pattern

itself,
actual photographic plate.

was not a property of the
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not only on the compound stﬁdied, but a;so on the

typé of plate used and the beam current, The figures
quoted above are for chiorine containing molecules,
Ilford-N6O plates, and a beam current of roughly
1OQ}IA.

The photographic plates were developed using the
'sfandard techniques of developing, stopping, and
fixing, a suitable safety lamp being employed.
After\fixina the}plates were washed fqr half an hour
in running water, then.allowed,to ary.

The backs of the dfy plates_were then cleaned
usging distilled water and sometimes acetone, to remove
any remgining backing material, and polished using
tissues, The_emulsion surface was never touchsd by
hand or tissue,

_ - Photographs of plates taken at fifty and twentyfive
centimetres for perchloryl fluoride ( FClO3 ), are

shown in plates 3.3 and 3.4,

9, Microdensitometry

During the course of the experimental work discussed
inrthis tpesis, two types of microdensitometer were
available, Most of the results quoted in Chapters
Nine to Fourteen were obtained using the second of

these instruments, the automatic microdensitometer
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shown in plate 3.2, The'pfincinles underlying the
- operation of these pieces of equipment may be
summarised as fbllows.'

A source of light is split by prisms into two
identical beams, One of thesé is passed thfough a
small area on the photographic plate studied, whilst
" the other.beam passes‘through an optical wedge.

" This latter is a rectaﬁgular glass plate, blackened
in such a way that it presents a continuous gradient
of optical density along its length, The two
transmitted beams are compared, and if an inequality
Qf intensity ‘is observed, the oﬁtical wedge moves

lengthwise until a balance is achieved,

'_In>the case of the pen trace microdensitometer
( the'manual instrument ), the first beam scans slowly
across a diameter of the electfon diffraction pattern,
and the resulting wedge movement causés a pen to trace
out a curve ( usually a little ' noisy ' ) on graph
paper., This plot can be converted to an optical
density trace if suitable wedge ca}ibration data are
used to correct the originai graph, A zero base line
is also output in experiments of this kind, and is
traced out when the beam passes continuously through

a clear glass region of the plate.

The automatic microdensitometer operates a little
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differently, 1In this case the beam no longer scans
across the plate contimuously, but moves in a stepwise
fashion’from point to point aloﬂg a diameter of the
pattern, This movement is controlled by a carefully
manufactured'leadscrew, and in‘the present work the
scan interval chosen was as near to 0.2 mm as the
~accuracy of the instrﬁment would allow,

At each point on the plate, the compensating
position taken up by the optical wedge, is recorded
by a potentiometer, and a three figure number punched-
out on paper tape, in a code suitable for the computer,
This punch is shown nearest the camera in plate 3.2,

A zero base‘line value, defined as before, is also
puhched out, |

Both microdensitometers allow accurate centering
of the pattern relative to the light beam? and this
operation must be carefully carried out to ensure
that the beam scans along the pattern dizmeter, to a
sufficient degree of precision, In the present work
750 readings were recorded during each scan of the
- automatic microdensitometer,

The graphs produced by the manual instrument were
treated as follows, The curve and base line recorded
"were traced onto transparent_paper, some hand-smoothing
being applied simultaneously. The ordinates of the

resulting plot were then read off visually, by placing
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the tracing paper on top OngPaph paper, and taking
readings at millimetre intervals along the base line.
About 750 readings weré again obtained, as the ratio
arm on the manual instrument, relating the movement
of the graph paper to that of the photographic plate,
produces almost exactly, a fivefold magnification of
- the trace when recorded on graph paper. Hence onse
millimetre‘on the bgseline corresponds to very nearly
0.2 mm on the plate,

Comparison of the traces obtained by the two
microdensitometers, showed that the automatic one
produces a far more ragged curye.than the manual one.
This is‘only to be expected, hbwever, as hand—smoothing
Waé applied in the manual microdensitometer procedure.
‘The automatic instrument must be assumed, from the
nature of its operation, to produce data points which
are much ;éss correlated than those finally obtained
by the\tracing and reading-off methodé.

Since the automatic data curves are fed into the
‘computer directly, without any smoothing being applied,
a larger number of traces must.be averaged if smooth
uphill and molecular intensity curves are finally to
be obtained, This remark is particularly true if the
datavconcsrned, havekbeen recorded at the shortesd

two camera distances, as such data are always poorer



in quality, owing to a low signal to noise ratio,
In conclusion, it may be said tﬁat thé manual
method is time-consuming and tedious to appiy, and
almost certainly 1s subject to greater errors than
the~procedpfe followed when using the automatic
instrument, This latter microdensitometer
produces‘results extremely. quickly, on paper tape,
and it isvvery easy to ?ecord a large number of traces
at each camera distance. One improvement which
might be made to this instrument would be to . allow
the plates to rotate slowly about the centre of the

pattern during scanning, as this should improve the

quality of each trace,

10, Wavelength determination

Diffractidn by a polycrystéiline sample has
already been discuséed in section five, In the
present work a powder photograph taken using T1C1
as diffracting material, was us?d to determine the
wavelength of the electron beam,

Ring diameters on the pattern were measured
using a travelling microscope, or the automaﬁic
microdensitometer operating at a very small scan
interval, About twelve different rings were usually

measured, and often each final accepted value was an
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average ol several readings taken from more than one
plate recording,

HBach diameter was used to give a separate
estimate of the wavelength, and finally an average of
these resu;ts was taken, and a standard deviation -
calculated, The value assumed for the cell dimension
of the cubic thallium chloride crystal was obtained
from the literatureégand the calculations described
were 6arried out on the computer using the theory
applicable to X;ray powder patterns, ‘

‘A typical result fo? the Wavelength was,

"\ = 0.05116 + 0,00002 £,
. Wherever possible the solid sam@le pattern was
recofded at the hundred centimetre camera distance,
| as in this case the rings usually measured are well

spaced but on.the plate and hence their diameters

can be estimated with the minimum error,
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CHAPTER FOUR

THE ELECTRON DIFFRACTION DATA PROCESSING

ROUTINE

1, Introduction

This chapter outlines the computational methods

. which were employed to extract Rij

for the molecules studied, from microdensitonecter

and uij parameters

trace readings, The computer programmes required

to carry out the necessary calculations have already
59 '

been described by Beagley et al., and the sections

below merely enlarge upon this description,

2, Conversion of the trace readings to opticel density

values
The 'three in one' computer programme required

calibration data for the optical wedges used, to carry
out its function of converting microdensitometep
readings to optical densities. A typical examplie of
the kind of corrected trace output by this programme,
is Shoﬁn in figure 4.1 for dichlorine monoxide
phofographed at a jet-to~-plate distance of Tifty
centimetres, The automatic microdensitometer was

used to produce this set of readings, and sonme

hand-smoothing has been applied for presentation purposes.
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3, Calculation of the position of the trace centre

Idealiy, the trace shown in figure 4.1 should be
symmetrical about the ﬁoint marked O, The position
of this centre may be defined as the number of data
point intervals from the beginning of the trace to O,
In the present work this quantity was determined by
finding the positions of pairs of symmetrically
equivalent features, sﬁch as ring maxima and minima,
and the edges of the central hole in the pattern caused
by the beam stop. Both a manual and a computer
procedure were adopted to do this, and the calculated
error on the value produced (“{375 ), varied between

0.5 and 0,9 of a unit.

Iy, Calculation of the s scale

The function of the s scale programme was to
assign s vélues, at equal intervals, to points on the
optical density curve, The information required to

do this included the beam wavelength, the jet-to-plate

dlstance, the radius of the central part of the pattern,
onitted because of the beam stop, the position of the
trace centre, and finally the microdensitometer scan
interval ( 0.2 mm ),

Using this information, the programme first

'calculated”As, the interval in s corresponding to a
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0.2 mm step on the platé,' The radius of the omitted
section was then used to find smin, the lower s limit,
whilst smax, the upper limit, was determined by
counting the number of data point intervals from the
trace centre to the nearer of the two outermost
intensity readings,

The range in s between smin and smax was divided
into a number of As segments, and the intensity values
corresponding to s = smin + n, As, where s was less than
or equal to smax, and n took on the integer values,
0,1,2, etc,, were calculated by interpolating the
original optical density data. Two wvalues were
obtained for each s,»as there are two symmetrically
equivalent points on either side of the trace centre,

These intensities were output in corresponding pairs,

5. The blackness, planar plate, and sector corrections

The corrections programme first averaged the two
equivalent sets of readings output by the s scale
procedure, and then modified these results to take
into account nonlinear response of the photographic
plate to incident electroﬁ intensity., The blackness
correction factors necessary to do this, were
determined experimentally for the N60 Ilford plates

employed, and were fed into the computer, Each
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trace optical density value was then multiplied by
a correction factor interpolated from this input set
of numbers., - |

The next step was to convert the intensity data
to corresponding spherical plafe values by dividing
each reading by 003369, as. described in Chapter Two,
" section six.
The following correction allowed for the effects
produced by the rotating sector. The function.o(ﬁa ,
deterﬁined by the sector geometry, was calculated
for each s, and the data points divided by it to
convert them to unsectored values.

Finally, the uphill curve.discussed in section
sii of Chapter Two, was formed by multiplying the
intensities by sh. It vas then output as a series

of numbers, running from smin to smax, in A s intervals,

6., Combination of a set of uphill curves obtained

for a particular jet-to-plate distance

In mbst experiments a number of microdensitometer
traces were processed forAeachAjet—tonplate distance.
The resulting uphill curves were averaged to form a
single set of readings, by the conputer programme
'cémbination one', and this combined uphill curve

output.
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In thorough investigations, combined uphill

curves were obtained for at least the first three of
the four available jet-to-plate distances, A
conplete set of four combined uphill curves is

given for perchloryl fluoride ( FC104 ) in figures
Lh.,2, 4.3, L., and 4,5. The final background curves

adopted are also drawn in on these diagrams,

7. The first background

The nature of the background function, and its
reiationship to the uphill curve, have been discussed
in section six of Chapter Two. In the present work
the first background curve adopted,,Was drawn by
computer, in a purely empirical way, through the
combined uphill curve. It was constrained to be 2
smooth steadily increasing function of s, and was
constructed by drastically smoothing the set of data
output by 'combination one'. In the case 6f hundred
centimetre.data, the compu%er background had to be
further hand—smoothed, in the low s region, as it
failed to curve round sufficiently sharply to pass
through the s equals zero point,

The background curve so produced, was subtracted

from the uphill curve and an Imol(s) curve output,
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8, Modification of the Imoi(s) curve

The Im(s) function, convenient for Fourier

transformation and least squares refinement, was

produced from the previously output I (s) curve,

mol
by the procedure described in section six of Chapter
Two. The sets of X-ray scattering factors required
‘for this, were taken from reference (60), and were

interpolated for each s value. The modified I,(s)
function ( theoretical form 2,46 ) was then output,

9, Combination of Im(s)'functions calculated for more

than one Jjet~to-~plate distance

Each combined uphill curve obtained, was treated
as-described in sections seven and eight, and a
corresponding Im(s) funetion produced, The Im(s)
curves obtained in this way, for the four jet-to-plate
distances, normally had the following s limits and AsS
intervals, ‘

| -1 o1 -1
distance(em) smin(X) smaX(X) As(R)

100 0.8 9.0 0,02
50 24 18,0 10.05
25 | 7.6 36.0 0.10
11 22,0  ~ 10,0 0.22

Before Fourier transformation or conmplete least

squares refinement were carried out, however, these.
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curves had to be put on the same scale, and combined
into a single set of data, running from the lowest s
1imit measured, to an ﬁpper 1imit, determined by the
quality of the data obtained, in intervals of s which
varied discontinuously in the fnanner indicated by the

following typical set of s limits and A s intervals,

data set smin(ggl smax(Rgl ZXS(Xyl

1 0.8 9.0 0.02
2 9.05 18,0 0,05
3 18.10 36,0 0,10
I

36,22 ~ L0,0 0.22

This combined molecular intensity curve was computed
from the single distance Im(s) data, by a progfamme
called 'combination two', The method used was as
follows. The first twro gingle distance curves were
compared in the s region where they overlapped, and tho
set which had the larger A s inﬁer’val was in’cerﬁolatéc’i
to give dasta points showing a one to one correspondence
with those of the first curve, A standard technique
was then used to scde the second curve to the first,
The resulting corresponding pairs of data points In the
overliap region were fused into a single gst by finding
a weighted average for each palr, The regulting values

were then outvut along with the romalning readinug
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belonging to the first trace, This process was
repeated for the second overlap region, using the
scaled second trace produced as described above, and
the third single distance Im(s) curve, and then for
the third region if eleven centimetre data were
available,

In this way fouf curvés, all on the same scale,
and having the s limits and s intervals shown in the
second table above, were produced, The three
connecting scale factors were also output by the
programme as these were,required at the background

adjustment stage described in section twelve,

10, Fourier transformation

The combined Ip(s) function was Fourier transformed

by calculating the integral,

smax -kSz
S Im(s).e " sin(sR)ds
smin :

for a series of equally spaced R values running from O
to some suitable upper limit. The approximate method
of adding strips was used to do this, and the damping

constant k was normally aésigned a value between 0,001
and 0,005 2 ? the exact value depending on the upper

s 1imit of the data transformed. The resulting

O (R)/R function was plotted on grapﬁ paper and

interpreted in terms of the molecule studied,
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11, Least saquares refinement

Very often the Fourier transformation described
in section ten, produces a plot which gives a good
indication of the structure of the molecule studied,
It is sometimes possible to use this ¢ (R)/R function
to estimate the principal bond lengths and valence
angles present, and tQ propose a reasonable starting
model on which to base a least squares refinement,.

In the present work, the method of iterative
least squares.refinemen$61Was applied to the problem -
of fitting an expression bf type 2.46 of Chapter Two
to the experimental combined Iﬁ(s) curve,

The Aij factors éppearing in eqdatioh 2,46 were
defined for the model chosen, by classifying the
| interatomic distances present into equivalent and
nonequivalent types, molecular symmetry being used
to do this. The least squares programme calculated
these Ai.’s as functions of s, by interpolating input
sets of X-ray scattering factors.

Both Rijand uij parameters, and an overall scale
factor were refinesble, and provision was made in the
programﬁa to keep ahy numﬁer of these variables constant,
whilst the remainder were refined alone,

For most molecules the'nonequivalent distance

. types present, that is the Rijfs of 2,46, do not form
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an independent set of Variébles, and certain of them
have to be expressed as functions of a chosen subset

of independent values, In the present work, when this
occurred, only the independent Rij‘s were refined by
the least squares method, and the femaining distances
were calculated after each cycle, by a specially
written subroutine, This latter had to be varied

for each new molecule studied, and in addition to
finding dependent distances, it calculated partial
derivatives of the type, éRdependent/a Rindépendem,'
these being required for correct application of the
least squares method, In the present work the uij
values were always treated as independent quantities,
and hence there were no similar problems relating to
themn,

The least squares programme minimised the function,

2 ' obs. calc. 2
zqu”Ai = :g\Vi'(Ii - Ii ),
alldata
where Wy is a weight factor and was allowed to vary

with s in an almost trapezoidal manner, The analytical
forn adépted for this function is presented in Chapter

~ Bight, '

When convergence was reached, the final cycle

of refinement ended by outputting zero shifts for the
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paraneters varied, and corresponding estimated

standard deviations, In addition, the quantity,
obs
R= ol /2|0
: . I
| |

called the residual, was also output, and was used

9

to estimate the quality of the fit obtained for the
particular model adopted,

In the‘case of refinements involving Im(s).data
corresponding to a first empirical background curve,
the ujj quantities were normally held constant at
estimated values, and the well determined independent
distances and the overall scale factor refined alone,
The resulting parametefs outpuﬁ after completion of
this first refinement, were then used to improve the
background as described in the next section. After
this it was possible to undertake more complete
réfinements,

}'At the empirical background stage, it was common
to obtain an R value of around forty percent, but
after background adjustment, this value usually fell,
and in final refinecments it was found to lie between
twelve and fifﬁeeh percent;

The Rij parameters output were quoted as rg(l)
distances, and a correction w2s applied to certain of

the mean amplitudes to take into account failure of
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the Born approximation, This correction has
already been mentioned in Chapter Two section ten,
and will be dlscussed again in more detail in Chapter

Eight,

12, The background adjustment procedure

The background curve was often reassessed after

least squares“refiﬁement, by using the Rij andAuij
parameters and the scale factors available,

The programmé *adjust background' used these
pieces of informatién to calculate a £heoretical
Imol(s) curve, on the same scale as each uphill curve,
and for the same S'vélﬁes. Sﬁbtraction of this from
thé uphill data produced'an unsmooth curve which was
fhen subjected to a smoothing procedure and an
improved background produced. In the present work

the last background adjustment performed involved

handsmoothing at this stage to obtain the best possible

result.

m(s) functions were calculated as before using

the new background functlons dbtalned and the process
of recombination repeated, This was followed by
Fourier transformation and least squares refinement

of the combined I (s) function as before.

" If the background was indeed an improved one
* i.,e., from the uphill curve corresponding to it,
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this was reflected in the 1¢wer residual and lower
estimated standard devistions output by the least
squares refinenent, anﬂjin the reduction of the |
' noise level ' of the Fourier transform.

The whole cycle of operations was repeated until
no further improvement was achieved, and the Rij's,
'ui;‘s, and scales, all reached stezdy values, At
this stage if the residual and standard devistions
were }easonable, the structure determination was
assumed to be complete, and errors were estiﬁateﬁ on

the independent Rij‘s using the formula,

reproducibility =/(38)2*(Rij/2000)2

The second term in the root sign is intended to take
into account sources of systematic error. The first
term is three times the standard deviation (o ),

The reproducibilities of the dependent Rij’s,and
of angles,were calculated using the conventional methods
for combining errors, ‘

The systemiatic error appropriate to the uij values,
ig difficult to assess because of the large number of
factors ( see‘Chapter?Eiiteen )} which affect amplitudes,
and in the present work the reproducibility for these

was always calculated as three standard devistions,
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CHAPTER FIVE
CALCULATION

OF ROOT MEAN SQUARE AMPLITUDES
OF VIBRATION

FROM SPECTROSCOPIC DATA

1., Introduction

The purpose of the present chapter is to provide
a theoretical background to the force constant and
roqt mean sguare amp;itude calculations presented in -
Chapters Six to Bight,

The theory given below is applicable to harmonic

vibration only, and has been merely outlined, as

detailed discussions of the vibrational problem are

62
already available in the textbook by Wilson, Decius
27 63-65
and Cross, the monograph by Cyvin, the papers by
L8

Morino et al.,, and in a review article. by Rambidi,

Spiridonov and Alekseev.

2, An outline of the cuantum mechanical and classical

mechanical approaches to molecular vibration

In a guantum mechaniéal appreoach to the molecular
vibration problem; it is necessary to make the Born
Oppenheimer assumption, and to regard the overall

molecular wave function as separable into two factors,
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-one describing the electronic motion, and the other
the nuclear motion, It is alsq necessary to ﬁake
the further assumption.that the nuclear wave function
- may be similarly factored, and Written as a product of
three ternms Zégﬁﬁi’ &Z&Z, , and ;226‘ , corresponding
respectively to translational, rotational, and

' vibrational motions. In this approximation, the
vibrational problem reduces to calculating the wave
.functions alone, and the corresponding energy

8

levels B If these are known, then the observed

vib*
infrared and Raman vibrational spectra may be predicted,
and the root mean square amplitudes of vibration
calilculiated,

| In the case of molecules for which the assumptions
outlined above are reasonably valid, the procedure or
calculating the vibrational wave tunctions is as
follows, vA classical approach to the problem is first
‘ made, and the results of this treatment are used to
write down a Schrodinger equation for the corresponding
quantum mechanical problen, This equation is then
solved Tor the 'Z%:g and»Evib quantities.,

From the classical point of view the molecule may

be assumed to be equivalent to a collection of point
masses, held in an equilibrium configuration by

certain restoring forces, A total of 3N-6 coordinates
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are needed to describe the vibrational ﬁotion if the
number of atoms in the molecule equals N, This is
true as slx constraints must be éssumed to ensure that
the centre of mass of the system remains at rest, and
that there is no possibility of rotation. In an
initial approach, a sef of Cartesian mass;weighted

" displacement coordinates ( see ref. 62 page 1Lk ) may

be adopted, and if the assumption is made that all
atonmic displacements from equilibrium are minute, the
kinetic and potential energies of the systém may then.
be written as quadratic forms ( see next section ), in
terms of this coordinate set, Application of Lagrange's
eduations of motion66to the préblem, leads to the .
cohclusion that the most‘general solution to the
vibrational equations, may‘be written as a linear
combination of certain particular solutions, called
normal modes of vibration. These modes have the physical
significance, that they are motions in which the atoms
oscillate about their equilibrium positions with simple
harmonic motion, all moving in phase, with the same
freéuency, but with amplitudes'which vary from atom

to atom in the molecule. Each mode is thus
characterised by a certain frequency CJ), and the
Lagrangisn treatment leads to a secular equation, which

aefines the values which these so-called fundamental
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frequencies of vibration may take on, for any

particular set of masses, and restoring forces, The

theory predicts that these frequencies are just the

67

eigenvalues of a certain matrix of order 3N-6, The
corresponding eigenvectors67 of ﬁhis matrix determine
the amplitudes of oscillation, and hence the actual
'phyéical'forms of the normal modes.

The Cartesian treatment outlined above is
unsatisfactory in one respect, The force constants
involved in the quadratic potential energy expression.
have no chemical significance, and are not those‘
discussed in chemical literature, To overcome this
difficulty, it is necessary to ﬁake a linear
trénsformation of coordinates to a set of 3N=6
independent internal displacement values, which are
changes in interatomic distances ( usually bonded
distances ) and valence angles, The force constants
appearing in the new potential energy expression in
terms of these coordinates, are once again the elements
of a matrix £, but the diagonal elements of this matrix
are the familiar force constanﬁs used to characterise
the strength of chemical bonds.

One major disadvantage of the new treatment,
however, is that the kinetic energy expression

appropriate to the internal displacement coordinates
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loses its previous simplicity, and involves a matrix
g whose elements gij are complicated functions of the
molecular geometry and atomic masses, A new secular
equation is obtained as before, by applying the
Lagrangian equations of motion, and this eqguation
states that the fundamental frequencies of vibration
are the eigenvalues of the gf matrix, and that the
amplitudes are given by the corresponding eigenvectors,
~ Because the order of the gf matrix ( BN;6 ) is
large for most molecules, it is necessary to factor
this array into a bloék—diagonal form, by linearly
transforming the internal displacement coordinates to
a set of so-called symmetry coordinates. These form
a completely reduced representation of the molecular
point group, and in terms of them, the &, F and QE
matrices, corresponding to g, £ and gf in the above
treatment, have a suitable block-diagonal form, Not
only is factoridation of the secular equation achieved,
but also, the freguencies emerging from each block
correspond to normal modes of vibration, which belong
to the same symmetry species as the symmetry coordinates
of the block concerned, AThus a clagsification of the
fundamental freguencies is automatically determingd.
The treatment given so far is inadequate for the

purposes of the quantum mechanical approach, and yet




another linear transformation of coordinates must be

defined, This is from the set of symmetry coordinates,

to a specially significant coordinate set, the so-called
normal coordinates ( the Q's ), The transformation

is defined in such a way, that not only do the Q's

form a completely reduced representation of the molecular
point group, but also, they have the property that the
kinetic and potential energies may be written in
extremely simple, diagonal, quadratic forms in terms

of then,

A Hamiltonian opérator can be written as a function
of the normal coordinates, and a corresponding
Schrodinger equation is immediately,defined. Because
of the diagonal nature of the energy expressions, and
the one to one correspondence which the normal
coordinates have with each normal mode and freguency,
this Schrodinger equatiqn can be factored into 3N-6
distinct differential ¢quations, one for each of the
Q's. EBach of these separate equations is of the linear
hérmonic oscillator type, and hence is readily soluble
to give Wavefuncﬁions‘%{Y?Qk)wmich are the so-called
Hermite orthogonal_funcgions ( see ref, 62 page 37 ).
The corresponding energy expressions are Evk_ = (vk+%)hil’
In the above expressions k is a label, v, is a quantum

number which can take on the values 0,1,2 etc., and ‘Qk
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is the classical frequency of the kth normal mode.

It follows from the nature of the Schrodinger equation
concerned, that the overall solution to it, may be
written as a product of the 3N-6 %{?2%9;, and the energy
levels as sums of the.BN—6 Evk's,
is thus defined by 3N-6 quantum numbers, and is

Each energy level

expressed in terms of the 3N-6 classical vibrational
frequencies, If, as is often the case, some of these
fundamental frequencies are identical, then degenerate
vibrational levels ocecur and the frequencies concerned
are also called degenerate ( twofold, threefold etc., ).
Using Wavefuncﬁions derived in this way, it is
possible tQ decide upon the seiectiqn rules which govern
transitions between energy levels, and for this, the
case of harmonic vibration, it can be shown ( see ref.
62 Chapter Three ) that the frequenoies expected
in the infrared and Raman vibrational spectra, are
noneother than the classical fundamental values,
Further considerafion of the possible transitionsy‘
revealsgthat only those fundamentals corresponding to
certain symmetry species of the molecular point groupz
will be infrared active or Raman active, The |
familiar rule emerges that a mode of vibration must
involve a change in electric dipole moment, if it is

to be infrared active, and a change in molecular
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polarisabilit% if it is to be Raman active,

The calculation of root mean square amplitudes of
vibration requires use'of the vibrational ﬁave
functions discussed above, to obtain expectation
values for squares of the normal coordinates. This
problem will be dealt with in section five, A
" mathematical treatment of the classical theory.
described qualitatively above, follows in the next

section,

3, The equations of normal coordinate analysis

"Let s be a column vector containing 3N-6
independent internal displacement coordinates, In
terms of these the kinetic energy of the molecule (T),

and the potential energy (V), may be written,

27

n
.
[l
LR
W
S

(8 BY,
/
2V = (g). f-(s) 5.2,
vhere the matrix g'l is that discussed in Appendix
One, and must be calculated frém a knowledge of the
molecular geometry, and atomic masses, The matrix f.
is the force constant array which defines the nature

of the force field holding the atoms together, and

constitutes the basic unknown of the vibrational

O
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problem,

Application of the equations of Lagrange, using
the energy expressions given above, leads to a secular
equation which has as its solutions a set of quantities

’)k sy Which are relat?d to the fundamental frequeﬁcies
by the expression \)k= 7\/;;/271 . This secular

equation may be written in determinantal form,

of '57‘l =0 5.3,

where E is the unit matrix. The eigenvector a, of the

k
gf matrix, corresponding to the eigenvalue )k, is

defined by the following set of simultaneous,

homogeneous linear equations,

[af - EN][2], = O 54

The ﬁector 2y appearing in this expression is
undetermined to the extent of an arbitrary multiplying
scalar, This vector contains a set of amplitudes of
the internal displacemént coordinates, and so provides

a physical description of the kth normal mode.
The factorisation of the above secular equation

is achieved by making the transformation of coordinates,

s = Us 5.5

——
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and since this transformation is usually an orthogonal

one, the inverse relation may be written,

S = .U.".S_. A 56

where U' is the transpose of the matrix U, Here the
vector S is a column vector containing a set of 3N-6
symmetry coordinates., The matrix U' may be constructed
by following the principles given inAChapter Six of
reference 62,

In terms of this new set of coordinates, the

energy expressions become,

27 = (Sleg) 57,

2V

—

(s/E(s) 5.8,

where the matrices G and F are related to the g and £

matrices of the previous treatment by,

G .'g.

o~

]
icC
I

5-9’

5.10,

F

—

[
Uty
and the new secular equation may be written in the

form,

lG.f_-E?\l = 0 511
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The transformation of the symmetry coordinates
to the normal coordinates, can be defined by a matrix
L as follows,
$=1L0 5.12,
and L is such that the two energy expressions in terms

of the normal coordinates are,

!

(Q) 513,

@ 544

1m
[0

27 = (O
(Q)

>

2V

where the matrix A is a diagonal matrix whose
elements are the }kvalues.

From_these expressions fof the energy it can be
shown that the columns of the_LAmatrix are the
eigenvectors definéd by the equation,

[ef - EM]lalk= 0 s15,
if these are normalised by multiplying them by a

factor Nk giVen by,
NE = M/%tﬁtt'-AtkAt'k 516.
?

It is clear from equations 5.6 and 5.12 above, that
the transformation between the internal displacement

coordinates and the normal coordinates is given by,

s = (UuL)a 5.17.
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It should be noted that the transformations to
normal coordinates are not usually orthogonal, and hence

matrix inversion is required to produce the inverse

relationship,

68

i, The inclusion of redundant coordinates

Often, for reasons of symmetry, it is necessary
to treat the vibrational problem in terms of a number
of iﬁternal displacement coordinates greater than
3N-6, This inclusion of dependent internalf
coordinates leads to certain consequences when the
Lagrangian treatment is applied, If each adied
dependent coordinate can be written linearly in terms
of the independent coordinates, then it is possible
to treat the problem exactly as before, and define g
and £ matrices, whose orders are greater than 3N-6,
The resulting gf matrix now has a number of zero
eigenvalues and null eigenvectors, corr63ponding‘to
the redundant coordinates included. Another
significant conseguence of the inclusion of redundant
coordinates, is that in such a case, the f matrix
contains redundsnt force constants, and cannot be
defermined uni@uely. In this case an infinite number
of £ matrices are theoretically_possible, all producing

. ) L4 - 4 5
the same set of fundamental frequencies of vibration,
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This Xck of uniqueness does not apply to all of the
fij elements, but is confined to the rows and columns
of the array, whose corresponding s e€lements are
linearly related,.

For example, in the spectroscopic calculations
described in Chapter Six for‘yl’*‘ClO5 , one redundant
coordinate has been included. 1In this case, the six
angles surfounding the chlorine atom are not independent
of orieanother, and, to an approximation, the
corresponding small changes in them, the internal
displacement coordinafes, are connected by a single
linear relation. Hence one of these displacement
coordinates is redundant, and its inélusion leads to
a zero eigenvalue, null eigenvector,and zero normal
coordinate, Thebzero eigenvalue obtained, is, however,
a good check on the correctness of the g and G matrices
calculated,

In the FClOB analysis, there will consequently be
a lack of uniqueness attached to the angle bending |
force constants and corresponding interaction constants,
The extra redundant coordinate is necessary, however,
if the problem is to be factored, by transforming to
sjmmetry coordinates, as for this purpose, all

symmetrically equivalent sets of coordinates must be

maintained intact.




There are in fact methods available for
eliminating redundant symnetry coordinates.from the
problen ( see ref, 62 page 140 ), and so obtaining
unicgue ¥ matrices, but in the prescnt work no such

elimination was attempted, as the angle bending force

constants were not required for any purpose.

The force field was calculated to give good
agreement between the observed and theoretical
vibrational frequencies, and only the stretching
force constants were considered to have a unique
significance,

: : . 27
5. The root mean scquare amplitudes of vibration

Let r be a column vector containing a set of
changes in the interatomic distances, whose root mean

square:amplitudes of vibration are required. This

set may be written in terms of the independent internal

displacement coordinates, as follows,

r =X.s : 5.18,

and hence in terms of the normal coordinates by,

o= (Xutle 5.19,

or

r = K& 5.20.




From this latter result it is evident that,
1 1
o= KQQIK 5.21,

where gg'is a matrix containing elements of the type
riTy and the matrix gg'likewiée containg elements of
the form %in.

.If these matrices are replaced by arrays whose
elements are the corresponding average values F;?i

and Qin , then the previous equation may be written

in the corresponding form,

(Q

——

e

rLro= K 5.22.

I=<
1.

5 .
The uij quantities appearing in the equations

of'Chapter Two, are defined by the relationship,

e .2
uij = [Rij"RU‘] , 5-239

and it follows from this, that the diagonal elements
2
of the matrix rr'are u, 5 values for the distances

present in r .

The matrix QR'may be evaluated by finding the
average values of Qin and Qi ; averaged that is, not
only for a particular vibrational state, but also over
all states, populated at any tempefgture according to
the Boltzmgnn distribution function,

For any vibrational state, the average, or
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expectation value for a function of the Q's, is given

by the integral,
¥
<t@> = (M OWiwa 524

where integration is over all of the 3N-6 Q's, Ir
. - 2
the function is simply the products Qin or Qi, then

the integral may be evaluated, and a further
averaging over all levels carried out, each value
for a particular vibrztional state, being weighted

according to the Boltzmann distribution,

The results obtained are discussed in reference

27, and for a polyatomic molecule turn out to be,

2

{h /81&)35 -cothlhpvi/2] 525,

1

Q.Q. 0 5.26.

b

The\/i term is the classical fundamental frequency
of vibration, and (3 = 1/%xT where T is the absolute
temperature, |

Substitution of these results into the 0@'matrix,
and consideration of the nature of equatien. 5.22, shows

that each of the r2 quantities is given by,

IN-6 |
§ KZ [h/gil.coth b/ 2] 5.27

This exnression is the basic formula necessary for
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calculating mean square amplitudes of vibration
from spectrOSCOpic data. The uij values ére of
course the square roots of the ;§ terms above. The
K matrix and the \)k must be calculated sccording to
the methods of normal coordinafe analysisAbutlined in

previous sections,

6. The computational procedure adopted

- .In the spectroscopic calculations described for
FG10; and HC10, in Chapters Six and Seven, the theory-
discussed in sections two to five.above, was applied
in the following way.

‘ As 2 first step, a moleouiar model was defined
by'assuming a symmetry aﬁd geometry, and the atoms
constituting this model Were assigned integer number
labels for the purpose of identifying coordinates. |

The methods of group theory were next employed
ﬁo decide the symmetry species of the normal modes of
vibration, and to determine which of these modes
ought to be infrared active and which Raman active.

References to published spectral data for the
molecule concerned were then looked up, and if the
observed vibrational frequencies were found to De
unassignedaof only partially assigned, an attempt was
made to identify them with the frequencies expected

for the molecular model assumed. - Once an assignment
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vof the observed frequencies had been decided upon,
it was possible to begin calculation of theoretical
frequency values and force constant matrices.

To do this a choice was first made of a suitable
set of internal displacement coordinates to describe
the vibrational problem, and the structure of the
cqmpletely reduced representation of the molecular
point group)based on these coordinates, indicated
the symmetry species of any redundant symmetry coordinates
likely to be present,

the kinetic energy matrix g was then calculated
by computer; using the programme described in Appendix
One, and a trial f matrix constructed, partly by
‘ gussswork, and partly by trapsferfing forée constants
from other similar molecules.

Because of the fact that the number of observed
vibrational frequencies was much less than the
nﬁmber of distinct elements of the £ matrix to Dbe
determined, it was necessary to make the well-known
approximation of valence forces ( see ref, 62,
Chapter Eight ), and to assume that most of the off-
diagonal terms of the poténtial energy matrix, could
be set equal to zefo. In choosing these zero elements,
the policy was adopted of allowing the number of

non-zero force constants in the matrixbto equal the




number of observed frequencies, and the variable
.constants were made up ofvthe diagpnal matrix elements
plus a small number of cross terms,

In practice there was always a problem in
deciding which cross terms were most significant,
and should be included, and this problem was usually
dealt with Dby §Xperimenting with a number of types
ofvforce field, The one giving best agreement between
obséfved and calculated frquencies was finally chosen
for the purposes of amplitude calculations,aﬁd force
constant comparisons,. This somewhat empirical approach
had the advantage, that some measure of the accuracy of
the diagonal terms cQuld be obtained»by studying their
variation, as the nature of the chosen cross-torms
was varied,

Once a type of field had been decided upon and
trial values had been assigned to the non-zero variable
force constantg,the g and £ matrices were transformea
to_block;diagonal form by constructing symmetry
coordinates, and the resulting GF matrix was solved
block by block for eigenvgluegaand the'results compared
with the experimental frequency values,

This process of £ and F matrix construction,and GF
solution, was repeated in cycles, with systematic

p,
variation of the elements of £, until the differences
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between observed and calculated fundamentals had been
reduced to a mininun, This force field variation
procedure is described in more detail in Appendix Three,
whilst the eigenvalues programme used to solve the
secular equations, is described in'Appendii Two.

Once a final type of force field and choice of
force constants had been decided upon, the L
transformation matrix was calculated from a set of
eigenvectors corresponding to the final‘calculated

frequencies, and the matrix K, defined by,

K= XuL 5.28,

— — — e

was determined for a set of interatomic distances r,
thse.u values were required, These latter were
calculated acoording to equation 5.27 of the previous
section, the temperature aséumed beinz that of the
elecﬁron diffraction study,

These methods were employed for the larger
systems such as FClOB, but for the XO0X molecules
discussed in Chapter Eight, a full force field was
always available in the literature, and hence a direct
calculation of the amplitudes of vibration was possible.
The computer programme used to carry out this cgmplete

type of analysis, is described in Appendix Four,




L. A discussion of the accuracv of force constants

and root mean sguare amplitudes of vibration

calculated by the above methods

The problem of estimating the accuracy of forée
constants and mean amplitudes of vibration; obtained
by calculations of the type discussed above, is not
an easy one to solve in quantitative terms, Numerous
factors are involved in making this assessment, and
thesg vary considerably from one situation to anbther.
For example, the quality, nature, and extent of the
available experimental data, vary from molecule to
molequle, and the size and rigidity of the molecule
concerned are critical in deﬁefmining the success of
a_normal coordinate anélysis. In addition to these
factors, the error ifself varies from parameter tp
parameter, depending on how well a particular force
constant or amplitude is determined by the experimental
data, and to what extent it is affected by any
approximations which have been made, Despite all this,
it is possible to make a few general remarks, of a
qualitative nature, which are useful as guides when
dealing With'specific cases,

Firstly, the theory outlined above is only
applicable to the case of a rigid molecule, undergoing

harmonic, or very nearly harmonic, vibrational motion.
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1t follows that poor results will be obtained, if

this theory is applied to a loosely bound system, which
undergoes anharmonic motion, and for which the
separation of rotat;onal and vibrational energies is

a bad approximation,

Secohdly, even if the molecule is sufficiently
rigid, the tendency for the number of distinct £ matrix
elements to be»greatervthan the number of observed
data, a tendency which increases as the molecular size
incréases, 1eads inevitably fo the assumption of an
approximate, semi~diagonal force field, and this
assump;ion limits the possibility of ever achieving
exact agreement between_obéervéd and. calculated
fundamenfal frequencies. Neglect of significant
off;diagonal interaction terms in the f matrix can
result from making such an approximation, and this
neglect may cause some of the diagonal force qonstants
obtained fo be subject to Cbnsiderable errors, This
is not_at all satisfactory, When it is recalled that
these are the force:constants quoted in chemical
literature, as characteristic of chemicai bonds,

Thirdly, if redundant coordinates are included
in the treatment, certain‘of the diagonal force constants
obtained, usually angle bending constants, lack a

unique significance, and although this is not really
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a source of error, it is a source of uncertainty
which should be borne in mind,

Einally, even in the case of a fairly rigid
molecule, the observed vibrational frequencies, should
be corrected for anharmonicity, to the so-called
' mechanical frequencies ' before being used in
calculationsf - Buch correction requires detailed
spectral information, and this is not always available.

~The ideal case is therefore that of a rigid
molecule, for which a great deal of infrared and Raman
spectroscopic data have been obtained, for in such a
case, the f matrix can pe calculated with the minimun
amount of approximation, Tﬁis is particularly true
if the spectral data includes frequencies for several
isotopic species, but the molecular size is always
a limitation, as the number of distinct fij elements
increases rapidly with the number of atoms present in
the systemn. In the present work, these ideal
conditions were most nearly achieved in the cases of
the X0X angular symmetric molecules discussed in
Chapter Bight, as for these, full matrix potential
functions are available in the literature, and their

vibrational motion may be assumed to be reasonably

harmonic,

In less favourable situations, where spectral data
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are 1imited, individual circumstanges must be taken
into account, in estimating errors,- In the cases
of FC10, and HC10), discussed in Chapters Six and
Seven, errors were assgssed by considering the
following three points,

_ First, the agreement between the observed and
- calculated frequencies finally achieved, was used as
a measure of ?he validity of the approximate force
field adopted.

Second, changes in the diagonal force constants .
were noted, as the choice Qf non-zero off-diagonal
matrix elements was varied. In this way a rough
estimate was obtained of the errors liable to be
present in the stretching force constants,as.a‘result
of neglect_of cross-terms in the force field.

Third, a comparison wés made, where possible,
of the force constants and amplitudes obtained, with
those quoted in the literature, either for the same
molecules, or for closely similar systems,

The conclusions reached for FClO3 and HClOu are
discussed in the following two chapters, but a
general sumnary of the reliability and usefulness of
spectroscopic amplitudes, may be stated as follows.

For calculations carried out on small to medium-sized

molecules of the type discussed for FClO3 and HClOu
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it seems that most of the amplitudes obtained are as
‘accurate, if_not more so, than corresponding electron
diffraction values, This tends to be particularly
true of the amplitudes calculated for chemical bonds,
as the error sources previously discussed, affect these
less than they do the amplitudes of many types of
'non-bonded distance,

VThe amplitudes of vibration calculated from
spectroscopic data are useful to the electron
diffPaQtionist, as they may be compared with corresponding

electron diffraction results, or included as constants

in least squares refinements of intensity data, . In
this latter capacity they often help to resolve closely
siﬁilar internuclear distances which are often strongly
correlated with amplitudes of vibration.

It may be said in conclusion, that if electron
diffraction amplitude results are ever to be used to
make precise determingtions of molecular force fields,
then they will have to be obtained in the future with
a much higher accuracy than they are now, as experience
of normal coordinate calculatidns indicates that the
~amplitudes of bonded distances are fairly insensitive
to small changes in the £ matrix, insensitive, that is,
by the present error standards of a few thousandths of

AN
an Angstrom unit.
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- CHAPTER SIX
A CALCULATION OF THZ ROOT MEAN SAUARE

AMPLITUDES OF VIBRATION OF

PERCHLORYL, FLUQRIDE

1. Introduction

69
As a result of their infrared study of gaseous

perchloryl fluoride ( FClO3 ), Lide and Mann concluded
that ?he'molecule has the C3v structure indicated in
figure 6,1, and in addition,‘they obtained values for
the six fundamen?al frequencies of vibration expected
for such a model, Their conclusion has subsequently
been confirmed by a nicrowave ihvestigation7o, and by
the electron diffract@on study described in Chapter
Eleven of this thesis,

The calculations of the present chaplter were
undertaken to obtain spectroscopic values for the root
mean square amplitudes of‘vibration of perchloryl

fluoride, the temperature assumed ( 243° K ) being that

estimated for the gas in the diffraction experiment.

2. The methods of calculation adopted

A normal coordinate analysis was performed using

as data, the vibrational freguencies of reference 69,

and structural results produced at an intermediate

stage of the electron diffraction study. The GF matrix
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method, outlined in Chapter Five, and discussed in
detail in reference 62, was employed, and ﬁhe kinetic
energy matrix g was calculated by computer for the 0135
species, using the programme presented in Appendix One,
The force constant £ matrix was constrained to Dbe semi-
diagonal; and to contain only six non-zero force consbtants,
such constraints being necgssary in view of the limited
nature of the spectroscopic data available ( six
frequencies ), Three distinct selections were made
for the non-zero matrix elements, and for each of the -
force fields so defined, optimum values for the six
constants were obtained using the force constant
variation procedupe of Appénﬂix'Three. That field
producing frequencies in best agreement with experiment,
was finally adopted, and its elements used tg calculate
the robt meén square amplitudes of vibration.

Bigenvalues of the GF matrix blocks were calculated
by ﬁhe method described in Appendix Two, and e;genvectors
were computed using a desk calculating machine,

Root mean square amplitudes of vibration for the
four distinct types of internuclear distance present in

the C model, were calculated by finding the

3v
transformation matrix X, relating the four internal

displacement coordinates 812,P13,pu5, and q23 ( see

figure 6.1 ) to the normal coordinates, This was
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achieved by obtaining the linear felationshlps ( defined
by the transformation matrix X of Chapter Five )
expressing these coordinates in terms of the set of
internalvdisplacement coordinates g, used to describe
the Vibrgtional motion, and then applying the equation,
K=X0L , In this relationship, the matrix L ( see
Chapteerive ) was calculated by normalising the
eigenvectors of the GF matrix, and U defines the
transformation to symmetry coordinates g = Q§. The
matrix X was obtained by vwriting the distances PLL5 and. -
QZB in terms of the internal coordinates 812 ete.,,
listed in table 6.3, using the cosine rule of
trigononmetry, These two eqﬁations were then
differentiated to obtain linear relations expressing

Py5 ( = ap) s ) and U3 (= A9 5 ) in terms of the

elements of s. This procedure is described in more

detail in reference 27,

The amplitudes of vibration were finally calculated
from the K matrix elements, by applying equation 5.27
of Chapter Five, and assuming T =”2430 XK.

3., Results

The numbering system used to label the atoms of

the C,._ model of perchloryl fluoride, is indicated in

v
figure 6.1. A description of the six expected
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fundamental modes of vibration is ziven in table 6,1,
together with their point group symmetry species, and
symbols vy ﬁo Vg for the corresponding normal frequencies.
Numerical values for these latter were obtained from
reference 69, and are listed in table 6.2, They have
not been corrected for anharmonicity, nor do they refer
- to a particular isotopic sﬁecies, as thg spectra of the
612° and 0137 species were not resolved.

The choice of ten internal, and internal displace-
ment,hcoordinates, used to Qescribe the vibrational
motion, is shown in table 6,3, The bond lengths and
valenée angles assumed in this table were obtained by
the électron diffraction study described in Chapter
Eleven, and as there are ten coordina%es included in
this list, and only nine can be independent for
perchloryl fluoride, one is redundant ( see Chapter
Five ). Structures of completely reduced representations
- of the 03V point group, based on various coordinate
sets, including those in the previous table, are given
in table 6.L., It is evident from this table that
the redundant internal displacement coordinate
iﬁcluded will give rise tova redundant éymmetry
coordinate (Al), when the gf matrix is factored., It
is also clear that such factorisation will lead to a

GF matrix containing an Al block of order four, and
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two B blocks of order threc, The eilgenvalues

belonging to these latter two blocks will of course be.
identical, and one of the Al eigenvalues will be zero

on account of the ipclusion of the Al redundant

symmetry coordinate, The symmetry coordinate
transformation matrix U'appearing in S = U's is shown in

table 6.5.

| The nature of the unfactored g matrix, consistent
with the choice<of internal displacement cqordinates
made in table 6.3, is indicated in table 6.6, and
numerical values for the non-identical elemenis of thié
matrix, calculated by cbmputer, are listed in table 6.7,

The £ matrix is of course identical to the g matrix
in form, and the final values obtained for the elements
of this matrix, and the final ghgice of non-zero
elements, are shown in table 6.8,

The forms of the block-diagonal G and F matrices,
and formulae for the elements of these matrices in terms
of the elements of the g and £ arrays, are given.in
tables 6.9 and 6.10. |

Values Tor the Al and E f:equencies calculated by
solving the blocks of the secular equation |GF - EA|= O,
using for F the force constants of table 2.8, ave
compared with the values of Lide and Mann 9, in table

6,11, The K matrix, described in the previous section
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is presented in a general form in table 6.12, and the
values galgulated Tor the elements of this matrix, in
table 6,13, Root mean square amplitudes of vibration,
calculated from these‘matrix elements, assuming T = ZQBOK,
are listed in table 6.1k, for the four distances

selected,

Consideration of the #ariations produced both in
the diagonal force constantg, and in the amplitude |
valueg, by altering the choice of non;zero £ matrix
elements ( for a discussion see Chapter Five ), led
to the conclusion that the error limits appropriate to
tpe Cl-F gnd C1-0 stretchiné.force constants are roughly

0 .
O.u}and 0.5 md/A, respectively, whilst the amplitudes

Usipr Yg1-0° Yo,,07 204 Yo @ g
error limits 0,005, 0,002, 0,003, and 0,004 A ,

may be assigned the

respectively, It must be émphasised, however, that
these error limits are not based on a parﬁicularly

rigorous type of analysis, but are essentially empirical

and approximate,

li, Discussion

A discussion of the vibrational amplitudes
calculated will be given in subsequent Chapters, when
both spectroscopic and electron diffraction resulis

have been obtained for other similar molecules, and
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for FClO3 itself. It is of interest, however, to
compare the calculated Cl;F and Cl;o bond~stretching
force constants, with published values obtained for
FGlOB, and for the molecules C1F and CIFB.
The bond length of chlorine monofluoride has been
accurately‘determined by microwave Spectroscopy71, and
an T, value of 1.6281 Z obtained, ‘The single
fundamental frequency of vibration QXpected for CI1I,
has been established by Jones et al.,, as a result of a

72
spectroscopic study , and calculation of the CL-F

stretching force constant using their value of 772 cm"l,
o _
led to a result of L.32 md/A. This is in good
: o}
agreement with the stretching force constant of 4,35 md/A

presented in table 6,8 for the CI1F bond in FCIOB.

As, however, this latter bond length is about 0,015 A
shorter than that found in C1I' itself, the value of
L,35 ma/z found for perchloryl fluoride must be
presumed to be slightly low.

Chlorine trifluoride has been the subject of a
fairly accurate microwave studJ73 by Smith, and of
the three C1F bonds present one is 1. 598 A long, and
the other two have a length of 1.698 A The structural
results obtained by this investigation have been used
by Long and Jones, who have carried out force constant

T4
calculations for ClFB’ and have obtainsd C1F
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stretching force constants of 4,29 and 2,92 md/i ,
respectively, for the two distances quoted above,

The first of these results is, ds might be hoped from
a consideration of the bond 1éngth involved, in good
agreement with the force constént obtained for
perchloryl fluoride., The second value refers of

. course to a mth 1onger Cl;F distance, and is
accordingly a good deal smaller than the L,35 md/z of
the present study.

A value has been obtained75 by Robinson, for the
Cl;O stretching force constant of FClOB, using a
simpler type of calculation than that adopted in the
present work, Robinson's valué is 9.82 md/z which is
in reasonable agreement with the result given in table
6.8 of 9.3 md/X, when ﬁhe errors appropriate to the
two results are taken into éccount. From the nature
off the calculations carried out, it may_be assumed
that the 9.3 value is the more reliable,

No comment or comparison will be made for the
other non;zsro constants included in the guadratic
potential function, as not»only are they fairly

inaccurate, but they probably lack the transferability

of stretching force constants,
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TABLE 6,1
A description
of the fundamental frequencies of vibration

of perchloryl fluoride ( c3v model )

Mode Symbol Symmetry -
species
C1-0 streteh | vi | Al
Cl-F stretch ve Al
ClQ3 bend v3 Al
C1-0 stretch vl E
ClO3 bend 'V5 E
rock v6 E

Note; all frequencies are infrared and
Raman active,
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TARLE 6,2

The observed

frequencies of vibration

for perchloryl fluoride

( ref. 69 )

ffequency observed value (en™t)
vl 1061
v2 715
v3 549
- 1315
v5 589
v6 405
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TABLE 6.3

The choice of internal coordinates

and internal displacement coordinates

for FC10

( one redundancy )

internal value corresponding
coordinate assumed displacement
coordinate
55 1.610 % 815
R noz &
13 1. ry3
n
By, | Ty
1"
B5 *15
- o _
1t
%35 &35
"
%45 85
- o
B23 103.0' b23
) 1
Bol oy
1t
B25 b25
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TABLE 6.l

Structures of representations

of the C3y point group

based on various coordinate sets

boz Py, Pos

coordinate set ‘structure
The Cartesian displacement %
coordinates %A1 4+ 3B
The ten chosen internal
coordinates LAl + 3E
The redundant symmetry
coordinate_ Al
'312 Al
A R
rl3 rlu r15 1 +
83), B35 85 Al + E
Al + E

: The species of the six translation and
rotation modes have been subtracted.
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TABLE 6.5
The symmetry coordinate

transformation

512 T13 Tiy Tis B3y, Bz5 By Doz by DPog

S1

a1 52

S3
Sk

55

57

88

810

1 1

m/B% 1/3% 1/3%
' b
1/3% 1/3% 1/3%

PR TR
2/62.1/6%-1/67

4

~1/62.1/6% 2/6%

.
0/6%.1/6%-1/67

];/212'_1/2%‘
.-1/2%'1/2

1
2

4 4
~1/22 1/272

Note:

The matrix shown above is the U' matrix of
Chapter Five, A1l missing elements are zero,
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TABLE 6.6

The nature of the .g matrix

812 T13 Ty Ti5 &3, 835 &5 Poz by bog
810 gl g2 g2 g g3 g g3 g gh gb
3 g5 g6 gb g7 g7 88 g9 gl0 gl0
rq), g5 g6 g7 g8 g7 gl0 g9 gl10
Ty g5 - g8 g7 g7 gl10 gl0 g9
E3), gll gl2 gl2 gl3 gl3 glh
B35 g1l gl2 gl3 glh gl3
g5 gll glh gl3 gl3
b23 gl5 gl6 glb6
bzu gl5 gl6
b25 gl5

Note: for the elements of the f matrix change g to T

above except in the case of the displacement

coordinates,
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TABLE 6.7

Calculated values for the elements
of the g matrix

element . value
gl 0.081203
g2 ;o,oo6u23
g3 0,014410
@ | -0.019858
g5 0.091071
g6 ~0.012120
g7 ;0.018a55
g8 0.027192
g9 ;0,017293
g10 0.015342
g1l 0.104997
g12 ;0.033226
g13 ;0700931L9
gl -0.034421
gl5 - 0.083357
gl6 -0,005075
i
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TARPLE 6.8
The final values adopted
for the elements

of the f matrix

element description value
1 Gl-F stretéhing constant (ma/R) li, 35
£2 Cl-F,C1-0 stretch-stretch
. interaction constant (ma/R) -0.25
£3 0.00
£ cl;F 0-G1-F stretch-bend
1nteragtlon constant
( X 10”dyne/rad ) 0.55
£5 Cl—O stretching constant (md/X) 9.30
6 0.00
£7 0.00
£8 0,00
9 0.00
£10 0.00
£11° 0-%1;8132?2}?§d§onstant Lo
£12 0.00
£13 0.00
1l 0,00
15 ?uglig E:?E}?Edgonstant 160
£16 0,00
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TABLE 6.9

The form of the block-diagonal G matrix

S1 S2 S3 SL S5 S6 87 S8 S9 S10

S1 | G11GI12G13GI4 0 0O O O O O

s2 G22 G23G2L0 0O O O O O

83 G33G3,.0 0 O O O O

sh G0 0O O 0 O O

S5 G55 G6 G570 O O

s6 @66 G670 O O
87 G770 0 O

S8 G88 GB9 G8,10

S9 G99 G9,10

810 610,10

‘Note: For the matrix F chaﬁge @ to F above,
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TABLE 6,10

The elements of the block~diagonal
G matrix

in terms of g matrix elements

element expression element expression
G11 | el G56 g8 - g7
G12 J3g2 G57 g9 - glo0
G13 [3g3 G66 gll- gl2
e | Ba a67 glli~ g13
G22 g5h + 2gb G77 gl5- gl6
@23 g8 + 2g7 G88 g5 - gb
Gal . 2g10+ g9 G89 g8 - g7
G33 gll+ 2gl2 | G8,10 g10- g9
63 | 213+ gl | 899 gll- g12
Glyly gl5+ 2gl6 G9,10 g13- glh
G55 g5 - gb ¢10,10 gl5- gl6

Note: For the corresponding F elements change
G and g above to F and T respectively,
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TABLE 6.11
A comparison of
calculafed and observed
vibrational fregquencies

for perchloryl fluoride

frequency observed calculated .

G | G
vl 1061 1060
v2 715 713
v3 549 50
vl 1315 1323

- v5 589 611
- v6 105 452

130




TABLE 6

The K matrix for four kinds

of internuclear distance present in FCIO.,

N

r Q1 Q2 @3 Q4 Q5 Q6 Q7 Q8 Q9 Q10
S10 K11 X312 K13> 0] 0 0 0 0 0 0]
r13 K21 X222 K23 O K25 - K26_ K27 O 0 0
pu5 K31 K32 X33 O K35 X36 K37 O 0] (0]
dps | Kbl Eh2 E43 O K45 K46 K47 O 0 O

Note: Ql is the redundant (zero) normal coordinate.
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TABLE 6.13

Calculated values for the K matrix elements

element calculated value
K11 0,10683
K12 - 0.26402
K13 | 0.00899
K21 ~0.14507
K22 - 0.03L57
K23 ;0300631
K25 0.25987
K26 - 0.03385
K27 0,01063
K31 40721720
sz 0.09069
K33 40.08u51
K35 ;03106uu
K36 40,22587
K37 0.0128L
KLl -;-0. 06815
Kh2 . 0,18608
KL3 0,12868
XL5 : 0.103%88
KLi.6 0.05562
K7 0.21321




TABLE 6,1k
The calculated
root mean square amplitudes of vibration

for FC10, at o113° ¥

e | T
8., 0.043
Ry3,11,15 0,036
Py5, 31,35 0,055
Q3,01,25 ' 0,061
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CHAPTER SEVEN

A CALCULATION OF THE ROOT MEAN SAUARE

AMPLITUDES OF VIBRATION OF
PZROHLORIC ACID

l. Introduction

] Fairly défailed‘force constant calculations have
already Eeen published for perchloric acid (HGlOu) by
Siebert in 195&?6, but the accuracy of his'analysis was
limited by the approximate nature of the structural and
spectroscoplc data available for the molecule at that
time, and no attempt was made ?OICalculate root mean
square amplitudes of vibration.i

~ In 1959 an élecﬁron'diffraction study of gaseous
perchloric acid made by Akishin et al._,77 established
the 035 symmetry of the 01o§ skeleton, and obtained
rough dimensions for this part of the molecule.. These
results have subsequently been refined by the more
accurate electron diffraction investigation of the acid,
described in Chapter Ten of the present work, Neither
study, however, determined the conformation, or
internal motion, of the hydrogen atom,

In 1961, Gigué;g and Savoie supplemented the

existing Raman data  available for perchloric acid,

79
by publishing a detailed infrared study of HClOLL and
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PERCHLORIC ACID
( Cs model )

+~{ ©

fig. 7.1
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DClOu. They recorded spectrs for the acid in all
three»physical states, and assigned the measured
frequencies in terms of g molecular model having CS

symmetry, and conslsting of a C v tetrahedral skeleton,

3
with an attached hydrogen aton, This latter was
assumed to be either staggered or eclipsed with respect
to the oxygen atoms of the symmetrical 0103 group, but
the infrared study did not distinguish between these

two possibilities, One of them, the staggered o
conformation, is shown’schemétically in figure 7.1,

- The force constant calculations discussed below
were undertaken to obtain spectroscopic values for the
root mean square amplitudes of #ibration of the molecule,
the temperature assumed (308°K), being that estimated
for the diffragting vapour ip the electron diffraction

investigation of Chapter Ten,

2. The methods of calculation adopted

Instead of applying the methods of normal
coordinate analysis to the complete Cs model qf figure
7.1, it was decided to simplify the secular equation
by considering the vibrations of the CZLOLL skeleton
alone, This was achieved by treating the OH group
as a single point mass X, an approximationlwhich vas

also made by Siebert in his calculations, and which
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assumes a separation of the high frequencies of vibration
of the light hydrogep atom from the lower fréquéncies
of the GILOLL skeleton, - It is jﬁstifigd in a discussion
given in Chapter Four of reference 62,

The HClOu nolecule was therefore treated as an

XC10 CBV’ system similar to perchloryl fluoride; and.

39
_a special correlation procedure carried out when
choosing values for the six fundamental frequencies of
vibration ( 3A1+3E ), appropriate to such a model,  This
necessity arises as follows. Since HClOu is not an
XQ:LQ3 structure, but has in fact CS symmetry, the three

degenerate E frequencles expected for the Cj skeletal

3V
model ( see Chapter Six ), are in reality split into
three pairs_of»clogely similar values, It follows
that_the observed infrared spectrum of perchloric acid
contains twelve distinct fundamental frequencies of
vibration ( 8A'+LAT' ), and that of these, nine

( 6A'4+3A'" ), and not six, correspond to motions of the
ClOu skeleton, Before an approximate C3v treatment

of the molecules could be attempted, it was therefore
necesséry to consider the nine A' and A'‘! skeletal
freéuencies published by Giguere and Savoie  for the
C, structure, and to calculate from these, three E and

three Al values for the XClO3 model, The E frequencies

were obtained by averaging the two members of each
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A',A'"Y pair, split apart by the presence of the
vibrating hydrogen atom, whilst the Al freduencies
corresponded to the remaining three A' fundamentals,
Once this process had been carried out, and six
' observed ' frequencies estimated for the XGlO3 model,
it was possible to proceed exactly as déscribed for
FCiO3 in Chapter Six,  Structural parameters were
taken from the results produced at an intermediate
stage of the electron diffraction investigation of

Chaptér Ten, and only the H0135Oi63pecies of perchloric

acid was considered,

3, Results

o The integer numbering system adopted to label the
atoms of the C_ model ( and hence the €5, model ) is
shown in figure 7.1, A description of the twelve
fundamental modes of vibration_eXpected for this
structure, is given in tablé 7.1, and numerical wvalues
for these frequencies selected from the published HGlOLL
data of Giguére and Savoie, are listed in table 7.2,
These values have not been dorrected for anharmonicity,

57

and apply equally well to the ¢1%° ana 1 species.
The correlation process adopted to calculate (' observed ')
fundamental frequencies fo? the C3v approximate model

is summarised in table 7.3, Tables 7.4 to 7.9 describe
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the normal coordinate analysis carried out, and are
identical in form to certain of the tables presented
in Chapter Six, , The final force field obtained is
showvn in table‘7.6, and values for the four types
of root mean square amplitude of vibration QXpeoted
for the 0104 skeleton are 1isted in table 7.9, the
assumed temperature being 308°K,

 The C1-OH and leQp ( p = peripheral ) stretching
force constants calculated were assigned error limits

3; these

limits are essentially approximate, The errors assigned

of 0.5 md/zleach, and as in the case of FCIO
to the vibrational amplitudes u&l-OH’ ucl—q5 uOB,.Op’
and qu _og Were 0,004, 0,002, 0,00% and 0,004 A
respectively. '

A second épproximatercaloulation was éarried out
for HGIOLL treating it as an XOH angular molecule where
tpis time X = 0103, and the OH bond length assumed was
0.96 2, a‘value fairly typical of OH containing
compounds, The valence angle XOH was given the
value of 113O in accordance with the results qbtained
for hypochlorous acid by Badger and HedbergSO. Values
for the three fundamental frequencies expected for_this
model were selected in an obvious way from table 7.2,

and these were fitted by the force constant variation

procedure using as trial starting constants the results
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given by Badger and Hedberg for HOCL., The amplitudes
Usg and Ugq, g Were calculgtedoat 308°K, and found to

have the values 0.07 and 0,11 A respectively. These

results are approximate but were used as constants in

the least squares refinements of Chapter Ten,

L, Discussion

It is of interest}tovgompare the amplitudés of
vibration and stretching force constants obtained for
the Clou skeleton, with those determined for FG:LO3
in Chapter Six., As would be expected from g
consideration of bond length and polarity, the force
constant obtained for the C1-F bond in perchloryl
fluoride is somewhat larger than that calculated for
the C1-0H bond in perchloric acid, The Cl~F amplitude
of vibration should therefdre be smaller than that of
the Cl;OH bond, and this is in fact found to be the case,
Also consistent with these results is the fact_that
the_ampiitude of vibration of the nonbonded Op.,.F A
distance 1s smaller than that calculated for the Op..OH
distance ip Hclou. The fprce'constants calculated
for the Cl~0p bonds in both molecules are, however,
very similar, and this is entirely consistent with the
identical amplitudes of vibration computed for these
distances, and also with the closely similar lengths

obtained for these bonds by the electron diffraction
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invesfigations of Chapters Ten and Eleven, The
amplitudes calculated for the On,.0p nonbonded
distances in both molecules are'also very similar,
It is also of interest to compare the amplitudes
of vibration calculated in this chapter for the Ol;Op
and Op..0p distances in perchloric acid, with the values
- obtained by an electron diff?action study8? of gaseous
chlorine heptoxide ( 1,0, ). This molecule
cqnsiSts_of two perchloric acid units condensed
togethar, and the two 0103 groups present in chlorine -
heptoxide are structurally very similar to those fgund
in HClOu and FC:LO3 ( see Chapters Ten and Bleven ).
The electron diffraction results for Cl 07 1nclude
velues for Uy o, and uop;;op off 0,035 and 0,057 A
respective;yy the co?r68pon@ing error limits being
given as 0,003 and 0,007 X . Tﬁe second of these
results is in good agreement with the 0,054 K obtained
by the present work, but when the first amplitude is
corrected for failure of the Born approximation

( see Chapter Eight ), it becomes O 028 A a value
considerably lower than the 0,036 A obtained by the
calculations of this chapter and of Chapter Six, This
discrepancy is surprising as the 01-0p bond length in
chlorine heptoxide is very similar to that of HClOu,

It is 1likely, however, that the spectroscopic results

141



are the more accurate, and this conclusion will be
substantiated in Chapters Ten and Eleven when further
elgctfon diffraction results Wiil be obtained for the
C1-0p amplitudes of vibration.

As for perchloryl fluoridé, it is worthwhile to
assess the reliability of the force constants obtained
- for the C1-0 bonds in perchloric acid , by comparihg
the_resulﬁs of the present calculations with
corresponding values determined for the same or
similar systems by other Workérs. »
| Thus Siébert7 calculated values for the C1-Op
and C1-0H stretching force constants of 8.02 and L.OL
md/g~respective1y. ~ The methods he used-were similar
bo:those described above; but as was mentioned in
section one, the data available to him were considerably
inferior to those available at the present time, This
must be assumed to explain the discrepancy betveen the
value of 8,02 md/A he caloulated for the C1-Op bond,
and the ‘value of 9.2 md/A given in table 7.6, His
CluOH force constant of. [, 0L md/A is, however, in good
agreement with the value of 3. 85 md/A calculated in the

present analysis. 75 .
More recently Robinson published values of 9.55

and 3 79 md/A for these constants, values which are
in good agreement with those of the present work,

despite the extremely approximate methods Robinson
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adopted to calculate these results,
. Finally, it is of interest to consider the
Cl»Oﬁ bond found in the molecule of hypochlorous acid
HOC1, The infrared spectra of both HOC1 and DOC1
have been examined by two sets of workers, Badger and
80 _ 81A

Hedberg  and Schwager and Arkell, The average
C1.-0 stretching force constant obtained by qonsidefing
the results published by these suthors ics 3.9 md/z, and
this. value seems to suggest that the C1-0 bond length
in hypochlorous acid is clesely similar to that
found for the C1-0H bond in perchloric acid ( 1.635 z ),
and shorter than the_}.?O X assumed by the above workers
in their calculations, |

As in the case of FClOBInoicomments dr comparisons
Will be mgde»fop the chgr force constantsAappearing

in the quadratic potential energy expression of HClOu.
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TABLE 7.1 -
A description
of the fundamental frequencies of vibration

of perchloric acid ( C, model )

mode symbol symmetry
species
0-H stretch vl At
€1-0  stretch v2 A
Cl—O;H bend - v3 Al
01;0 stretch vl oA
Cl;OH stretch v5 Al
0;01—0 bend v6 Al
O—Cl;O bend v7 Al
0;01;0}1 bend v8 | Al
C1-0  stretch v9 At
0;6140 bend v10 At
0-C1~0H bend vll At
H torsion | v12 At
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TABLE 7.2

The observed
frequencies of vibration
for perchloric acid

( H species )

frequency observed value ( cm"l)79
vl 3560
v2 : 1263
v3 1200
vt - 1050
v5 ' - 725
v6 ' 565
v7 : _A 519
v8 390
v9 1326
v10 580
vil 430
v12 - 307
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TABLE 7.3

The assumed frequencies for the

sz approximate model

observed .l assumed '1
frequencies (em™ ™) frequencies (cm™™)
for the CS model © for the C,
approximatg model
(') 1050 = v , (A1) 1050 = 'v1'
(A') 725 =v5 (A1) 725 = 'v2'
(A') 519 =v7 __ (A1) 519 = 'v3'
(A') 1263 = vzg (B) 1295 = 'vi'
(A") 1326 = v9 :
(a%) 565 = v6 L (B) 573 = 'vs'
(A") 580 = v10 ' ‘
(') 390 =v8) (B) 410 = 'vé'
(&™) 430 = v1l -

Note: The A' and A" pairs were combined by
a process of straight averaging,
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TABLE 7.4

The choice of internal coordinates

and internal displacement coordinates

for HClOu

( one redundancy )

internal value corresponding
coordinate assumed displacement
coordinate
815 1.630 & 815
-0 - ,
1!
R 1),
t
Ryg 15
, o]
G3u 112.5 gBh
t
%35 &35
. tt
G5 &5
Bys 106,23° by
1t
Boy oy
11
Bos Pog
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Calculated values Tor the elements

of the g matrix

element , value;
gl 0.087395
g2 -;O. 007990
g3 0.016987
gt ~0.019481
g5 | 0.091071
g6 ~0,01093l
g7 -0,018748
g8 0.023243%
g9 -0,016828
g10 0.016587
gll 0.102908
g12 -0,0244322
gl3 -0,013486
gih -0,035261
g15 0.085786
g16 ~0.007206
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TABLE 7.6
The Tinal values adopted

for the elements

of the f matrix

element description value
£1 Cl-0OH stretching constant (md/ﬁ) 3.85
f2 C1-0H,C1~0 stretch-stretc
interaction constant (md/g) 0.30
£3 0.00
Th CleH ,0-C1-0H stretch-bend
1nteragt10n constant .
X 10”dyne/rad ) 0,462
5 C1-0 stretching coﬁstant (ma/8) 9,20
£6 | 0.00
£7 0,00
£8 0.00
£9 0.00
£10 0.00
fll‘ 0-C1-0 Eending gonstant
( x 10Merg/rad 1.90
£1o 0.00
£13 0.00
£ih 0,00
15 —Cl~0§ bendlng constant
X 10 erg/fad ) 1.35
£16 0.00
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| TABLE 7.7
A comparison of
calculated and’&bseryed‘b
vibrational frequencies

for perchloric acid

frequency eébserved’ calculated
valui valui

) (em™)
vl 1050 - | 10uk
v2 . 725 - 723
v3 519 513
vl S 1295 | 1301
v5 573 583
v6 40 © L2s

= The observed values quoted are those estimated
for the appPOleate G3V model as indicated in
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TABLE 7.8

Calculated values for the X matrix elements

elements calculated value
K1l 0.06926
K12 | 0.28603
K13 0.02807
K21 ;0.15129
K22 ' 0.00961
K23 . -0.00927
K25 0.25895
K26 3 0.02912
K27 0.01048
K31 -0.21859
K302 0.06309
K33 , ~-0.10350
K35 ~0.10876

K36 ~0.22504
K37 0.00679
K1 ~0,10203
K12 - 0,18272
K13 1 0.13322
K45 0.10980
K6 0.04237
KL7 0.21hhh !
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TABLE 7.9
The calculated
root mean square amplitudes of vibration

for the approximate C

3y model of HCqu
at 308° x
interatomic calculate§
distance u value (A)
812 | 0,046 ‘
V4
Ry3 90,15 0.036
i 0.
Pu5,31, 35 05k
3,020,025 0.06k
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CHAPTER ETGHT

AN INTRODUCTION

TO THE STRUCTURE DETERMINATIONS

OF CHAPTERS NINE TO FOURTEEN

Before presenting detailed discussions of the 0120,
- HC10), FC105, C10,, SO, and 80, electron diffraction
investigations, It is convenient to collect together in
a single chapter, a number of explanatory notes
relevant to all of these accounts, Such notes are
given in sections one to eight below, and provide an
introduction to the subject matter of Chapters Nine to

Fourteen,

1. Experimentation

In eéch of Chapters Nine to Fourteen, a table is
given which summarises experimental procedure, This
"~ table consists of several columns, one for each of the
jet;to;plate distances at which diffraction patterns
were recorded, and each column lists the following
items of information:

(a) the wavelength of the electron beam

This was determined from powder patterns as
described in section ten of Chapter Three, and was
measured only once during each investigation, as it

could be relied upon to remain constant throuzhout the
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period of severel days required for data collection.,

(b) the sample temperature

This was normslly adjusted until the sample vapour
pressure was sufficient to enable a strong diffraction
pattern to be recorded, and temperatures below 0° C
were attained by immersing the sample tube in a carefully
contrdlle& acetone solid carbon dioxide bath,

(¢) the nozzle temperature

Owing to the ten@epoy shown by certain of the
comﬁbunds studied ( e.g. C1,0 and SO3 ) to condense
on the nozzle tip, it was necessary to warm the incoming
sampie vapour by passing thermostatieally regulated |
~hot water through an appropriate part of the nozzle
assembly. _Nozzle temperatures up to 85° C were attained
in this way.

(a) the temperature assumed for the diffracting vapour

In the case of CléO this was determined roughly
by carrying out a separate éxPeriment, in Wh;ch a
thermocouple was suspended in the gas stream, In
subsequent investigations, however, it was considered
satisfactory to accept the arithmetic mean of the
nozzle and sample tempera?ures as a reasonable
estimate of this quantity;

(e) the number of plates used to provide intensity data

A minimum of four photographic plates was normally
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required for €ach jet-to-plate distance,

(£) z_description of the diffraction patierns obtained

Ideally electron diffraction patterns should be
of medium blackness, and should show clear indications
of diffraction rings right out to their outer limits,
In tables 9.1 to 1L.1, comments, based on these criteria,
are given for the plates actually obtained,

(g) the number of microdensitometer traces measured

L_This number was increased from’one investigation
to the next, in an attempt»to improve the accuracy of
the uphill curves obtained, and in any one study it was
found necessary thaverage_mqre_traces fbr twentyfive
and eleven centimetre plates; than f?r those taken at
the other two jet;to;plate distances,

This ends the }igt of items included in the columns
of tables 9.1 to 1L.1,

Since the substances studied in the present work
were regctive, oxygen;containing, compounds of ¢hlorine
and sulphur, considerable care was taken when handling
them, and all joints and stopcocks Torming part of the
glassware connected to the nozzle, and parts of the
nozzle itself, were lubricated with KEL-F fluorocarbon
grease, All samples, whether they were obtained
commercially, or specially prepared, were purified

using the electron diffraction apparatus to pump off
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volatile contaminants, and diffraction patterns were
normally recorded when a middle fraction of sample

flowed into the diffraction chaﬁber.

2, The diagrams presented

_In each of Chapters Hine to Fourteen, uphill curves
. are guoted numerically,vin tables, but the corresponding
background curves are not discussed at all, and these
Shoqld be assumed_to be smooth increasing functions of
By similar in form to the curves shown in figures 4.2 .
to h.57forvperchlory1 fluoride. The experimental
combined molecular intensity function Im(s) is presented
graphically in each chapter, as’ig the corresponding
radial distribution curve O (R)/R,

Experimental radial distribution functions were
calculated by numerical intégration as described in
‘section ten of Chapter Four, and to avoid.the envelope
effect, theoretical intensities were in each case added
to the QXPerimental Im(s) data, from s = O to s = smin,
before applying Fourier transformation, ‘The damping
constaﬁt k was normally given the value 0,004 22 in
these ealculations, unless particularly high Pésolﬁtion
bf similar internuclear distances was required. This

02

value is larger than the 0,002-0,003 A strictly
‘ - o=l
appropriate to Im(s) data terminating at 8 = 35 A, but
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the extra damping was adopted to weight out high s
intensity data of poor gquality, and so redﬁce the_
' noise level ' of the resulting ¢ (R)/R function,

In figures 9.1 to 14.1 and 9.2 to 1.2, the I (s)
and O (R)/R curves presented are compared with
cqrrespondipg theore?ical functions calculated using
equations 2,46 and 2,52 of Chapter Two, In these

calculations the Ri' distances, and the overall scale

J
facﬁor assumed, were final values derived from least
squéres‘results,kbut the root mean square amplitudes

of vibration also requiréd, were chosen to be the
spectroscopic results calculated in Chap?ers Six, Seven,
and section eight of the present chapter. This choice
was made in the hope éf demonstrating systematic
deviations between the observed and theoretical
intensity functions, Such deviations should arise

on account of the approximate nature of equation 2,146
which assumes the first Borﬁ approximation,and neglects
anharmonicity of vibration, Examination of figures
9.1 to 1.1 reveals no definite indications of the
extra aamplnbjand slight phase shift, expected for the
experimental curve relative to the theoretical one,

but guch effecfs should be most obwvious at the higher

s values, and the data presented have, with the'possible

exception of the FClO3 case, rather low upper s limits,
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A number of non;systemat@c deviaﬁiong are, howecver,
illustrated in figures 9.1 to 14.1, and in certain
cases it is evident that these could have been reduced
by altering the final background curves chosen, Such
discrepancies, particularly those occurring below s

o-1
equals 25 A , are presumably responsible for the

t !

fairly large noise ripples appearing in cgrtain of
the experimental CY(R)/R plots of figures 9.2 to 1L.2
( see for example figure 12,2 for C10, ).  The Tinal
background curves adopted in the present work, may be .
Justified, however, by the fact that they were
constrained to be extremely smooth, and'are therefore
in no way biased towards a particular set of Rij and u, 4
results, This inflexibility did, however, lead to
somewhat higher estimated standard deviations in these

parameters, than might otherwise have been obtained,

3. The types of refinement carried out

In Chapters Nine to Fourteen, results obtained by
three types of least sqﬁares refinement of‘Im(s)
molecular intensity data, are presented in tabular
form, These refinements, which differ in the nature

of the Im(s) data fitted, may be described as follows:

(a) the single distsnce refinement

The I _(s) curve fitted in this case consisted of
% More correctly, a localised divergence is apparent in
some of these figs., randomly situated,
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a set of intensity values dérived from microdensitometer
data measured from plates taken at one jet;to;plate
distance only. In this type of refinement, amplitudes
of? vibration were held copstant at spectroscoplc values
to facilitete convergence,

(b) the ' combiwo ' refinement

“The I (s) curve fitted in this case was calculated
from several sets of Im(s) data obtained at different
jetqtoeplate distances, by the processes of scaling
- and fusion described in Chapter Four, section nine,

In this type of refinement, amplitudes were either
varied, or held constant at speqtroscopic values,

(c) the ' combscaled ' refinement

In this case the Ip(s) data fitted consisted of a
set of separate intensity curves obtained at different
jet;to;plate distances, but put on the same scale, by
the procedure described iﬁ sectioh nine Qf Chapter Four,
the fusion step being completely omitted. In this type
of refinement, amplitudes were either varied, or held
constant at spectroscopic values,

In those tables of Chapters Nine to Pourteen which
present results of the least squares refinements carried
out, only the final values obtained for the independent,
refineable, Rij paraneters a?e quoted, togeﬁher with

those wu; . values also varied. The errors quoted in
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these tables arse in every case least squares estimated
standard deviations. The residual R ( seé Chapter Four,
section eleven ) and the minimum value obtained for

the function z;W¢l? , are also included, In these
tables, the amplitudes of vibration presented have not
been corrected for failure of the first Bornm

approximation, .

L. The weighting schemes adopted

The function w(s) used to assign.a weight factor
to each intensity value fitted by least squares, has
'alregdy'been discussed in section eleven of Chapter
Four., 1In the present work fhiéAanCtioh was assumed
to consist of a horizontal, linear, ﬁ ;_1 region,
flanked by two exponential damping curves ( w<l ),
and the exact analytical forms given to it fof the
various I (=) data sets réfined, are listed in table 8,1,
The low s exponential section was intended to weight
out inteﬁsity data subject to errors arising from
background uncertainty, whilst the quect of the high s
section was to damp out the poorer quality intensity
data measured at the edges o? twentyfive, and over most
of eleven centimetre, plates. The s limits of the
horizontal region were decided by copsidering

“experimental uphill and Im(s) curves,



It is evident from table 8,1 that the damping

function applied to the all-data-combined I (s) curves
is somewhat unrealistic insofar as it hardly weights
out the poor quality high s data at all, In the
present work such a function waes adopted in an attempt
to obtain the best possible values for the root mean
square amplitudes‘o? vibration, as these were of
particular interest. = In reality, refinements carried
outlusing much steeper highvg exponential curves
resulted in no significant alteratiqps'in the Rij
and U 5 parameters, though their e.s.d.fs were reduced,
It was therefore concluded that for data sets of the
type collected in the present Wbrk, the outer damping
function was not of critical importance,

For similar reasons, no special elaborate
weighting scheme was adopted for the combscaled data,
but instead the somewhat less realistic procedure of

using the same scheme in both combtwo and combscaled

refinements was followed,

5. The final R,. and U 4 parameters accepted

J

The two principles adhered to when calculating

final values for the structural parameters were
(a) to average sets of Rij and uij parameters obtained

by all-data-combined least squares refinements, and
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(b) to weight all sets of résults equally when making
this average, irrespective of whether the refinement
producing a particular'set vas a combtwo or combscaled
type, or whether amplitudes were varied or held
constant at spectroscopic values, In this latter case,
the spectroscopic amplitudes were not of course included
'invthevaveraging process., It should also be mentioned
that»in certain respects the dichlorine monoxide
investigation was exceptional, and the above principles
-Were modified somewhat in treating this particular case,
The procedure described above may be criticised
on the grounds that coﬁbtwovandAcombscaled‘refinements
should in principle be weighted differently, and that
in‘many cases an amplitudes constant refinement is
capable of producing more accurate Rij parameters
than a corresponding amplitudes variable one., The
bpefinements carried out in the present work provided
no strong evidence, however, to suggest that the
combscaled method was a great deal more‘reliable_
than the combtwo procedure, and since equation 2,46
does not contain a cosLqu factbr, the amplitudes
constant refinements were in the present Wo?k subject
to uncertainties arising from this omission. In fact
the amplitudes included as constants in these

refinements, should have been first corrected to
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apparent values !

to compensate for failure of the
first Born approximation, as described in éection six
below, but unfortunately the magnitude of this
correcﬁion_was not appreciated at the time of
refinement.

In view of these remarks it was ?inally decided
to adopt principles (a) and (b) above. The least
squares e.s.d. values were also averaged in this way
and reproducibilities calculated from the final results
by applying the_methods outlined in section twelve
of Chapter Four,

The final average ind@pendent Rij and uij
parameters are listed together ﬁith their reproducibilities
in certain of the tables of Chapters-Nine to Fourteen,
Dependent Rij Values,‘and valence angles, calculated
from the independent distances, are d1s0 included in
these tables, and the reproducibilities of these
dependent parameters were derived using the standard
methods available for combining errors. The amplitude
values quoted in these tables have been corrected for
failure of the first Born approximation according

-

to the methods described in the section which follows,

6. Amplitude correction

Equation 2.46 assumes that the cos4ﬂﬁg factor,
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which should be included in any rigorous expression
Tor the scattered electron intensity, is always close
to unity fo? the molecules considered in Chapters Nine
to Fourteen, When atom i 1s not the same type of atom
as atom Jj, this assumption is not strictly correct, and
its validity decreases as the difference in atomic number
,bepﬁeen atoms i and j increases, In the case of a
C1-0 bond, for example,.the effect of the cosine term
is ?O damp the sine wave expected for this internuclear
distance, and the damping produced is similar in naturs
to that caused by the vibrational GXp(;%gzsz ) factor,
though considerably smaller in magnitude. It follows
that if equation 2,46 is used t§ fit the experimental
intensity data, certain of the uij parameters produced
( those for which i ahd J refer to different types of
atom ) will have‘dbnormally.high values, owing to the
assumption that all observed damping stems from the
exponential factor. ‘
Bonham and Uk:?_nji:u_L have derived equations which
‘predict the correction necessary to convert the 'apparent
amplitudes ' obtained, to real values. Their method
is based on the~assumption; that for each atom, ‘ﬁ%(s)
can be written in the polynomial form a+bs+cs2 where

‘the coefficients a, b and ¢ depend on the atomic number

of the atom i. Hence élﬁ3~ can be similarly expressed
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and the effect of the cos A7, term assessed,

A list of apparent and corrected amplitude values
calculated according to the more approximate ecuation
given by Bonham and Ukaji, is presented in table 8.2,
and these results may be used to gonstruct correction
curves, So that‘any observed 01;0, S;O or Cl;F'
amplitudes may automatieally be’corrected for failure
of the first Born approzimgtion._ The corrections given
are probably accurate to 0,001 X. In Chapters Nine

to Fourteen, whenever corrected amplitudes are quoted,

it may be assumed that table 8,2 has been consulted,

7. Correction of rg(l) bond lengths to r._values

It is clearly of iﬁterest when comparing bond'
lengths obtained by electron difffaction, with those
derived by other methods, to have rg(o) and T values
available, as well as therrg(l) quantities dbtéined
by least squares refinement., The relationships
connecting these three types of distance have glready
been discussed in section eight of Chapter‘$WQ.v To
apply these equations it is necessary to know the root
mean séuare amplitude.of Yibration uij corresponding
to the bond concerned, and also the 'a' constant of the
Morse potential. The first of these may be obtained

either from the electron diffraction study itself, or
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from spectroscopic calculations, but the second
requires a knowledge of the force constant k, and the
dissociation energy D, éppfoPriate to the bond concerned.
Of these latter two quantities, the first can be .
thained by spectroscopic calculations, and the second
can often be derived for simple molecules, by coﬁbining
the heats‘of reaction of a series of chemical
processés,  Thus for ckizo, 010,, S0, and 80,
stretchingvforce qonstants were obtained from references
82,‘83, 8l and 85, and average-Cl-O and S;O dissociation
energies from tables of thermodynamic data for these
molecules, The ! a ! valués calculated were obtained
from the eguation a = (k/éD)% given in reference 36,
which is agpplicable whgn a Mérse poféntial is assumed
for the bond concerned, The results obtained are
listed in table 8,3, ‘

It should be added that a second set of ' a '
values was obtained for the C1-0 bonds in 0120 and C10,,

and the S-0 bond in SO from the spectroscopic

o
anharmonicity constants X33 , measured for the
antisymmetrical stretching frequencies of vibration
‘of these systems, and giveﬁ'in references 82, 86, and
87. The ecuation applied was a = ( 8n%JX33/h)%,

where/U is the reduced mass’of th? molecule if it is

treated as an X-Y diatomic system, This method did
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not seem as reliable as the first, and gave values for

la!

which were a good deal smallier than those listed
in table 8.3, This second approach was therefore
neglected,

No corrections to T Valués were made for the
bpnds'of HCth and FClOB, although the 'a' wvalues
- appropriate to the C1,0 and C10, molecules could

presumably_be used to give rough estimates of the

equilibrium distances in these systems,

8, Calculation of spectroscopic amvlitudes

Calculations of the amplitudes of vibration for
perchloryl flﬁoride and perchloric acid have already
been described in Chaptérs Six and Seven, and the
vélues‘dbtained vere included as constants in certain
of the 1eas£ squares_refinements discussed in Chapters
Ten and Eleven. No such refinements were made for the
remaining molecules 0120, 0102, 802 and SOB’ however,
as these systems do not contain similar internuclear
distances, Nonetheless, amplitudes of vibration were
calculated for the first three'of these molecules for
comparison purposes,‘amplitudes havip§8already been
calculated for SO3 by Stglevik et al.

For an XOX angular symmetrical molecule, four

force constants are necessary to define the harmonic
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~potential function, if changes in the two X;O bond
lengths, and the XOX ang?e, are chosen as internal
displacement coord@nateé. These constants are
defined in table 8,lL, where the units appro@riate to
them are also indicated. Table 8.5 presents results
calculated using the conputer programme discussed in
Appendix Four., Electron diffraction, or in some cases
microwave struatural’paﬁametérs, were used as data in
these calculations, and the temperature assumed yas
thaf_estimated for,the_diffraot;ng vapour in the
electron diffraction experiment. The force congtant
information used was obtained from the infrared and
microwave studies given in‘pefefenceéVSZ, 83 and 8l,
and should be very reliable, though a correctiéﬁamade
to the results of reference 82, should, however, be
noted, The amplitudes calculated for the bonded
distances are'almost certainly accurate to better than
’ o

0,001 A, and those for the nonbonded distances to

0
better than 0,003 A,
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The weight functions adopted

in least sguares refinements

data set s W
range
100 cm s<ly - exp(-0.07(4-s))
distance | UL<s<7 | 1 |
557 exp(=0,01(s-7))
50 cm <5 | exp(-0,07(5-s))

distance 5¢s¢l5| 1.
s¥15 | exp(-0.01(s-15))

25 cm s<10 | exp(-0,07(10-5))

distance 10$8¢25 1 ‘ v
| s»25 exp(~0,01(s-25))

11 em s<30 exp(-0.,07(30-s))
distance 30¢s¢0 | 1
s>110. exp(=0,01(s-40))

all s<5 exp(-0,07(5-8))
distances 5¢s<30 1

combined sY30 exp(-0.01(s-30))
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TABLE 8,2
Correction of the u values

for failure of the Born approximation

distance " real apparent correction
type amplgtude amplgtude ' o
(4) - (4) (4)
Cl=0 0,0BA. 0,060 -0,006
0.043 0,050 ~0.007
0,032 - | . 0,040 -~0,008
§-0 0.055 0.060 ~0,005
and ) ‘ '
Cl-F 0.0L4 0.050 -0,006
' 0,033 0,040 -0.007

Note: These results were calculatéd according to'
equation 21 of reference 1l, .
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TABLE 8.3
Morse potentisl ' a Values
calculated for certain CI-0 and S-O
bonds

from thermodynamic and force constant data

bond estimated” | force a
dissocn,. const%nt va%u?
energy -
(kcals/mol) (nd/A) (4 )

C1-0 ( C1,0 ) 50 2.7 | 2.0
c1-0 ( C10, ) 63 7.00 2.8
s-0 ( S0, ) 120 10,02 2.5
S-0 ( 50, ) 110 10,60 2,6
Note: The dissociation energies of the Cl0
and SO radicals are 64 and 120 kcals/mole
respectively.
‘% . _ These energies were calculated by combining

heats of reaction obtained from tables
of thermodynamic data.
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T

ABLE 8

A deécription of the XO0X~

valence force field

adopted

constant symbol units
X~0 stretching 0

constant £, md/A
X-0,X~0
stretch~stretch
interaction
constant £ md/&
X=0-X , X0 |
stretch~bend
interaction , -3
constant £ 107~ dyn/rad
X-0-X bending , _
constant fg 10711 erg/rad2
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TARLE 8 )
Calculated u values for the

X0X molecules studied by electron diffraction

P 2 '
molecule 0120 0102 802
source of
the force
field ’ ’ '
used _ref. 62 ref 83 ref. 84
p 2,75 | 7.01 10.02
Trp 0,40 -0,16 0.03
Tro | 0,26 0,00 0.29
Ty 1,32 1,41 1.63
temp,

(°x) 295 283 253
. O - ‘ N ) -
Yo-x (4) 0,051 0.039 0.035
X, .X(4) 0,068 0,063 0.055

% These calculations were performed for the
0135 832 and 016 species of the molecules,

s
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CHAPTER NINE

AN ELECTRON DIFFRACTION INVESTIGATION

OF GASEQUS DICHLORINE MONOXIDE

1l. Introduction

A number of previous electron diffraction
invesﬁiga’cionsgoug2 have been carried out for dichlorine
monoxide (0130), and qf‘these, the most recent by Dunitz
and Hedberg in 1950, esteblished moderately accurate
diménsionsAfor the molecule, but did not‘determine
root mean square amplitudes of vibration,

‘In 1965 Rochkind and Pimentel published a detailed
infrared investigationS2 of several isotopicbspecieStof
the compound, and determined values for the four force
constantsvnecessary to define the molecule's harmonic
potential function. One of their results; however,
the stretch;bend interaction force constant ffs , has
subsequently been shown to be in error, and has been
corrected by Beagley, Clark and Cruickshank89.

In a recent microwave investigation  of the oxide;
Millen et al. recorded spectra for the three chlorine
substituted isotopic species, and determined r  and T
structurai parameters with a high degree of precision,
These authors also calculated the four force constants

of the potential function, and the results they obtained

agree well with those of Rochkind and Pimentel, if the
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corredtion to ff@ y» mentioned above,'is taken into account.
The present electron diffraction investigation was

undertaken to obtain accurate ré(l) internuclear

distances-for the molecule, and also values for the

root mean sqguare amplitudes of vibration. It was

intended‘to compare these 1atter with corresponding

, Spectroscopic resultS‘calculated from the force constant

data of references 82 énd 89,

2, Experimental

The sample of dichlorine nonoxide studied was
prepared according to a method described by Cadygu,
aﬁd détails of the experimental'electrpn'diffraction
procedure sdopted are given in table 9.1,

Two sets of microdensitometer traces were recorded
from the photographic plateé obtained, these sets of
intensities being measured by means of the manual and
automatiQ microdensitometers respectively. The
automatic data were originally collected merely to check
the results of the manual study, and accordingly eleven
centimetre data Were not included in this second
- investigation, |

Uphill curves for the_first and second studies are
listed in tables 9.2 and 9,3 respectively, and a combined

Im(s) function, calculated by averaging the two separate
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experimental combined molecular intensity curves of
the firg? and second investigations,uis presented in
figure 9.1, A corresponding radial distribution
function is shown in figure 9.2, and confirms the

angular symmetric nature of the molecule,

», %, Results

The two internuoléar’disﬁanceS'RCl;o and RGl..Cl
were used to define the molecular geometry, and in
least squares refinements these were varied independently
together With their cor?63ponding root mean sguare
amplitudes of vibration,

Results of single distance refinements carried
out as part of the manual and automatic microdensitometer
studies are presented in tables 9.4 and 9.5 respectively,
and it is evident, that of the two sets of data collected,
the automatic set has the higher quality. This is
indicated by the low residuals listed in table 9.5
for the hundred and fifty centimetfe distance
refinements, and also by the consistency of theARij
paramefers presented in this table. The automatic
twentyfive centimetre datakresidual is anomalously
high, however, owing to a lack of averaging of

intensities, and to a poor choice of optical wedge

made when using the automatic microdensitometer,
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Table 9.6 presents results obtained by combtwo
refinements carried out for both complete éets of
intensity data collected, It ig clear from this
table that the automatic results are higher than those
produced by the manual study, and a 1ower_residua1 is
achieved by the automatic data refinement,

The final structural parameters accepted for
dichlorine monoxide aré~presented.in table 9.7, and
Wers'obtained.by making a 1:2 average of the two columns
of tableb9.6, the results derived from automatic data -
being favoured for the reasons’mentioned above, The
average standard deviations so calculated were reduced
somewhat, as the two sets 6f'reéults given in table 9,6
constitute to some extent‘independent measurements of
the stpuctural parameters, Reproduqibilities were

calculated from these reduced values,

ly, Discussion

The molecular dimensions obtained by the present
study are in agreement with those of previous electron
diffraction investigations90“92 , if all error limits
involved are taken into account, and the amplitudes of
vibration also determined, agree well with the

corresponding spectroscopic results presented in table 8.5,

It is of interest to compare the C1l-0O bond length
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and G1l0CL valence angle obtained, with correspondlng
values determined by the microwave study of reference
93. In making such a comparison a difficulty arises,
however, in knowing which of the three electron
diffraction»leOVQistance types rg(l), rg(O) or r_
listed in table 9,8, to compare with the corresponding
microwave rg value, GClearly the rg(o) result is in
best agreement with this 1atter, but since the Ty and.

Ty 1nternuclear dlqtances quoted in gefeLence 93 are
almost identical, it seems probable9 that the microwave
T, bond 1engthrshould'in‘fact be compared with the
electrop @ifiraction ré value, and as may be seen fron
table 9.8, such a comparisén're§ea1s'a rather poor
agreement between these quantities. This lack of
consistency may, however, be a consequence of the fact
that the microwave C1-0 internuclear distance is not

in the full sense of the term an ré parameter, since no
attempt was made in the work described in reference 93
to isoﬁopically substitute the central oxygen atom in
the molecule. It follows that a more critical
comparison of the two investigations may‘be made by
comparing the RCl;;Cl distances obtained, In the
microvave publication this parameter is not in fact
quoted, but it is certainly the best determined one of

the study and may be described absolutely correctly as
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an rg distance, A value of 2,800 X can be calculated
for this quantity from the publishead data,.and this
result agrees well with both the rg(l) and. rg(O?
electron diffraction values listed in table 9.8,
Unfortuﬁately,'a corresponding electron diffraction r,
distance is difficult to estimate, but should not be
mach more than 0,005 X shorter than the rg(l) value,
and hence is still within error limit of the microwave
rsirésult, Such agreement suggests that the C1-0
distance dbtained by the microwave investigation may
be less accurate than originally claimed, and that
a microwav? study of the O18 Species of 0120 would be
worthwhile, | ~

It is also of interest to compare the bond length
and valence angle obtained for 0120 with corresponding
rg(l)-values determined for the C10Cl bridge in the
molecule of chlorine heptoxide (01207). This latter
compound has been studied by electron diffraction by
BeagleyBl, and the bridge dimensions he determined are
1.709 X and 118.6° respectively, the corresponding
reproducibilities~being 0,004 X and 0.7°., Thus the
bond length in 0120 1engthens, and the valence angle
increases on transition to 030100103, The second of

these observations may be rationalised in terms of

repulsion between the two 0103 groups in the heptoxide,
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but the Tirst is less obviously explained, A poesible
rationalisation may, however, be outlined és follows,

In the case of chlorine heptoxide Beagley has concluded81
that the C1l-0 bridge bonds are bent, and has given a
value of 109.2° as the true angle between the two hybrid
orbitals of the oxygen atom forming these bonds.

Thus the bridging oxygen atom of the heptoxide may be
described as sp3 hybridised, and‘for this reason
canpdt become involved in the dw-pm bonding suggested

by Cruickshank for molecules containing second row

elements tetrahedrally coordinated by oxygen atoms,

The bridge bonds in this compound may therefore be
assumed to have no double boﬁd»character. In 0120

a similar state of affairs must exist, but in this case
the C1-0 bonds are straight, and the valence angle of
111° sﬂggésts‘that the hybrid orbitals used for bonding
by the oxygen atom contain higher s character than
those involved in the bridge bonding of chlorine
heptoxidé. Any slight amount of dm-pw overlap made
possible by the increased size of this angle when
compared with the tetrahedral value, is presumably
opposed by the presence of lone pairs of electrons on

chlorine as discussed in reference 95, It may therefore

be concluded that the bonds in dichlorine monoxide

a%»

have 1little or no T characte;, and are shorter than

% Wagner ( ref, 104 ) also concluded this as a result
of m,o0., calculations,
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the C1-0 bridge bonds found in 01207 on account of

the greater s character involved in the hybrid orbitals
used for bonding by the central oxygen atom of 0120,
and the less efficient orbital overlap possible in
férming the bent bonds of the heptoxide,

Most of the work presented in thig6chapter has
been described in a recent publication and it should
be mentioned to avoid confusion, that the parameters
given in this publication were obtained by making
a lél'and not 1:2 average of the manual and automatic
microdensitometer results, and that leés rigorously

smoothed background curves were assumed,
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TABLE 9.1

A summary of experimental details

for the dichlorine monoxide investigation

gét to plate

MMDM =
AMDM =

automatic microdensitometer

182

istance 100 cm 50 cm 25 cm 11 cm
wavelength ' B :

(4) 0.051162 | 0,051162 |0.051162 | 0.051162
e.,s,d, 0.000015 | 0,000015 | 0,000015 | 0,000015
sample
tgmperatufe : ‘

(°x) oli6 ol6 26 o6
nozzle
tgmperature : -

K 363 363 363 363
gas
temperature
agsuméd
(°x ) 295 295 295 295
number of _
plates used |4 N in L
quality good go0d. good good
number of
traces
measured.
EMMDM L L L b
AMDM n I Iy 0

manual microdensitometer




TABLE 9.2

C1,0 i S
50 intensity data(l) as cospined uphill curves

range (1): s = )6 1
ge {(1): s = 1.06 vy 0.02 to 8,92 A+

183

8.600, +2; 8.026
1.01L N DAYty +?5 9.291y +2:; 9. . . .
TOUTy 433 1.080n 43 .12y +3; 9-6105 425 1.006s +3;
1Ihers 13 10063, #35 103100 433 10355, 435 103009 13
L6254, +3: 1.665. +32 50Ty +35 1,541, 433 1 583, >
1.841y, +3; G 433 1.T10n +35 1.754, + s 1-o0gn b3
>lotTs 13 1-85%0 435 1.9285 43; Ve a3 Lelg 13
o325, +3{ ?°38;m +37 2,166y, +33 2.218, 132 5'o7 w +33
2-3ane 133 5300w 138 20300 03 005 135 Blobon 13
2.9730 +3 3000, 35 2730 431 2.0, 133 2.0, i3
« 3007 .;.3; 3.“51: 3 3- Yin TI: = O +3; 3,2871,‘ +3,
3‘79110 +3_ 3 88(_)10 4 ). '5351{) +3; 596]8}0 +3: 3 7QZLV _'2
k. . 209" o +33 3.973n +3; 4. e n +33
P e 1 L I e 1 e 13
51276 +31 5'3g;m 35 1.9595 +33 5.000y +3; 5.;$?m 13
5.805, +37 5’93fm +35 5.4906, 433 5.604y, 130 57160 43
2:8200 133 29200 131 0.0 133 5130 ¥31 BBl +3;
gralan 13 S B Dt 13 6605, +35 6.790, +3
6-8050 133 T-011n 433 T.1100 431 1220 130 705310 431
T3t 13k bloais 3 7.6360 435 7.735 SIS CINES
G133 13 805 3 gl 81232, +33 B.335, +3:
8-4320 33 85300 433 00000 137 010 33 BlR21, 43
9.382, +3; §-475P i%f 2'1O5m +3; 9.198p +33 é.éé?? 13
9,85];0 _;_3'. 9.0':()*0 $ 9.567w +33 9.661y, +33 ’9.75ém +%1
1,034, +hs 1.0k, +33 1,000y, +43 1,014y, +hs 1 02l 413
3.086£.+4§'1:$§§? iﬁf o2 125 :'065m HE 1076, g
1 oihon 4 1150 thi 1,166, 310110, #43 10131y +43
- LA s O | « 1 001 +}~,L‘ . _ J. 1o 2
§:§$?? iﬁ% 12175 +45 1.2304 s 1 ;Z?ﬁ :ﬁf }';9}” S
1.300, +1 1,285, Hi3 1.299, i 1.3130 s 1’537” e
1 koo 4l }'ﬁ%?w b3 1,370 s 1,380, +b 1'35Zw e
1.566? it 1'15ﬁm +ﬁ5 1,055, +43 1,072, +43 ]'dgﬁm iﬁi
1.500:0 +“z ]'2“‘210 +}_"}. 053910 +)-15 ].55610 +1L3- ‘].5;%%10 Z.!_J:
1672, +L3 P20 T 1 G2ly 43 16005 +13 1.658, o
12751y +4 1'“ﬁam W43 1,705, H1E 1,721y 4L 1360
e e e s
1.007, 1 ' i -2 * w Tw . 7 2y +L e 7:,“ :.
18970 115 1-910m 11 g0 i 1lo%en i bone
2l 008 +hE 2.017m s 19500 1S 1,000y +43 1.098, 4]
2046, i} e'O§Z”v+*5 210255 +hi 21032, +45 21030, +4}
’2.07?9 +53 Q-OQﬂm +f5 2,058, +U4; 2,06, +A§ 2 mﬁgm +Ji
2 087y i3 é’ggzm ths 2,080, +13 2,083, +h; 2,085,
5 080y +4: 2,088, o et 1ﬁ5 2090 s 2,080, +}
3 32,0000 A5 el by 2,085, +43 2,083 ab
2-0810 15 2.0700 145 2070 Wi 207k, 4 20000 1
L0068y 43 2,060y, +i; 2,059 Hhe oo 69 32,072y 412

2 L0509y +h3 2,056y +43 2,052 +4;



3 28Z1g

range (2):

5'2"4]13
6.026y
6.712y
T.555p
8.596y,

+u»
+s

+L g
+14 3

2,041,
2.027y
2.010y
1997
1.991y
1,994y,
2,008,
2.031y
3 2.068y
2,113

20165:0 ]

2 e 22810

2,29, -

2 ° 36}-['10

2. 03, +i;

2.572y -

2.635y
2.692y
2,746y
2.792y +
2.840y
2.876y

TABLE 9.2 (cont'd)

+U 5
+4,
+43
+lis
+h s
+ig
+
4L

+4 5

+ s

o +h-

+u-
e
+i

2,011,
2,023y
2,008y
1.9959
1.990y,
1,996,
2.012y
2,038,
2.076y
2 19~w

2.1y

2,240y,

3.303y

5.5711n
6,304y
7.033n
7.942y
9.07Hy

18l

+4
-[1[2
+b-
+l s
0
+4
U
+iy
+
+4 3
+is
+hs
+h s

+ s
+M-
+u-
+i
+4s

2:039
2,021y
? 005y

° J./3"‘0
1.09?D
1.997y
2.016y,
Q.Ouﬂw
2.087:
2. 1 351.0
2,108,

2 . 25}L10 -

2 ° 3221{)
2.393
2 u61ln

5.730n
6,437, +
7198
8,149,
9.3251

. o._
s = 2.85 by 0,05 to 18.00 A~*

+ﬂ;

+4 s
+is
s

2.034y
2.018y
2.002y
1.991y
1.992y
2.0005
2.021y
2.052,
2.095n
2,145
2.2004

2,267, +

: 2.336y
2,107y
3 24764
2 5![(
2 6111o
2.670n
2-725m
2-77um
2.821y
2.861,
2.900y
2,939m
2. OO_)w-)
2 QG

3.033n
3.064,
3.106y
3. 1464
3.193n
3.236p
3.278y

5.881,
6.570y
T.3725
8.365,
9.5854

+4 3



1.9305
1.937w
1.948,
1.9765
2.026y
2.100p
2.200,
2.307y
2.391y
2401,
2477y

2 ° }-L 9410 -

2.5001
2.506y
2.533
2.568y
2.614y,
2.669,
2.726y
2. 772
2,816
2.870p
2.923yp
1 2.992y,
3.066y
3.133p
3.180y

TABLE 9.2 (cont'd)

1.011y
1.140,
1,246,
1.319y
1.342y
1.3204
1.2751
1.2464,
1.2017
1.2835
1,354y
1.446,
1.539,
1.615y

] -66610 -

170U,
1.736n
1o768m
1.802;
1.847,
1. 8891@
1.924,,
1.932y
1.941
1.9505

1.984, -

2,039,
2.1 2&-10
2.227:
2.3185
2,404,

2.449,

2. 48510
2.492y,
2.501 10
2.509y
2.540
2.578y
2.627m
2,684,
2.7350
2,781
2,824y
2.8814
2.934y
3.0033

3.079y -

3 ° 11'-830
3,186y

+ o+ o+ o+

L
— T
urcroriowm

\se \se

+53

‘oo \se‘se \se

2.891y
2,9M6m
3.018y
3,092y
3.155n
3.197»

185

o 153

\se \me oo \oe \ne

+ 4+ A+
vttt it

=+
o e \oo \ro \so ‘e a8\

+
wu
-

\se

\oea

+ + + +
Uit

+ + +
N\
9 \se\no \no \se

+ 4+ o+ +
(OG0 180 A G2 R I A6 AN

o0 \oe \as \sp s \23 ‘ae \»

2

.

+
(20 RG R62R 02 R0}
o \se ‘o0 \ee \oe \o

+ +
\J1\UN
\ae \o» \s

\

+53

+ o+ o+
o
\sw ae s

be\os \ss \un \no ‘ee .

+ o+ okt
Uit

+53
+53

1.0654
1.187%
1.220p
1.333p
1.33%9
1.303y
1.2604
1.239
1.252,
1.309;,
1 .39010
1484,
1.574y
1.6364
1. 6831@
17170
1.748,
1.781y
1.824,,
1.8624
1.9035
1.931y
1.9331
1.902,
1.959y
2,002y
2.065y
2.168,,
2-2651@
2.359
2.126,
2.4664,
2.489;,
2.502y
2.500y
2.518y
2.551y

3 2.59%

2,647y,
2.705y
2,757y
2.79mn
2,846,
2.807y
2.960y,
3003]10
3.105n
3,164,

3.209

+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
-‘_55
+53
+53
+53
+53
+55
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+53
+5:

. 208,

t2961{3 -
20

1
1
1
1.338;
1
i

1.589,
1.64G;,
1.692
1.723p
1.7555
1.7884
1.833y
1.871p
1910y
1.932y
1.933y
1.500q
1.967
2.0125
2.083y
2.190y
2. 28310
2.376y
2,435y
2.473y
2,494,
2.503p
2.504,
2.525p
2.55%9q
2.605n
2.659,
2.716p
2.762m
2.806y
2.85Tn
2.910p
2.976m
3,007y
3172y
3.218y



1.0884
1.07%0
1.101y
1.139
1.172%

1.195y -

1.208p
1.218y
1.2315
1.241y
1.259
1.287n
1.323n
1.349;
1 ° 35 910
1.368;5
1.3864,

1.413 -

1.432;y

+53
+53
+55
+53
+55
+D03
+53

TABLE 9.2 (cont'4)

3,234y,
3.267y
3292y
3.309;
3330y
33531
3.363n

M 7.90110
: 8-266@
: 8.881p
5 92570
. 9.2813()

9.167y
9.357p
9.683y
9.904y,
1.008y
1.041

H ].076m
: 1.093y
t1.085y
. ].081m
2 1.107p
s 1.1464
5 1,178y
5 1,197
. 1.209m
; 1.220y
s 1.230y-
: 1.243,

1.264,

3 1.297y

Te 3301‘3

;3 1.351p
3 1.360p
s 1.37
;5 1.393p
1 417y
2 1.435,

+53
+53
+53
+53
+53
+53
+53

¢ s= 10,3 by

+6
+6
+6
+6
+6
+6
+6
+6
+6
7;
+73
+75
+73
+75
+73
+73
+73
+73
+73
+73
+73
+73
+73
+73
+73
+73
+73
+73
+73
+73
+73

aER

24,
273
<293y
<312y
. 340y
. 3581
362y

WWW WL WW

+5;
-|_5’-
+535
+53
+53
+53
+53

O
-t
Q
o+
o

N
n

mnomnoumo(ngtﬂ
L3 L[] o . 5\)

n

C

O

; +7,

3.209;,
3.276yp
3.299y
3.316y
3.342y
3.361yp
3.356p

N1
.30 A

. 005y
«533m
.078m
. 296y
<235y
. 9810
787w
971
019y
<057
. 085y
009210
L0815
089,
e 1 2319
<1599
« 190
. 202
. 215y
022510
. 236y

<2151
31y
3“’010
« 3551

3785
L0345
Jekhy

<250y -

364y, -

+53
+253
+53
+53
+53
+53
+53

wwwwww

PO N NN SN NN NN Vo L te st 1o 1o 1o S (o N oo 10 0

<2571
283y
. :3()ll19
. 3] 810
O 3}‘181\’3
. 363p

081y
'65310
.;5§m
« 3001
.196m -
24T,
.568,,
836y
. 996y
.027m -
064,
.Oggn
091y
094y
.132p
165y -
« 192y
. 204,
.2164,
.0P8wo o
238y
.256p
.27JW
<3170
. 345y
«357n
<365y +7;
381y ok
08y
A28,
A50y

+53
+51
+5,

+5;
+53

+€

+7,

+73



1.450,
1.484,,
1.5154
1.536m
1»55uw

1,582y
1.619,
.1.666O
1. 680m
1.712g
1.752y
1.789
- 1.825)

range (L4):

1.408;
1.3644
1.3k
1-387D
].381m
1 039810
1 -39910
1.392y
1.399y
1420,
1.450y
1.463),
1.484
1.510y
1.525p
1.555p
1.587
1.6235

TABLE 9.2 (cont'a)

1. 464,
1.497y

1.523y

g = 20,46 by 0,22

+83 1.103, +8;

+8'

1.395m

1.362, +8; 1.362y

+8' 1.378m +8;

48
+8
+8
+8
+8
+u
vQ
+8
+8
+8
+8
+8
+8

+8
+9-

1,384
1.385x
1.399
1.398y
1.389,
1,405y
1 1304

u:3m
1.4654
1.491y
17.510p
1.531n
1.5604
1 . 595]0
1.631p

+83
+83
+8

+8

+8;

+8;
+83
+83
+83
+83
+83
+8;
+83
+83
+83

1. 381410
1 ) 3831"
1.3975p
1.400y
1.398y
1.390p
1.4104
1.4355
1.458;
1,468,

1,496y

1.5144
1.538y
1.5671
1.6015
1.639y

187

+73
+7;
+73
+73
+73
+73
+73
+73

v +7;

+73
+73
+73

to 39.60 A

+8;
+83
F8

+8'
+8’
+8;
+83
+83
-[-g 3
-'..‘ ;
+83
+83
+8;

+8;
+83

+8

+8;
+83

1
1
Te
1.
1
1.
1.
1
1
1.
1
1

[
1
1

1
1
1.
1
1
1
1

1
1

“7110 +73
505m +73
52(19 47’
546y, +7;
5700 +73
':)03') +73
6L2y, +73
67610 +7)
7030 47)
7350 +7;
T +75
-809m +73

0_1

3811:) +8’
.30 0 +8
386m +83
3/ow +U:
30‘-!'10 +8
398y +U}
.395p +83
391w +?
—;1)) !8
38y +8
u5oﬁ 4@
L7l 483
.500y r8
5184 +8'
1.543 +8
5Thy +33

1;60810 ""85

10775
1.5084,

] 5_)21(\ ~

1 5%j
1. E‘7Oo
1.6115
1.648;
1.682,,
1 7084

1.743y
1.781
1.81810

1.3710
1.369
1.388

« 3805
1.39%y
1.11005
1.395p
1.3931
1421,
1 Akl
1,461,
1. ”79w
1. OOIO
1.521p
1.

(‘)j )

+8,



14504,
1,484,
1.5155
1,530y
1.550,
1.582
1.619
1.6564
1.688y
1.712p
1.752y
1.789
-1 .8255

range (L):

1.408y
1,364
1.374y
16387D
1-398m
1-399m
1.392y
1.399p
1420,
1.450p
1.463,
1.484,
1.510p
1.525p
1.555
1.587
1.6235

+83
+3;
+83
+83
+83
+83
+83
+83
+8
+ U
+83
+8*
+8'
+8'
+8
+8,
+83
+83

TARLE 9.2 (cont'ad)

1.459;
1.492y,
1.518y
1.5140m
1.5604
1.588,
1.629,
1.663;
1.693y
1.7215
1.758p
1.7965

+73
+73
+73
+73
+73

47

+7,
+73
+73
+73
+73
+73

1.464,,
1.497y
1.523
1.5U3;
1.565
1.5906y
1.669,
1.697x
1.727n
1.767%
1.802y

1.4035
1,362y
1.378%
1.384,
1.385x
1.399
1,398y
1.389
1,105y
1'430D
1,053y
1,465,
1.491y
T.510p
1.531y
1.5604
1-595m
1.631p

+83
+83
+8;
+83
+83
+8
+8
+8;
F8
+8
+8'
+8
+8;
+83
+83
+83
+83
+83

1.3951
1.362
1.3843
1.383p
1.3915
1.4004
1.398y

o390m
1.4104
1.435p
1.458;
1.468,

1.496y

1-51um
1.538y
1-567m
1.6015
1.639y

187

+73
+7;
+13
+73
+73
+73
+73
+73
+73
+73
+73
+73

+8;
+33
+83
+83
+83
+83
+83
+83
+83
+83
+8;
+83
+83

+8

+8

+8

+8;
+33

1,471,
1505y
1. DEUQ
1.
1
1.

1

516,
« 5705

503
1.6UED
1.676y
1.7035%
1-735m

<7 TH
1 80,m

1.3655
1.386m
1.37%0
1.39%,
1.398,
1.3955
1.391p
1.415,
1.438y
1 )‘L5J!‘
1,474,

1 .5004
1.5184
1.543
1.57hy
1.608y

+7,
+73
+73
47,
+73
+73
+73
+73
+73
+75
+75

_ o_1
to 39.60 A

+83
+83
+83
Pu,
+8
+8
+8
+3
'8
+8
49
4@,
+33
+9
+8;
+33
+83

1.3710
1.3690
1380y
1,39
1.800y
1'3050

1.393x%
1421,

Ly

+73
+73
7
-!_73

+73
+73
+73
+73
+73
+73
+73

+8,



TABLE 9,3
C1,0 intensity data(2) as combined uphill curves
range (1): s = 0.86 by 0.02 to 8.98 &

570310 +23 5.899n +2: 6.127n +2;5 6.365n +2; €.601y
6.821p +23 7.()2'6310 +23 7.2621{) +,:: 7,24911;) +21 T TU2n
8,039 +2; 8.353n +2; 8.706n +2; 9,076n +2; 9,449y
9.81410 +2§ 1901810 +3; 1.0541@ +35 1,090y + H 1912610
1 .16310 +3: 1 919810 ‘1-33 1.2331 ‘1‘33 1 .26610 +3: 1 299
1.33210 +35" 1 .3651:) +3§ 1.40 1_ %) +3; 1 oLL381o +3§ 1 .47819
1.519n +3; 1.559n +3; 1.599n +3; 1.639p +3; 1.680p
1 « 720y +3: 1 76110 +33 1-80210 =3 1,84310 +3; 1.88&9
1.9251p +3' 1 r)O\)V) 'f'35 2.015 +3;’. 2.0661{) +35 2:.118m
2.173n +35 2.229n +3; 2 ?&OD +35 2,343 +3; 2,401, +
2.46019 -l-_), 2.521n 4—35 C_o)g R '5‘35 2;.6471{) +3 X
2.782p +3; 2.052n +3; 2,923 +33 2.996p +33 3,070y
31461 +3; 3.223p +35 3.301 +3: 3.380p +3; 3,460y
3542y 435 3.624n +35 3.707n +35 3.793pn +3; 3.982p
3.9700 +3; 4,068y, +3; 4,168y +3: L.267p +3; L4.301y
4 L4Loy 437 4,525 +3: 4.599yn 4335 L 679n +33 L.T770w

4,892y +33 5,008y +3: 5.1 L2y +35 5 .209p +3; 5.38 1w
5.4850 +3; 5,583 +3; 5.084n +3; 5.783n +3; 5.086p
50,089 +3; 6.092p +3: 6,195pn +3; 0.294p +3; 6.392p
64491 +3; 6.592p +3; 6.695n +3; 6.798pn +3;5 6,900y
7.003p +3; T.112p +3; 7.222p +335 7323w +3; T 42l
751710 +33 7603w +3; 7.088wn +33 T.779%0 +3; 78570
7961 +3; 8.058p +3; 8o152w +35 8,249, +3; 8,340
8. 1h3y +37 8.537n +33 8.6290 +3; 8.717n +3; 8.806n
8897w +35 8.992p0 +35 J. 085w +33 9.17hp +3; 9.200p
9,309y +35 9.437w +3: 9.528yn +3; 9.624p +33 9,720y
9.815p +3: 9,910 +3: 1.000p +4‘ 1,010p +45 1.019p
1 002910 +45 1 ,03919 +ll-’: 1 .05013 +43 1 0061 10 +LP3 1 907310
1 ,()8410 -6-“; 1.095p +}-l; Te 1061{) +43 1.1 1810 —I—Ufg 1. 12913
1 01}-l'11') '1“45 1153 +L'r§ 1.16610 +4§ 1.1790 +br5 1 019219
1,206 +U43 1.219y +U4; 1.233p +4; 1.247n +4; 1,262y
1.2761 +4; 1.291p +4; 1,305 +4; 1.3200 +4; 1.3306

1 .35210 +43 1 o369‘.0 +1; 1 ?)u D10 '{’45 1 .401 1 +L!-5 1.1 G
1430y 43 1,445y, +4; 1.4620 +45 1,478y +Us 1,497
1.515pn +4; 1,532y +4: 1°5A7m +43 1,562 +43 15750
1.589n +}~!-3 1,601y +1'r; 1.621n ‘1'145 1.06370 -i-lL; 1.653p
1.660p +1; 1,680y +4; 1.699n +h; 1,714y +45 1.7290
1 .714310 +4: 1 075619 '1'145 1 76/0 +ll-3 1.781n +45 1 07.9“5'13
18061 +L‘-5 1.818p +43 1. 831n +L'*; 1840 +843 1.657w
1.868p +4; 1.878p +4: 1.887m +43 1.895n +4; 1.902y
1 091019 +h: 1 ‘,918}3 +43 1 .92’5]0 TS 1 99331‘3 —f-lJ,}‘ 1 ,9}4019

188



1947y -

1.967n
1979
1.981m
19730
1,900
1.9Udy,
10S)Ez310
1090110
168950
1.88110
1.885n
1.896p
1091110

1 © 9“‘610 T

1:992n
2,041y
2,099
2.159
20229
2294y
2,361y
-2 01{”3410
21198y
2.550m
2 600
2,654
2 070010
2.7431
2 976610
2.797w0
2.045,
2,884,
2. )d}—rm
2o956m

3,000y +

3.038p0
3,090y
3.119p
3 . 1 4610

1.952n
1.9705
1,981
1.980y
197110
1095 n
109a0m
1 091 91’3
1 P))]g
«&93n
0\57010
1.887n
1.899n
1.915n
10956D
2,000
2,053
2.,110pn
2. 173m
?u248D
2308
2.375n
2.4509
2350810
2.566p
2,611 M
2.663m
2e109n
a74‘719
2771w
2.803m
2o '03[10
2.850n
2o 89£D
2 938n
2964
3 OOE}]@
3.0UTyp
3.099n
3-123’.’3

3.15310

TABLE 9,3 ( cont'd )

1.957n

1 . 9731’)

. 1 098210

10978n
UJW

1 @,)n

01 kn'_)
2 ° 0641’_)
2.122p

21870

2:.2551
2.327n
22390
2.&6“‘19
2.519n
2.5721p
2,626mn
267210
2,718
2,750
807/710
206 1210
206391’)
2.857Tn
2090010
2093910
8-972m
3.,016p
3.05Zm
3.1001 -
3 12\)10

189

+ls
+§;
-+
443
+43
+M5

‘-h

+u
_l. U

1,901y
o9 (5n
1.983n
1.976n
1,965
12950y
1.932n
1,909
1 <897
.88(0
1.881n
1.891n
1.905n
1,928y
1.9750
2,019y
2.076n
20134y
2,201
2 .268m
20334y
240Uy
2.,476n
2053310
2.57 1w
2,635
2,681
2072710
27531
2.783w
24 b20m
2.839;
2. 866m
2090713
2.92}510
2098210
3.023p
3-06710
3 . 1 1 1 0
5 31340

+Us

1,904y
19780
19821
1.974m

« 9031

e }ldm
Io925n
1905y
1.8961
1 &SMQ

2,802y

d?mo
0161

299 Oy



range (2):

3:9981n
56008y,
5,923n
69801D
705493
85451
9.719n
11111
1.253n
1.364n
10&493
147210
10“33m
10379U
10337w
1;336w
19378H
10“55D
1554
1.650n
10728m
17820
1.815n
1n8u0m
108?5m
10909D
1.934y
1.971n
1,999,
2,006y
2,007
2,007y
2,043y
20097D
2.185n
2279
2.390n
20u61w
2:520p
2.5U7n
20559D
2569y

443
+1Uy
+43
+4:
+43
+U
+43
+53
O
+53
+53
+53
+53
+53
+53
+53
+5¢
+53
+53
+53
+53

4~206m
591885
6 ] .} 1 8]')
6,958,
7o(32
BeT5Tn
9.982n
1. 1404
1.280y
1 93E337_’)
1.459,
1. 468y
1. 4202,
1.370n
«333n
o 342y
2391n
1470y
1.57khn
10669m
17Uy
17910
10821D
1.847n
1.885n
1,920y
109u3w
1.977n
10998m
2009y
2 004y,
20013m
2905OD
2,114y
2,203
2300
2408y
20“783
2.528n
25440y,
20555@
2.575n

1
1
1

+Us
43
J’@
+h:
+1
+4s
1
+53

+53
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ABLE 9.3 ( cont'd )

(o]
2.0 by 0,05 to 17.90 A

4 418y
54365y
63296)}
71005
(922
6509‘(%4]')
100255
1.160y
1,304,
14034
10“67W
1.462y
1011L1()1»’)
1359
1033110
103“7”
1.4063
1494y
19596m
1.686%
17570
1797
10827D
1.8561
10639110
10926m
1995110
10985D
2,001y
2,010y
2 .0061
200193
2,057

2.131n -

2.219n
2.322n
2424,
2 ® 1491’\[10
2.537n
2,544y
2.552n

20575m

190

L ,622y
565301
6471y
72350
89 1291’}
96223
1,053
1 ° 19810
1.3250
1.4234
14710
1ou53D
10399m
1350y
1330y
1.355n

1,421 -

19514m
1.6161
1.698y
10761D
1.8021
1.833n
1.862y
1.893%
1.925n
10959m
19931
20003D
200093
2.,0081
2ﬁog6m
20067D
291493
20239D
243Uy
20437D
2,507
2,543y
2.552n
2.551n
2.572n

+15
+u§
+4
442
+Us
443
+5:
+5:
+2:
+53
+51
+53

-

-1

4,814y
572830

6,635

70382‘9 i

8303)‘1'1 n

9,165y -
1.0823'

1.226n
1,3&53
14384
1 ° 24‘731’)
1,443y
1.388n
1 03)"'23’)
10331D
10366”

1.437n -

1.534y
1 ° 632:3

1713n -

1.772w
108083
1.835n
1.865n
1:.898n
1.927w
1,965
10999D
2,005
2,000
2,006
23033D
2,081
2,166
2,260
2.36Tn
2.uu9w
2051310
205473
2.558n
2.557n
2,573



TABLE 9,3 ( cont'd )

25920 +5; 2,024y +55 2,633y +5; 2,009y +5;3 54

2,590 +5; 2.017yn 455 2,621 +5; 2,630y +5; 2,645y
2,002y +5: 2.678n 455 2,680 +51 2,689y +5: 2,690y
27050 +h: 27100 +55 2730 +5; 2.7Wn +5: 2,700y
2771y +5; 2.78?:19 +53 2.795n +5: 2,807 +5r 2,218y
2,.828n +5_2 2083@‘13 —%55 2.8431@ 4'5}, 208551-3 +E|/Z '2‘,87010
2.083n +5; 2:.888n +5; 2.8210 +51 2,895 +5; 2,907y
2:919n +5: 2.931p +5; 2,942y +5; 2,958 +5: 2.97%p
2e999n +5: 3.C11n +5: 3.013p +5: 3.0185 +5: 3,030y
5o049w +53 300731‘3 ‘]'55 5010710 +C): 3..19613 -i‘fj 3.1/4219
3158y +5; 3,168 +5: 3,184y +5; 3.199n +53 3.214y
3022919 +5§ 3«224510 "r'ig '3926110 +5; 30278‘10 +5: 3.2%3
3.300p +5; 3.327p +55 33425 +5; 3.362n +5; 3.37%n
3.378n +5: 3.378n +5; 3.382p +5: 3.390p +5; 3.411p
341910 +5;5 3.419n +55 33,4170 +5; 3.1420n +5: 3424,
3.426p +55 3.U433n +5; 3434y +55 3.427n +5; 3.420p
3:.4320 +5;5 34520 +5; 3460, +5; 3.457n +55 3.446y
3ol +55 3457y +55 3.U465p +55 3467 +55 3.476p
3.U48510 +55 3,494, +55 3.507n +5; 3.515n +5; 3.520p
365310 +55 3.5U7n +5; 3.55Tp +53 3.553n +5; 3.5%60

3.55Tn +5;

range (3): s = 7,6 by 0.10 to 34,90 R

r~
-—

3,708 +6;5 3.715n +65 3.733w +0: 37410 +65 3.740y
3.732p +63 3,720 +65 3.721p +65 3.727w +61 3.739n
3,701y +65 3.763n +6; 3.783p +65 3.770n +05 37740
3.790n +65 3,784 +65 3.769n +05 3.702n +C1 3.7590
347376 +63 3.711n 463 3.70hs 467 3,083y +6 3,063
316310 +65 3.027w +63 3.601p 05 3.658n +61 3.652n
3.701n +65 3.7h6n +06; 3.794yn +03 3.00Gn +0; 3°9O?D
3,963 +6; 1036y +63 10Uy +€; bo1boy +0: L1980
Loohly +65 L,283n +6; L4.323n +6; ho327n +§; M.jb?m
1,350 +6; 4347, +6; 13360 +63 4.318p +0; U209k
4,270y +6;5 4,257y +03 4e239n +65 4.250n +0; h.2lly
b4.238y +6; 4,283, +07 Le273n +03 W.310n +25 H.310p
U o377w +63 4,23, +Q5 L, 451y 403 4'499” +03 402}%0
11537, +6: Lu55y +65 Lusten 65 h.5SEn +67 L.l

191

- -

\
D

- - -

!
¥

'
-+ -

-l

Fob ok

+ + ko

-+

\ae a3 \sr o0 e \me o\ Lo\ 'to\ee \0etse N\netne\oa tng e e

S ARSI A A RS AN A A A G2 R S A A R RS RS A G2 A G2 A G A |

+ +

+ 4+ + +
ONONONYSONON OO ONOVON

tre s lae tse Lo swtnetas\oelne s

L 4=

4o+t

'



~ = (LN

6.097
66215n
6¢3U3m
6029619
( o:))l“T’O
6. U461y
60591 19
6966\510
6°7QJD

«C2L,
7 ()71 10
7 3 1 691’3
T o247y
7 «3301
7 052210
76730

U631k,
her73n
bo556y
5o094m
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5612010
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8 ) 96810
9 023910
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TABLT 9.3 ( concluded )
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TABLE 9.4

Results of individual distance refinements

for C1.0

2

( manual microdensitometer data )

jet to plate

distance 100 cm 50 cm 25 cnm 11 cm
' S : _

Ta1.0 (a) 1.6829 1.6883 1.6920 1.6757
o 0.0020 0.0031 0.0012 | 0.0061
r01,.01 (4) 2,8198 2.7903 2.7913 2,78L9
o 0.0037 0.0061 0.0029 0,0213
R (%) .77 | 24.16 28,02 81,90

5:‘“Q? 6,130 1.053 1,385 2,769

x 109 x 102 x 10M | x 10%6

Notes: (1) u values were held constant at spectroscopic
values, o

(2) ¢*'s are least_squéres e.s.d,'s,
(3) r values are rg(l) distances,
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TABLE 9.5
Results of individual distance refinements
for C120

( automatic microdensitometer data )

jet to plate

distance 100 enm 50 cm 25 cm
. o ' ) .

10 (A) 1.6966 1.6952 1.6953

6] 0.0005 0.,0010 00,0021

Yo, .o (A) | 2.799h | 2.803L | 2.7920

o ‘ 0.0010 | 0.0020 0.0050

R (%) L.63 12,91 h1.72
£§ Iy, 0L6 1.256 1,725

Zw x 10% x 1071 | x 10t

Notes: (1) u values were held constant at
: spectroscopic values., :

(2) O 's are least squares e.s.d.'s.

(3) r values are rg(l) distances,
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TABLE 9.6

Results of all data combined ( combtwo )

refinements
refinement | manual | automatic
DM MDM
data data

. (o]
rgi.o  (A) | 1.6907 | 1.6961
o 0.0014 | 0,0015
. (0] ' ’
Ua1-0 (A) | 0.0503 0.0618

o 0.0018 | 0,0017
: (o] o i

Yo1,.01 (A)| 2.7991 | 2.7982

o 0.0028 | 0,0026

0,0029 0,0026

0’ . X . . .
R (%) 20,64 | 15.06

2 3.506 2,017
ZE}NAS X 1010 X 1O10

Notes: (1) O 's are least squares e.s.d.'s,

(2) The u values have not been corrected
for failure of the Born approximation.
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TABLE 9.7

The final structural parameters

for 0120

(2)
(3)

(1)

paraneter final result | reproducibility
. O -
Tg1_0 (ﬁ) 1.694 0.004
Te1. .01 (a) 2.799 0.006
| Lcioci (©) 111.5 0.6
o _
Uci-0 (A) 0.052 0.00hL
o o ,
Yc1,.01 (4) 0,063 0,006
Notes: (1) These results were obtained by averaging

the manuzl and automstic microdensitometer
results of the previous table, the

average being weighted 2:1 in favour of
the aubtomatic data, The O’'s were
combined using the stand=rd methods for
combining errors, znd the reproducibilities
were calculated asccording to the methods
outlined in Chanter Four, ssction 12,

The distances guoted are rg(l) values,

The amplitude un,_o has been corrected
for failure of '~~~ the Born
approximation by subtracting 0,006 fron
the finzal least souzres result, as
described in Chzpter Zizht.

The spect?ogcopic amplitude values for
C1.0 at 295X are 1+, ~ = 0.051 and
uC% c1 = 0.068 inég%FSE units rssp,

- as is stated in Chapter =i

12T znt.



TABLE 9,8

A comparison of the structural results

obtained for 0120 by the present study

with those of a recent microwave study

parameter e.d. microwavé study
present work ref, 93
’ 0
Fc1-0 (4) |
r,(1) 1.694 -
rg(O) 1.696 -
re 1,688 ~ 1,700
Ty - 1,700
estimated
error in . .
the Tgy oty 0.00L £ 0,001
- 0
Yo1..01  (4) L
, ' 2, -
r,(1) . 799 ‘
r,(0) 2,801 -
- 2,800"
I’S
estimated
error in. . B
the Tgy, c1's 0.006 < 0.001%
A~ , . v, (1)
C10C1 (©) 112,45 110,86
error in angle 0.6 0. 1°

: Calceulabed by the author from published resulis.
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CHAPTER TEN

AN ELECTRON DIFFRACTION INVESTIGATION

OF PERCHLORIC ACID VAPOUR

1. Introduction

In 1959 Akishin et al, published an electron

, diffrac?ion investigation77 of perchloric acid vapourv
(HClOu). As a result of this study they proposed a
sz tetrahedral structure for th67010u part of the

' molécule, and obtained moderately accurate dimensions
for this skeleton without locating the position of the
attached hydrogen atom, orvd¢t§rmining root mean
squafe amplitudes of vibration,

In 1963 Giguere and Savoie supplemented existing
Raman spectroscopic datzgfor the acid by publishing
an infrared study79 Qf HClO& and DClOu in the wvapour
and condensed phases., They assigned observed freguencies
in terms of a CS molecular model also having a C5v
skeleton, with the hydrogen atom either eclipsed or
staggered with respect to the symmetrical 0103 group,

The present electron diffraction investigation
was undertaken to obtain more precise molecular
diﬁensions than were determined in reference 77, and

. to locate if possible the position of the hydrogen atom.

It was also hoped to obtain values for the root mean

#* A preliminary summary of this study is given in ref, 96.
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square amplitudes of vibration for comparison with
corresponding spectroscopic results calculated from

the data of Giguére and Savoie,

2, Experimental

A sample of the anhydrous compound was prepared
by dehydrating aqueous perchloric acid according to a
method described by Smith , and the experimental
_conditions adopted during the electron diffraction
inﬁéstigation are summarised in table 10.1.

Owing to a strong tendenecy for the acid to attack:
oil present in the sector bearing, long exposure times
were difficult to achieve ét'thé.shortest jet;to;plate
distanoes, and consequently, only a single underéxposed
twentyfive centimetre diffraction pattern was obtained,
" For this reason also, no eleven centimetre data were
collected; N ‘ _

Uphill curves ave listed in table 10.2, and the
‘experimental combined Im(s) functioh is shown graphically
in figure 10.1. Two Fourier transforms of this
function are presented in figures 10.2 and 10,3, these
having been calculated fo? damping constants of 0,001
and 0,004 22 respectively. The first of these radial
distribution curves shows a considerable amount of

' noise ripple ' because of the low damping employed,
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buﬁ resolves the two types of C1-0 bonded distance
present in the molecule, and indicateSrthe‘CBV nature
of the ClOu skeleton, Any distortion from this
symmetry must, if it exists, be presumed fairly small.
Neither Fourier transform gives definite information
about the position or motion of the attached hydrogen

aton,

5, Results

: The Gs molecular model assumed for the pufposes
of least squares refinement, consisted of a ClOLL
skeleton of 03V symnetry similar to that assumed in
references 77 and 79, with}the'attached hydrogen
atom staggered with respect to the‘oxygen‘atoms of

the C10, group as indicated in figure 7,1. The

3
‘molecular geometry was therefore defined by five
parameters, éﬁd these were chosen to be the five
independent internuclear distances RGl;Op’ Raq_om?
Rop. .0p’? Ry_y and RCl,.H’ Attempts to refine Ry y
and RCl,;H soon indicated that the position of the
hydrogen atom was poorly determined by the intensity
data collected, and hence it was decided to fix the
position o10 ths atom by setting the O-H distance

equal to 0.96 A and the C1O0H valence angle to 113

values already dis scussed in Chapter Seven, The
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amplitudes of vibrati
D ibration COrrcspondlng to RO “H? Cl,.H

and to the two nonnbonded'ROp.;H distance types, were
all held constant as Wéll. The first two of these
were given the vglues 0,07 and 0.11 X respectively,
whilst the second two were each assigned a guessed
value of O, 2 A, con“istenﬁ with a torsional motion

- of the hydrogen atom, The remzining vibrational
amplitudes uCl;Op’ uCl;OH’ qu;;Op and qu;;CH were all
refinable, and the three types of dependent internuclear
distance implied by the Cé model, were calculated
during least squares refingment by the subroutine
described in Appendix Five. _

Results of singl¢ distanQe refinements are
présented in table 10,3, and show & good consistency
from one jet;to;plate distance to another, whilst
results of all;data-combined least squares refinements
of both the combtwo and co@bgcaled types, are listed
in the columns of table 10,4, The figures presented
in this latter teble immediately indicate that the
ROp..Op parameterviS'very poorly determined by the data
avallable, particularly if the amplitudes of vibration

Op,.Op and qu..OH are included in the refin§ment.
Two explanations of this effect seem possible. It
may be that the somewhat inferior twentyfive centimetre

data collected, are not of sufficiently high quality
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to resolve the similar Op..0p and Op;.OH tetrahedral
edges which have of course identical A factors, or
alternatively, it may be that these edges are in reality
extremely similar, being more nearly identical than |
those found in FCJ.O3 ( see Chapter Eleven ), or
suggested by the results of table 10.L, The second of
these explanations,eeems to be confirmed by the facts
(a) that if the Op..Op distance is assumed to have a
value around 2,38 Z, the result obtained for it in

such molecules as FClO3 and 01207 (" see Chepter Eleven
and reference 81 ) and if the C1-Op and C1l-OH distances

are given the values shown in table 10,4, then the

dependent Op,.OH distance calculated is also close to
2,38 Z in magnitude, and (b) in the case of the
all;data;combined least squares refinements, attenmpts
made to locate false-minima;;by altering the initial
trial value given to ROp;.Op indicated a tendency for
this parame ter to first converge towards a fairly
well defined value of 2.38 A but then to diverge from
this, and finally to converge to a much less well
determined result of smaller magnitude.

Finsal parameters and reproduelbllltles calculated
for the molecule by averaging the columns of table 10.L

are listed in table 10.5. The final O0pClOp angle

obtained has a large error limit associated with it
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as a result of the indeterminacy mentioncd above, and

this angle could easily be as large as the corresponding
o : 81 _

value of 115,2° obtained by Beagley  for the two

ClO3 groups in chlorine heptoxide,

ly, Discussion

The structural resulté obtained by the present
‘study are}ih reasbnable agreemgnt with values given
by Akishin et a1,77 of 1,42 (0,01) .Z for RCl'_Op,

1,6l (0.02) E_ for RCl_;_OH and 100(2)° for the 0pC10(H) .
valence angle, though the latter result is somewhat
diffgrent from the corresponding angle quoted in table
10.5. In neither electron diffraction study'was any
information obtained about the hydrogen atom, and in
the present investigation no evidence was established
torsuggest that the threefoidAaxis of the symmetrical
0103 group in perchloric acid, does not lie along

. the Gl;OH bond. Various theorétical radial distribution
curves were calculated for such a tilted model and
compared with the experimental ¢ (R)/R function in an
effort.to investigate such a possibiiity, but best

agreement was obtained when the angle of tilt was close

to 0°., It may therefore be concluded that any such

distortion from C symmetry of the GZ].OLL skeleton is

3v
very small.
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With the ezception of‘u01'op, the vibrational
amplitudes obtain ed by the present work are very
poorly determined., All of the amplitude results
listed in table 10,5 do in fact agree with the
corresponding spectroscopic values of Chapter Seven,
if error limits are conéidered but only in the case.
oi“uCl -0p can the agreemenn obtained be described as
both significant and good., A

The dimensions presented in table 10.5 for the
Cldh skeleton may be comparedayith corresponding
results determined by Beagley  for the-two ClOLL
tetrahedra in the molecule of chlorine heptoxide,
The dimensions he obtained for Cl 07 are RCl op = 1.405 A,
Ryq. ocy = 1.709 A, and the angle 0pClOp = 115,2°,  The
reproducibilities ass1gned to these quantitles in
reference 81 are 0,002 A 0,004 A and 0,2° resPectlvely,
The most striking difference between these_rg(l) results
and corresponding values given in table 10.5, is the
lergthening of the Cl;OH bond in the acid as 1t becomes
the bridge bond in the‘heptoxide. It is also
noticeable that the Cl-Op bonds in perchloric acid
are slightly longer than those of 01207, but this
difference cannot be regarded as particularly
significant when error limits are taken into account,

81
The bonding in 61207 has been described by Beagley
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in terms of two single C1-0 bridge;bonds, and six C1-Op
bonds each having a 77 bond order of two thirds, The
occurrence of 77 bonding may be explained in berms

of overlap of two p orbitels on ezch peripheral oxygen

atom with the d o and dx2; 2 orbitals on chlorine, &

y
type of bonding which has been discussed in some detail

in a paper by Gfuickshank%5, and which may be postulated
for a good many compounds containing & second row
elgment tetrahedrally coordinated by oxygen atoms;' As
has been menﬁioned in Chapter Nine, the true valence
angle of 109.2O suggested for the 01207 bridge excludes
the possibility of a suitasble p orbital belng available
on the bridging oxygen atom of this compound for a
similar type of ovérlap,

In the molecule of perchloric:acid,‘however, the
C10H sngle is presumably greater than 109,2°, being
probably about 113° ( see reference 80 for HOCLl and

reference 120 for CH,0C1 ), and hence it is possible

3

that the.Cl—OH bond in this molecule involves a certgén

amount of dm-pT bonding, Cruickshank has suggested

77" bond orders of 1/L+1/3 for the X-Op bonds in an
05X0Y system, and 1/l for the X-0Y bond, but these |
bond orders are based on the assumptions that the angle
XOY is close to 120° and that the energy of the p orbital

on the bridging oxygen atom is similar to the energies
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'of‘t@e jo) ofbitais avallable on each peripheral oxygen
~ atom, In perchloric acid, where Y = H, the XOY angle
appears to be only 113°, and hence this factor alone
should reduce the amognt of C1-OH 77 bonding possibie
in the H01OLL mglecule. The similarity found to exist
between the Cl-Op di;tances in 01207 and. H'CIOLL also
suggests that the Cl-OH 77/ bond order in the acid is
a good deal less than 0,25, for if this were not so,
th6101-0p distance in.HClOu would be longer than in
01207.on account of its having a 77 bond order less
than two thirds, It will be shown later ( Chapter 16 )
that the Cl;OH bond order is approximately 0.1 in HClOu.
Therresulm obtdned by thelﬁresent work do not
contradict the general}statemenﬁ made in reference 95,

that for O0.XOH systems, where X is a second row element,

the differznce between the X—Op>and X-OH bonds is usually
greater for the free molecule, than for the corresponding
molecule in a crystal, this effect being explained in
terms of hydrogen bonding in the condensed'phase.

It is of interest that the average C1l-0 bond length
of 1,46 X obtained by the present work for HClOu, is o5
equal to the empirical estimate suggested by Cruickshank
for 010; tetrahedra in general.

In the present work no evidence was obtained for

dimerisation of HClOu in the vapour phase. Intramolecular

hydrogen bonding cannot be excluded however,
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TABLE 10,1
A summary of experimental details

for the pesrchloric acid'investigation

jet to plate
distance 100 cm ‘50 em 25 cn
wavelength : _ : :

(4) 0.051190 | 0.051190 | 0.051190
e.s5.d. 0,000022 } 0,000022 | 0,000022
sample
tSmpePature
(“x ) 288 288 288
nozzle
tgmperature

'K 328 %28 328
gas
temperature
agsumed

K 308 308 308
number of :
plates used | L 4 1
quality good good very

light

number of
traces
measured
(ArDN) Ly N 8
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TABLE 10,2

HGlOLL intensity data as combined uphill curves
; 1

0

range (1): s = 0.74 by 0.02 to 9,00 A

3,720y 425 3,851, +2; 1,005, +2;
ll‘a63310 +?; 40892}3 +23 591(}3‘;3 4-23
5.972yp +2; 6,245, +2: 6,533y +2;

3all3n +2; 3,584, 425
3 75265 +23 T.913n +23 8,326y +23
;

+2

L1886y +23 L3096y +2
5.U27n +25 5,696 +2
68300 +23 7160, +2
BoTH6n +25 941630 +25 9.576w +25 9.971n +23 1,035n +3;
35 Tollby 433 11770 +35 1.210p +3;

1.2019 +3: 1.272p +35 1.3055 +35 1,338y +35 1.372n +33
14070 435 1.4U3p +35 1,476, +37 1,509y +33 1.539n +3;
1.5675 +33 1.593n +35 1.619n +3; 1,640y +33 1.668n +33
1.692n +33 17150 +33 1.737n +35 1.760n +3: 1,784y +33
1,808 +33 1.83hyn +3; 1.860n +3; 1.8850 +3; 1.910n +3;
1.93ky +33 1,950n +3; 1.982n +37 2.005n +3; 2,028y, +3:
2,019y, +33 2,072n +3; 2,005y +3; 2.118p +3; 2.142n +3;
2,166 +3; 2.188pn +33 2.211n +33 2.233n +3; 202540 +3;
2,277n +3; 2.302p +3; 2.327n +31 2.353p +33 2.381n +3;
2009y +33 2,U370 +35 2.467n +3; 2.498p +3; 2.529n +33
©.5621 +3; 2,506 +3; 2.631n +33 2,609 +33 2.7090 +3;
2,749y +37 2,790y +3; 2.832n +33 2.8706n +3; 2.920n +33
2,966y, +3; 3.016m +33 3,009n +3; 30122y +35 301790 +33
342385 +3; 3.206p +3; 3.35ln 33 3.4100 +33 3.46hy 43}
3.518n +35 3.57hn +33 3.634n +33 3.694n +3; 3.75% +3;
3,826y +33 3.892p +3; 3.962n +3; L,034y +33 4,107n +3;
o170 +3: 1.253p +3; 1.308p +3; 4.4020 +31 bob70n +35
L6555y 35 Uo62Tn 43 L.702p +33 LJTTTn +3; LeB52y +3
4,928y +3: 5.006n +3; 5.084p +33 5.161n +31 5.237n +3;
5.3125 +3; 5.380p +3; 50060y 433 5.533n +31 5.600n 43
5,6805 +37 5.755n +33 5.820n +35 5.901n +33 3.971n +33
6.0l +3; 6,113 +3; 6.183p +35 6,250 +3; 03230 +3;
6.301n +3; 6,450 +3; 6.520n +35 €.5020 +33 6.0661n +3;
6o 7500 43¢ 6.798n +35 6.0660 +33 6.9320 +33 6.997n +33
7 0GBy +3: Tu13hy 435 T.20kn +33 74277n +33 o387 +35
Toli15y +33 To4B1p +3; 7.546n +#35 7.61hy +35 7,684y +3;

1.073n +33 1.109p +

77550 +35 7.628p +33 7.901n +35 7.9780 +33 8.0560 +3;
8.13§; 135 8.221y 133 8,306y +35 8,388 +3; 844690 +3;

8.507w +35 8.630p +3; 8.716n +33 88050 +35 8.8950 +3;
6.00kn 135 9073n 431 9.16Ms +33 9.261n +3; 9.30Tu +3;
9,L661, +3: 9.5760 +33 9.688n +3; 9797w +3; 949060 +33
1000y +h 1.010p +43 1,026p +L3 1,038y +13 1.0500 +4;
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TABLE 10.2 ( cont'd )
S |
range (2): s = 2,40 by 0.05 to 18.00 A

r~—

-

1,886 +4; 1,96Wy +4; 2,04k, +U; 2,127y +4; 2,212y
2,302y +4; 2.390n +4; 2,501y +4: 2,608, +4; 2,723

(=
I=
Vs C
5 3

.« 0
— 1
N C

= 0

L
—
~
oL
L L
Do Py

2,843 +4s 2.973n +4: 3,107y +43 3,233y +4; 3
3.1'7013 +43 3.595n +U45 3,707p +4: 3.825n +U4: 3
4,065, +4; L,180n +4; 4,304y +4; B,430, +4; 4

W 67hy +4; 4, 7oom +hy L,Q06n +U5 5,0224 +4; 5
5.257w +4: 5.384p +4; 5»”«5019 +h: 5,659, +h: 5.7
5.9%29 +4 6cowcn 0,248, +i: ).Aggw 6.5
6707w +U; 6.957n +i4; { 1565 +4: 7.306p +45 7.5
To798m +4; 3 ozop +hy 8.2 )Om +hy 8,530 +4: 5.8
9.068n +43 9,318y +45 9,572y +Ur 9,836+ 1
1.0330 +5; ())71) +5; 1.052p +2: 1,105y +5: 1

1o 147y +5; 1 1670 +5; 1.184n +8;5 1,200 +8; 1.
1226 +5: 1.237»n +5; 1,206y +5i 1.281n +5; 1.2
1a2561n “i“’)/ﬁ 12550 +5; 1:253n 'f‘5§ 192491{3 +53 Te24
1.23%0 +53 12260 +53 1.214y +53 1,201 +5: 1,18
1,168 +53 1.150p +55 1134 +5: 1,118p +58 1
1.0855% +5: 1.066y9 +5; 1 obnm +5; 1,033p 455 1,02
1.01Tp +5; 1.001n +55 9,902y +4; 9.797n +45 9.718
906??0 +~:‘r§ 995:315—513 'i-ivl,! 990;3'219 +1'<3 ?.Sggm +15-L; %)«(6)
9, 7Oy +4; 08160 +4; 9,911y +4; 1. w +55 Te
1.029n +5: 1. Ol5m, +5; 1.0635 +5; :}g???m +51 ::u?
1115 +5¢ 1.134p +55 11520 +5: A7 T +53 o
1.21?1»3 +;; 1.2291 +5: 1.247y +5;3 1.26?)13 +5: 10?‘
1.3C1yp +5; 1.316n +5¢ 13310 451 1.3%51‘3 ”:‘?3 1aj‘
1.3621 +53 1.371n +5: 1.37%p +5; 1.384n +5; 1.3
1.393p +5; 1.398p +5: 1.407p +5;5 1.401p +5;5 1
1,400y +53 1,006 +53 1.406p +55 1,405y +5; 1,407
1,009, +55 1,409 +5; 1.406p +5;5 1,405 +55 1
1.407n +5; 1.407p +5; 1.407w +5; 1,409, +55 1 5
1,421 +53 1.126n +5; 1.428p +55 1,432 +55 1,043¢
1.&“&19 +5: q}"l To +53 1.1'75‘11’3 ""55 1-“‘,5)913 +5; 1

1T 4Tl +5: 1,478n +57 1,482y, +5; 1.489n +55 T4
1,503 +5; 1.505p +55 1.507n +5;5 1.5100 +5: 1.°
1,515 +53 1.518p +5; 1.518n +5; 1.510n +53 1.519:
105210 +5; 1,517n +53 1a511n +55 1.508s 451 1.507
1:503n +5; TaEQ?m +53 l-ﬁggm igs loigﬂo T2 }-ji
1479 +57 1,474y +53 14050 +55 14290 +05 1enD)
1.455£ ey Tgﬂ£4D +5; 1.4, #55 1. LAO, 455 143
1,036y +5; 1.435p +53 1.M40p 455 1.44Tn 455 1,45
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1 ] l!’5}'1!'],()
148310

1:551D +

10615m
1.689n
1.746m
1.780p
1800y
1 0(%1']1:)
1.8244
10808D
1800
10811m

1.8270 -

1849
18611
1.8870
1.8861
1.89Ly
1.902m
1.92@m
1.950p
1 ° 97“’10

1]

10800m
18131
1,846y
1 085110
1.85671
1'892m
1.8861m
1»892m
1.91110
194y
1953w
19811

range (3):

6.728p
776210
Q. 141y
9,968
1.003p
10171
10067D
11110
1,100
10063D
1.059n
11171

; 6.891n

8.058p
9.373n
9.992p
1,004
1.0234
1.080p
10115w
10951
1.05710
19066w
1. 144y
1.23%90

TABLZ 10.2 ( cont'd )

+5; 1.466n
+53 1.506n
+55 1577w
+5; 1.6“7m
+55 10717w
+55 1,764y
+)E 10785D
+5; 1.8031
+55 1.8231n
+5; 19824m'
+55 1.817n
+55 1.801n
+53 1,812
+5; 1.850p
+5; 1.853n
+5; 1.872p
+55 1.8870
+55 1.887n
+5; 1 089410
+55 1«915m
+53 1.959m
+55 1,956
+535 1.991n
s = 7.40 by
+5; 6.98'7‘1')
+5; 8.340p
+55 9.577n
+55 1.,001n
5; 1,008
+63 1.030n
+635 1.080p
+6: 1.111p
+65 1,088p
+63 1,056
+63 1.075n
+67 1.162n
+6; 1.256p

14710
15181
145895
1 06617_}3
1673610
10772D
127971
17990
1.822D
1»817w
1.818%
1801y
18131
18430
185510
1.870p
1.883n
1,890y
1897w
1.9151
1.959n
1.96170

+5: 1. 475p
+53 10535w
+55 1,601y
+53 1.6891n
+55 1.7y
+5; 1w
+5§ 10796m
+53 1,800y
+5; 1.8221n
+55 1 S11n
+55 1.808n
+5;5 1.805n
+55 1.815m
+55 1,840y
'1'53 1 06%5710
"‘5; 1 087610
+5; 1.8861
+55 1.893n
+535 1.902yn
+5: 1.918n
+55 1.951n
+55 1.957w
o ~1

0.10 to 34.70 A

o '\srlsalealno e

\ra \nse

R
po \se \nates

NGy Cv OGN OV ONOGOYON YUY U

\so

72341
86311
9,726
1.002p
1,010y
1.03%mp
1.0C5y
11115
1.082p
10571
1.087w
1180y

(5308
1.2230

+5;5 74830 -
+55 8491610
+5§ 9.865w
+6: 1,003y
+€3 1.014p
+65 1,040y
+635 1.1C3n
+63 1.107m
+635 1,070y
+63 1.0551
+€; 1,099
+65 1,205
+635 1.320w
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-
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10338m
1 032013
1 a31z~l’30
10315D
13330
13750
1360y,
10382D
1478n
1.5161

15790 -+

10602m
15981
1897y
1597
1&636n
1.688n
10736D
1,790
1 0832210
1.879n
16891@
10902m
19121
1.945y
2,003y
2006BD
2«117n

20159w‘

2.179n

2195 -

2.219n
29236m
2.267n
20305D
2.363np
2.427m
2»“72w
2e5211
20549D
2,642
2 64“10

+63
/J
+63

+6
fﬁ

+63

+63

+63

1031um
1.318y
1.3163
10318D
103“5”
135k
1 o 362]’)
10391D

1,459y -
1529 -

1e587m

10599D +0§

15961
19591m

1604y -

196415
10698n
10751D
1794y
1.839n
1.861n

10892m’

10903m

19915D o
1e955w'

2,016
2,076n
2,163n
2,180y
21981
2.218xn
2,24l
2.271n
20317m
2037Om

20u32m'
29483m’

29521D
2,56
2.,619n
20650D

+65 1.320p +63 1.317n
+65 13181 46; 1.319p
+6; 1,318y *K; 1,3163
+6‘; 1 03261’) -+ 6; 1 033210
+63 1.351n +63 1,370y
+6§ 10358m 463 1036?m
+6; 10368m +63 19376m
+6§ 1 ,“2&39 +6; 1 -A?Q}g
FO3 1469y +63 1,479y
}‘6; 1 ec 4313 T63 1 ,56010
+65 1.5901 +6§ 1.59um
65 1.599n +635 1,599
+6; 1 0553510 +6_; 1 e58810
+6: 1,579y +63 15683m
F63 1.6121 +65 1,614y
+65 1651 +63 1,669
+65 1.705p0 +635 1,714y
+635 1.757n +63 1,766
161 1,806 +63 1.823n
+63 1,852y +€; 1.865p
+65 1.881p +65 1,887y
+65 1,900y +635 1.898p
‘*‘(3 1 090510 "‘b; 1 n91 Of‘O
f6; 10918m +6§ 1»926m
F63 1.965p +63 1.983p
+63 2.,030p +63 2,041y
+63 2,103p +63 2,104y
+63 2.137n +65 2.153n
+65 20163w +6; 20165w
+63 2,189 +65 2,195n
+63 2.204p +6§ 2.218n
+63 2,223n +H3 2,228y
+63 2,2UL6yn +6; 2,249y
+63 2.28U4p +6; 2,282y -
+63 2.322yp +03 2.333p
+65 2038510 +63 2,408y
63 2,439 +63 2,450
F63 2,489 +63 2,497
+63 2.529n +63 2.535np
+63 2.5670 +65 2.595n
+63 2,615 +63 2.612p
+65 2,661 +6; 2965610

21k

+03
+63

L
+A3
+63
+03
+63
+63
+63
+63
+63
+63
+63
+63
+63
+63
+63

1.318n
1331ED
131y
10331D
1-388m
10365D
13760
1o 464
15044
1.570n
1.597m
10598@
10588D
1609y
10623D
1.678m
172710
10781D
1 08261:)
1.871n
1 e89213
1,90k
1,912
193y
1.993n
2.05Tn
2,1064
201u9w
2.175n
2.196mn
2.2171
2023Om
2+:257w
2,284y
293a7m
2,418
2,460y
2,510
2,540
20599D
2.625m

+63
+63
+63
+6;
+63
+63
+63
+63
+63
+63
+63
+63
+63
+63
+63
+63
+63
+03
+63
+63
+63
+63
+63
+03
+63
+63
+63
+63
+63
+63
+63
+63
+63
+61
+63
+63
+63
+63
+63
+63
+63
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TABLE 10,3

Results of individual distance refinements

for HClOu
jet to plate
distance 100 c¢cnm 50 cnm 25 cm
Yo1.0p  (4) | 1-4083 | 1.4083 | 1.4082
o 0.0013 0.0006 0.0013
ropom (A)| 1.6398 | 1.6399 | 1.6289
o 0.0057 0.,0021 0.0056
o (¢}
Top..0p  (A) 2.3149 2.3689 2.,3612
0.0045 | 0.0049 | 0.0099
R(%) 7,77 7.55 34,69
2 6.186 7.672 2,38l
\\IA 4 o 3
ji: X lO9 X 1010 X 1013

In these refinements the u values

(1)

Notes:

(2)
(3)

were held constant at spegtroscopic
values, and ry g at 8;96 A, and the -
angle C10H at™ = 113",

The O values are least squares e.s.d.'s.

The r distances are the three
independent parameters chosen to
describe the C10, tetrahedron, and

" the values quoted are rg(l) quantities,
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TABLE 10.L

Results of ' all data combined ' refinements

for HClOb

parameter combtwo comb- combtwo comb—
: scaled scaled

To1-0p (a) | 1.407h | 1.4062 | 1.4071 | 1.4059

o 0.0008 0.0006 0,0009 0.0007
T o ‘ . .

Yorom A) | 1.6293 | 1,6345 | 1.6387 | 1,637k

o 0.0032 0.0025 0.0052 030036
Top. .0p (&) 2.3497 | 2.3562 | 2,3638 | 2,3642
o 0.0042 | 0,0039 | 0,0164 ‘| 0,0110

uCl;Op (X) spect, spect, Ofohhu O¢0M39
Y - - 0.0012 | 0.0010

O .
Uy o (A) spect. spect, 0.0700 0,0635

Q

- - 0.,004L47 0.0036
. o

Yop..0p (A) spect, spect, | 0.0781 0.07L9
- - 0.0174 | 0.0140

. ‘0
U, .on (&) | spect. | spect. | 0,0677 | 0.0617

Q

o’ - - 0.0072 | 0.0071

R(%) 14,19 13.18 13,14 15.63
LA 3,485 3,637 3,025 | 3.288

}i}” x 1020 x 100 x101%| x 100

Note: The distances are r (1) values and the H position
was assumed as descPibed in Table 10.3, note (1).
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TABLE 10.5

The final structural parameters

for HO1O),
parameter final result reproducibility
. o ] ,
Ci-0p (4) 1.407 0,003
T (o) . i '
C1-0H (A) 1.635 , 0,011
' o o T '

0p..0p (A) 2.359 0,027
T - o ' :

Op..0H (A) 2,410 0,048

/\ O - - -
0pC10p (°) 113.9 2,1

S o ’ ’
opC10H (°) 04,5 2,8
C1-0p (A) 0,036 0,004
a : o - L

C1-0H (&) 0,062 0,013
u ' (o]

0p..0p (A) 0.077 0,048
u - o -

Op..0H (A) 0,065 0,022

Notes:.(l) The amplitudes of vibration have been
corrected for Born failure ac¢cording to
the methods of Chapter Eight,

(2) The above results were obtained by taking
a straight average of the values given
in the four columns of table 10.4, the
0’ 's being averaged, and reproducibilities
calculated from them,
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CHAPTHR BLEVEN

AN ELECTRON DIFFRACTION INVESTIGATION

OF GASEOUS PERCELORYL FLUORIDE

1, Introduction

In 1956, as a result of a gas phase infrared
investigation, Lide and Mann pro;posedé9 a 03V tetrahedral
modelA( see fig. 6.1 ) for the molecule of perchloryl
fluoride (FC105), In 19$8vLide confirmed this symmetry
by microwave spectroscopy and determined the distance
of the centre of mass of the system from the 0135 atom,

The present.elecﬁron diffrsction investigétion of
the compound was undertaken to obtain accurate structural
parameters and root mean square amplitudes of vibration
for the FClO3 molecule, it being intended to compare

the amplitudes determined with corresponding spectroscopic

results calculated from the infrared data of ref., 69.

2. Experimental

The sample of perchloryl fluoride used in
exparimenfs was‘donated by the Pennsalt Chemical
Corporation of Pennsylvania U,S,A, No difficulty was
experienced in recording diffraction patterns at all
four jet;to;plate distances, and a summary of the
experimental. conditions adopted is given in téble 11.1.

# A preliminary account of this work has been given in
ref, 98.
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Four uphill curves arc listed in table 11.2, and the
final experimental combined Im(s) function is presented
graphically in figure 11.1. Two radial distribution
curves calculated from this function using damping
constants of 0,001 and 0,004 Zg, are showvn in figures
11.2 and 11.3 respectively, and of these, the first
~achieves a resolution of the two types of bonded
internuclear distance present in the molecule, The
sz structure proposed in references 69 and 70 is

evidently confirmed,

3, Results

The FC10, tetrahedron was defined by the three

3
internuclear distances RCl;Op’ Ryq_ps and ROp;.Op’
In least squares refinements these parameters were varied
indspendently, and the ampiitudes of vibratiop u61;0p,
~ u01;F’ qu;.Op and qu..F were also refiﬁable. The
dependent distance ROp..F was calculated after each
least squares cycle by means of the perchloric acid
subroutine digcussed in Appendix Five, and to avoid the |
necessity of modifying this computer procedure, an
imaginary atom of zéro scéttering factor was assumed,
Results of four single distance refinements are

presented in table 11,3, The hundred centimetre

parameters quoted in the first column of this table are
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distinctly high‘when compared with those of the other
threce columns, but since no unusvally high values werse
obtained on carrying ouf gll-~data~combined refinements
(vsee table 11.4 ) it may be concluded that these
values correspond to a least sousres fglse minimum,
and do not indicate experimentsl error, Table 11.L
also shows that , unlike the case of perchloric acid

( see Chapter Ten ) the Op..Op distance in FO10, is
well determined, whether root mean square smplitudes

of vibration are refined simultaneously or not.  This
fact probably indicates that the tetrahedron edges of
the perchloryl fluoride molecule differ more’in size
than do the corresponding distances in HGlOu. Final
structural parameters for perchloryllfluoride, obtained
by averaging the columns of table 11,lt, are listed in

table 11.5.

l.. Discussion

| It is clear from table 11.5 that in FClO3 and
Cl. O7 the Cl03 groups present are basically similar,
the relevant heptoxide parametars having been determined
by BeagleyBl as RCl Op = 1.405 A and O0pClOop = 115. 2
The perchloryl flueride RCl Op bond length of 1.403 A

appears, however, to be significantly shorter than

the corresponding distance in perchloric acid {1.h07 &)

o
P
it



whilst‘iﬁs valence angle 0pClOp of 116,20 is considerably
larger than the corresponding HClOLL value of 113.90.
This latter result is subject, ﬁowever, to a large
uncertainty ( 2,1° ) and hence this difference may not
be as significant as it appears, It is of interest
that the C1iF bond length of 1,617 Z obtained by the
. present work is somewhat shorter than the re value
determined for chlorine monofluoride by microwave
spectrOSCOpy7l, and shorter still than the Cl~F single
bond length of 1,66 A consistent with Beagley's
tetrahedral covalent radiigo for oxygen and fluorine )
and a single bond value of l.?OO’X for the C1l-0 distance,
From the structural Pesulté listed in table 11,5,
a value of 0,171 Z vas célculated for the distance of
the centre of mass of the 0135 speéies ofFClO3 from
the chlorine atom ( this pdint lies between Cl and F )
and a value of 5276 Mc/sec was obtained Ffor the
rotational constant B of this same isotopic species.
These quantities, which are subject to errors of 0,013 Z
and LO Mc/sec respectively, may be compared with the
corresponding results of 0,154 A and 5258,7 Me/sec
determined by Lioc70. Such g comparison indicates
that if the bond lengthé given in table 11,5 are accepted
as correct, then an OpClOp valence angle of 115,2°

would be more consistent with the microwave position

.22k



for the centre of mass, and hence it is probable that

a compromise value of 115.7° is the best estimate which

can be given at prgsent for the 0pCl0p sngle in FClOB.
Both the Cl-0Cp and Cl-F distances inFClO3 are

shorte? than single bond values, and it is clear fron

the Cl-Op shortening of » 0,3 X, that this bond has a

large amount of double bond character, larger probably

than that appropriate to the‘corresponding internuclear

distances in 01207 ang HClOu. On the oth§r hand, the

shortening of ~ 0,04 A observed for the Cl-F bond is

surprisingly'small, vhen it is considered that in FClO3

the central chlorine atom must be depleted of electrons

to a large exteﬁt by the sigma bonds which it forms,

and that the fluorine atom has two 19ne pairs of electrons

apparently available for 77 bonding, ﬁnlike the

peripheral oxygen atoms, hdwever, vhich evidently

donate electrons into the dzg and dx2—y2 bfbitals on

chloring » the fluorine atom appears to retain its

p electrons, Indeed, it seems possible that some of

the Ci;F shortening observed merely results from a

3

hybridisation change from sp” to sp, and if this is
so it must be inferred that the amount of /7 character
in the Cl-F bond of pefchloryl fluoride is less even
than that of the Cl-QH bond in HOlOu. The slight

shortening of the Cl-Op distance in IFC1l0., relative to

3
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that of 3010&, 1s presunably attributeble to the
electron~withdrawing properties of the fluorine atom
which should cause an increased positive charge on
chlorine, and so enhance the amount Qf dr-piv Dbonding
present in the peripheral Cl-0 bonds,

Finally, it is of interest that the amplitudes of
Vibration obtained by thé present study, and listed in
table 11.5, are‘in good agfeement with those calculated

from spectroscopic data in Chgpter Six,
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A summary of experimental details

TABLE 11.1

for the perchloryl fluoride investigation

jet to plate

distance 100 cn 50 cm 25 cn 11 cm
wavelength

(4) 0.051205 | 0,051205 | 0,051205 | 0,051205
e.s.d, 0,000020 | 0,000020 | 0,000020 | 0,000020
sample
tgmperature
~K 193 193 193 193
nozzle
tgmperature _
("k ) 293 293 293 293
gas
temperature
agsumed ’
(°K ) 21,3 213 2113 2L3
numbey of
plates used |L L 6 L
quality rather good good good to

dark light

nunber of
traces
measured
( AMDNM) L L 6 |8
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rC10

3

TABLE 11,2

intensity data as combined uphill curves

range (1):

8 & 1 21 i)
1 o()7310
1.352p
17720
2.191y
2.5“1@
2,888y
3¢195n
3.429n
3.66ly
3088010
Lo O8Ly

11'027319 +

holirhy
ll— € 6851{)
L o952y
5:.303n
56708
69194m
60753D
70376w
8.085n
8.841@
9.659%0
1.050p
1.128n
1.20710
16282y
1.358w
10“33b
10509m
10591m
10670w
10754m
1.845y
1940y
2,057y
2. 188n
2330
2,486y

23
+33
+3:
+33
+33
+33
.’.3;
+33
_].3;
+33

112

1 Lo

e (1

1 0{361 1
2.,2661
2 .608y
2.9560p
32Uy
3647y
36709
39211
ll‘o 123]{)
14,313
ur051 31’3
l|‘a73210
5.015n
53790
5"08‘01:0
62991
698?31‘3
Te51210
8022910
9,001y
9082410
1,067
TellHly
1.222p
10297D
1.37hn
1 obv'i!‘?l)
1 ¢52530
1o6o6m
1.6881
1771y
1,864y
1 0961 12
2.0821
22170
263590
2:.517n

0,86 by

9 a 1 1!‘3"’}
1,174y
1.507n
1.9481p
20338m
2 067610
3,021
3 0291!”]0
3:5271n
3754
39621
L 160y
11‘03514"}0
1553y
L7830
5,083
5 a}"'E'{)lO
5896
60”‘0810
6 .99‘619
7 ) 65 1 0
8 037713
9.167n
99950
1 008210
1 . 1 6010
1.238p
1.31210
1 03891’)
1.462y
1 05“’210
1.621n
17001
1 0788}0
1 98821'3
10983@
2.107p
2245y
2e390n
205)4919

228

-1
0.02 %o 9.02 &

+25 §.09Uy
+33 1.226m
+335 1:593m
+3; 2 003210
+3; 2,408y
+35 2,746y
+35 3.083n
+3: 3,340y
'1'3,: 305(810
+33 3.790mn
+3; LU,00Ly
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2:6711‘13
3.2“’1 0
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+1Ls
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+U43
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+14;
+53
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+55
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1 ° 18320
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1587 -

1.763n
1.880p
1.915n
1 0861 mn
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1.62U
1.506p
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1451
1¢535n
1,664
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2.063p
2,120y
2.143n
2.133n
2.1227
20125m
2.151p
2,191y
202361’)
202671’3
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2.238n .

2, 19719

TABLE 11.2 { cont'd )

‘ ) 0
2.1.0 by 0.0H to 17.90 A
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230

+53
-}.5;
+53
+5;

Cle
o +D3

+55
+53
+53

4),

3,000y
30663D
4,57y
5¢510n
6e506m
7. 465y
80397D
9.493n
1.0821
1.257n
14581
1 0663]’3
1,819
1.905n
1,902
1e826ﬁ
1.701n
1.570n
1077y
1.439p
1 . Ll‘7613
15801
1.721n
1877w
2,006
2090y
2.131n
2 ° 1 4213
2.129m
2.1191
2.135n
2.165m
2,210mn
2.251n
2.275n

P 2.272n

2.2521

2 « 22()1’_) -
2.184 -

+U3
-+
-+
+13
+45
+43
+4
+U3
+53
+53
+25
+53
+53
+53
+53
+53

51

+53
+53
+53
+53
_;.5;
+53
+53
+53
+53
+53
+53
+)9
+5>

-1

3119
30831D
L[‘ 376610
507031’)
6.698w
7657w
8 3 58810
9.732n
To11l4y
1.295p
1.502p
1.698n
1.843n
19121

1.890y -

1 0801 19
1.675n
1.5471n
1eU6hn
1,441y
1.493n
1.608n
17540
10909m
2,027n
2,101y
2.135m
2. 14y
2,129y
2,122
2 14010
2 ° 17210
2.217n
2+.255n
2,278
2 027210
2,247y
2 020810
2.179%9p



2177
2:}1'721()
2.210%
2+276m
203790

2oUT5y -

2+¢570p
2.6371n
2,674y
2.67Tn
2 ® 6r7€310
2 ] 66410
2,660y
2 e 662]0
24674y
24702y
2.736n
27710

2s797w -

2 381 4]0
2.826p
20851 0
2 .88610
209281{)

2.172n
173n
217n

2o
2o

262950 +

20,3991

2=495w +

2.587n
26471
2.678n
26677m

267y -
20663D -

2.666p
2 & 660]0

2 o 65301') -

2.713n
2 07“1 19
21T Tn
208O3m
2 081 l!']o
2 983310
2 .85610
2,899

range (3):

3057510
L 4300y
505810
5-308w
5e249y
52950
55551
5.0961m

+63
+63
+63
+63
+53
+03
+61

+53

3,691
}4'011'6210
50151m
5 0303}’)
5623210
50331D
5.5971w
5:694m

i)

20169]3
2,176
2,227
2.311n
29“‘081’)
265991
2.658n
2.679m
2.077Tn
25665m
246551
2,055
2.659n
2,680
2.7221
2o THT 0
2,782p
2.803n
20813M
2084110
20861]9
24900y

s = 7.60 by

3.8271w
4,623
50232m
5.278n
5.2281n
5e337n
5.645y
5.683n

231

+53
+53
+55
+5:
+53
+53

+53

+53
+53

+53

0.10 to 34.80 &

+6;
+03
+63
+63
+63
+63
+63

+6;

2 ° 1 6913
2o 1 536319
2,2L0y,
2.3221
2 042}-L1’)
2.533p
2.6121n
2,666y
2,678
2.677n
20661 o)
2.639n
2.,0650m
2.663n
2.690p
2.729n
2¢756m
26784
2080Ll>10
2817w
208“‘6]0
2,869
2.910p

3e974n
L7860
5-276m
52591
5.235n
S 434y,
56750
5°6M9D

Apf 11.2 ( cont'a)

53
+53
+53
.}.5’;
+5:
+53
+5
+53
+53
+53
+53
+53
+53
+53
+53
+53
+5;
+53
+53
+53
+53
+53

+53

+63
+63
+63
+63
+63
+63
+63
+63

2 .200n
2.256m
2,348y
2 au'5210
2.552n
2 © 6251{)
2,670
2.677n
2.677w
2 o66l¥~1()
2.6U1y
2 e 661 M
2,668
2 06961{)
2.7311p
2 Q76610
2.788n
2.8101p
2,822y
2 08LL710
2 08761{)
2.9180

1

491411{)
4,934y
503011
52511
5.26210
5014'88)’)

5,70k

5.5921n

+5;
+53
+53
+53
+53
+53
25
+53
+53
+53
+53
+53
+53
+53
+5;
+53
+53
+53

+53
+53
+53



603421
6 ® 33“ Lis]
60 4801
605961
64559

581w

® © © © ©¢ © & © » © © ©0 ©0 » 9 2

h +6

+63

Iy \/:
s +63

+63

+63

+63

+63

565015
5 029319
5039AU
568271

6033619 -

6051937
6430y
6032313
6036310

69495m'

6,601
5¢5401
6.5381p
6 97691')
7068y
7269
7 0244}0
7 3 07610
6 e 973.’)
70065m

8459
8,442y,
803973
8,431y
8. U791
85751
8,824
8 997030
9 a 1 62];’)
90290D
9 o 3“‘61{)
9,369
9,488y
9,634

TABLE 11,2 ( cont'a )

8011‘951’)
8.610p
8090210

Q0055 +

9. 1881
90319D
9:350m
9,397
9.518p
9.6631n

232

re

+ o+ okt
OM%C\OM%CNGHﬁ

\ne \se\se \po \no s ‘3

y +63

5. 407
5.285n
50535D
6,040
6 'y LI"FZ’I ki)
6 e 501 He]
6 ® 37719
63061
6.4251’)
6 054910
60603’.9
6,497
6061 61)
6n89u‘10
7 8 182.’)
T +3065
71780
T017n
6099810

9.0315
902321‘3
9o303m
99353D
90“‘1810
90557D

+63
+63
+63
+63
+63
+63
+63
+63
+63
+63
+63
+03
+6;
+63
+§;
+63
+63
+63
+63
+63

¥ +63
n +63
s +63

+63

50362W
5 e 30Uy
56221
6,151
605031
6o li76m
6 ° 350.0
6030810
64611
6e577n
6.586m
65021
6066f13
60965w

T o228y -+
Te292p -

7.138n
7 +0031
7.002y

76 1 3“‘10 .

Te29110
7 0 uz?l’)
. 6021
o 7571")
. 3681
° 86719
w77?m
o {201
o701
° 94813

ENERENEN

p

e ENENEREN!
[
N
O
o

9-332m
99,3601
9,439y
9 ° 5881‘3
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o
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TABLE 11,3

Results of individual distance refinements

for F0103'
jet to plate
distance 100 cm =50 cnm 25 cn 11 cm
r ‘ N |
C1-0p (A) | 1.4073 | 1.4020 | 1.403L |- 1,LO3L
o’ 0.000k 0.0004 0.0006 0.0016
” . 0 - ‘ .
"o1-F - (4) | 1.6811 | 1.6181 | 1.6106 | 1.6329
o’ 0.0023 | 0.0014 0,0021 0.0085
. O - - - ’

Y0p..0p (A) | 2.4285 | 2,3805 | 2.3731 | 2,3L05
o 0.0010 0.002l 0.0080 0.0318
R(%) 3.12 5.69 16,59 62,02
:E:}”ZQL 3.305 6.803 1.419 8.097
; x 109 x 1000 | x 10| x 10%0

Notes:

(1) In these refinements the u values were

held constant at spectroscopic values.

(2)

tetrahedron.
quantities.

(3)
(L)

The r distances are the three independent
parameters chosen to describe the FGlO3
The values quoted are r

(1)

The 0’ values are least squares e.s.d.'s.

The results of the hundred centimetre

refinement may correspond to a false
minimum of the Zws~
are distinctly different from those of
the remaining three colunmns,
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TABLE 11.L

Results of ' all data-combined ' refinements

for FClO3
parameter | combtwo | comb- | combtwo | comb-
scaled scaled
. S B , ,
C1-0p (A) 1.4033 | 1.4030 | 1.,4035 | 1.4032
o’ 0,000L | 0,0003 | 0,0004 | 0,000l
o ; .

To1-P (A) 1.6122 | 1,6158 | 1,6183 | 1.6208
o’ 0.0015| 0.,0012| 0,0015| 0,001L
Top. .0op(A) 2,3753 | 2.3786 | 2.3863| 2.3868
o’ 0.0033 | 0,0022'| 0,0026| 0,0023

, o | _ .
‘YC1-0p (A) | spect. | spect. | 0.0436| 0.0427
o’ - - 0.0005 | 0.,0005
. 0 -
uCl-F (A) spect. spect. 0,0464 7 0,0h85
o - - 0,001k | ©.001L
. _ ﬂ
Yop..0p(A) | spect. | spect. | 0,0501| 0,0509
o - - 0.0026 | 0.002%
o . 3
Yop..F (A) | spect. | spect. | 0,0648 | 0,0671
o’ - - 0.0026 | 0,0024L

 R(%) 11.55 | 11.36 | 10,06 | 10,02
E:wdg 5.581 5,469 h.213 5.939

: x 1019  x 1019 x 10*9 x 101°
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TABLE 11.5

The final structural paremeters

for FClO3

peraneter final result reproducibility
T o " . )
C1-0p (&) 1.403 0,002
S o ’ ’
To1-F  (A) 1.617 0.005
. o . )
0p..0p (A) 2,382 0,008
Op..F (4) 2,341 0.020
s o T ’
0pC10p (°) 116,2 0.7
P o ) ’
OpC1F () 101.L 1.1
o ° : i
- Uc1-0p (A) 0.035 0.002
u' (o) o
C1-F (A) 0.042 0,005
W o . .
0p..0p (&) 0,051 - 0,008
uho » ’
Op..F (4) 0,066 0,008

Notes:

(1) The amplitudes of vibration have been
corrected for Born failure according to

the methods of Chapter Eight,

(2) The above results were obtained by taking
a straight average of the values given
in the four columns of table 11.L, the
0’ 's being averaged, and reproducibilities

calculated from them,
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CHAPTER TWALVE

AN ELECTRON DIFFRACTION INVESTIGATION

OF GASEOUS CHLORINE DIOXIDE

1. Introduction

Chlorine dioxide (0102) has been extensively studied
. by & number of‘physicalrmethods. The most recent
electron diffraction investigationgzvof'the compound,

by Dunitz and Hedberg in 1950, determined structural
péfaméters for the molecule with moderate accuracy,

but did not gbtain values for rool mean square amplitudes
of" vibration,

An infrared sfudy of‘gasedus chlorine dioxide, by
ﬁie;sen and WoltZSG in 1952, established the harmonic
frequencies of vibration of the normal isotopic species,
end resolved rotational fiﬁe structure, but a lack of
simllar information about the 018 species prevented a
determination of the four force constants necessary to
define the molecule's harmonic force field.

In 1954 Wardloo used the results of Nielsen and
Woltz,.together With ultraviolet spectroscopic data
obtained by Coon101, to calculate accurate strucfural
parameters for 0102, and his resultiogave subsequéntly

been confirmed by a microwave study publighed by

83
Curl et 21, in 1961, In 1962, microwave spectroscopy
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“was also used to produce reliable values for the fqur
force constants of the harmonic potential function,

The present electron diffraction work was undertakeﬁ
to confirm the structural results of referenceé 100 and
102, and also to obtain values for the root mean square
amplitudes of vibration of the internuclear distances
present in 0102. It was intended to compare these
amplitudes with spectroscopic results calculated from
the force constant data of reference 83.

-

2. Experimental

Chlorine dioxide was prepared by the action of
sulphuric acid on potassiuﬁ chlorate as described in
reference 103 (second method given). A summary of
the experimental conditions adopted duripg the electron
diffrasction study is given in table 12,1, Elevenv
centinetre jet-to~plate distance data were not included
in this investigation on account of the small part
such datsa had previously been found to play in
determining structurai parameters,

- The uphill curves obtained are listed in table 12.2,
and the final experimentzl combined im(s) curve is
presented graphically ih figure 12.1, A Fourier

transform of this function is shown in figure 12,2,

and the excessively large ' noise ripple ' visible

2l



in this radial diétribution curve between R = 0 and
R=1 X , may presumably be ascribed to the deviation
between the experimental and theoretical Im(s) functions
at s v 18 Zﬁl. Figure 12,2 immediately confirms the
angular symnetric nsture of the chlorine dioxide

molecule, and the rather short Cl-0 bonds present,

3, Results

In least squares refinements the molequle was
défined by the internuclear distances RCl;O and RO..O’
and these were refined independently together with
their corresponding root mean square amplitudes of
vibfation. _ Resul?s of single distance refinements are
listed in table 12,3 and show a reason&blg consistency
from onerjet;to«plate distance to another, Results of
combtwo and coﬂbscaled_allédataucombined refinements
are listed in table 12.4, and a final set of structural
parameters, obtained by averaging the columns of this

table, are listed in table 12,5,

ly, Discussion

The results obtained by the present work are
102 100
compared with those of Curl and Ward in table
12,6, The asgreement achieved is good, but since the

microwave result is uncertain, at least by normal

oho



microwave standards, and is not in any case an r, or
T value, no definite conclusion can be reéohed_about
the real accuracy achieved by the present study.
Clearly any error involved in the 0140 rg(l) distance,
- cannot be in excess of few thousandths of an Xngstrdm_
unit, but more than this cannot be said, The valence
angle of the molecule is naturally rather poorly |
determined on account of the low A factor of the

0..0 internuclear distance,

. The amplitudes of vibration obtained by the present
work are in fairly good agreement with those calculated
spectroscopically, and listed in tables 8.5 and 12.6.
The difference of 0.00L Z betwéen the two U610 results
which is larger than would be expected from the well
determined nature of RCl;O’ is presumably a consequence ‘
of the ‘poor tweptyflve centimetre R factor of table 12,3,

The 0,23 A shortening of the C1-0 bond 1en¢oh in
C10, relative to the C1-0 smole bond value (1.70 A)
~implies a considerable amount of double bond character,
and it is evident from the naturec of the molecule, that
any 77 bonding present will be complicated by the fact
that both p and 4 orbltals on chlorine may be involved,
Molecular orbital oalculatlons by wagnerlou, have
confirmed these ideas, and have predicted that the bonds

n 0102 poésess 1derab1e 77 bona orders, fifty

percent of this bonding being of d character.
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A sunmmary of experimental details

for the chlorine dioxide investigation

jet to plate

distance 100 cn 50 cn 25 dm
wavelength ' ‘ .

(a) 0.051172 | 0.051172 | 0,051172
e.s,.d, 0,000020 | 0,000020 | 0,000020
sample
tgmperatufe
(k) 233 233 233
nozzle
tgmperature
(K 333 333 333
gas
temperature
agsumed
(°x ) 283 283 283
number of
plates used |6 6 2
quality good good good to

light
nunmber of
traces
measured | :
(a2 6 6 10

2l




C10

range

605O7m
'80599D
1009Om
14611
1085um
2.207n
2,586
2.066m
éo304m
30662m
aooggw

387w
ﬁ:?28m
59037w
C0341m
§o655m
5097 tho
60325D
6.6971n
7.069m
7« 149310
70921!'10
8.155y

0121
80580w
1:018m
1,089
1e162p

0245m
:.330m
1,430
10527E
C 1,644y,
1.7625
1,884y
20015D
2,143
?-273m
é-409m

+23
+23
+33
+33
+33
+33
+33
+33
+33
+33
+33
+33
+33
+33
+33
+32

+33

+33
+33
+3;
+35

+3:

+3;
+33
+33
+h43
+U3
+4
+4;
44
443
+U43

Ly
+ 7/
+U3
+U3
+Us

L
+ s
1
+43

-t t (i l, a l!l) ] P\ eS
S COI.- lned
.
a
A
1

3,038y
3«831
o)? jis)
%o?39ﬂ
4,108y
4, h55y,
b 7950
50951
5,401y
572210
60035m
6 o“‘o(g)lo
1
?:?gow
578w
5:821m
80567w
9,70y
?2332m
"1,1o$w
917 jis}
;.262m
1,348y
1,449y,
1.548m
10668m
1e785m
19105
2 0041 10
20169D
20299m
2.4355

12 .2
TABLE 12,

.00
6 by 0.020 to 9

= 0.8

g =

+23
+23
+33
+33
+33
+33
+35
+33
+3:
+33
+33
+33
+33
+33
+33
+33
+33
+33
+33
+3;
+33
+3;
‘F3;
+3:
+33
443
.yi};
+1y
+1
+U3
4L
+4
413
+43
+43
+1is
by
+43
+3

Oy
7'%§8w
?:227m
1.6211p
2,001y
éoBASD
27451
§°1O7D
30“38m
3:.817n
be1791,
uo523m
4,858
5 ° 1 5510
54635
I':) 078813
6,102
6. 47T
6,842y
7+233p0

066()1')
ge 1 23}0
8,683y
9.2271
9»826m
1,045y
1.118p
10193m

279
}:3g9m
1. U468y
10571D
10691m
1509
19937D
2,007
29195w
2,326y
2,061y

2u5

+23
+23
+33
+33
+3:
+33
+33
+33
+35
+33
+33
+33
+33
+33
+33
+33
+33
+35
+33
+33
+33
+33
+33
+33
+33
+h3
+13
443
-+
+U3
+13
+43
+4
+U
+1
+13
4<LL;
+U3

+1

« (D210
gog25m
1.304m
1.699y
2 00703’)
2,426y
é0821m
3 ° 1 7[!’ 0
3.508p
3893
40249}3
1001

1
20216m
55265
69851m
ée 17“‘1{)
65501
6-§15m
73201
T o Tk
8.232@

1
g.§%9m
9:9”5w
1,060y
1;132m
1,209y
19296m
1,390
1 91%3;[310

1
}ié?gn

10
1 odhs
2,082y
2.2211
20353m
2, U85y

+23

+23
+33
+33
+33
+33
+33
+33
+33
+3;
+35
+33
+33
+33
+3:
+33
+33
+33
+33:
+33
+3S
+33
+33
+33
+31
443
413
+4;
+U3
1l
+1
+43
+43
+13
+U3
1
+1
+1i3
+U3

g

A8.19Um

0331
}°3§0m
1.7770

261370 -

2,507

Ly,
2 one”
30584m
3:966w
40319m
40659m
4 9804
5627 %0
r/*-58910
2091um
6.2U75
606231
6.9905

7« 408y

~832m
go3u2w
8,908
9o“58m
1.006p

« 07l
::0114'710
1.2271n
10313m
10“’101!_)
105O7m
1.6201
1.738%
1485810
1.989n

2,118y -
g ° 21481’) )

263819
2 200

° A



3.
3«
3
3
3
3.
3e
30
3
3.
2
2.
2
2
2
2
2
2
2
2
2e
3.
3
3e
3e
3
3
3e
3e
3
3
3
3e
b,
. u
L,

1 651119
217n

° 23()1‘3
02381
0228D

1991
1661
1221
0661
0144y

9964m

9251

887w
«8581
810
e 82“19

829y

«8U6y
o870
° 903 9]

9541,
009y
070y
1 11519
231
307n

o376

481y
5821

o 66913

774w

<384y

9891
111p

. 205l0

314y

+11'
-*‘11';

+M~

2..558m
2,074
2.19m
2,008y
2,990y,
3,070
3. 140y
30 1 91L:J
3&22013
30233D
3c237D
3.225y
3 ) 1 9213
3.157n
3 ° 1 1“1‘3
3005“‘1’)
3.003p
2.956n
2,916
2,881y
2e853m

3,020y
3,085

:. 391601')

3 L3 2“‘71{)

3.3221p -

33921
3504
3:598y
306881‘3
3.795n
3.906y
40,011
uo13113
}4'92271'3
L4336y

+13
_;.245
1t
i)
+LU
-l
+4;
+1is
+1i3
4
+U
- l‘_a

TABLE 12.2 ( cont'

2584
2.696y
N
2,920y,
20110
3,085y
3,152
R.2211
3.2361n
3 023610
3.220y
3.187n
3. 1471
31035
BoOZ-Lu‘IO
20992y
2,948y
2.9071n
2 0871"‘13
20,850y
2.833xn
2 0821;13
208331
2.857y
2@879w
2.9231n
2.975n
3,031
o 10711
3 ° 1771’)
3.262p
36337w
30 411w

¢

4 42504
40 35910

2u6

41
+§;
i
4113
4
+ls
+14;
+1
+H;
4*1L;
+
+Us

2 © 608]')

2.719n
LR

2o by

29414

(]

QO = (VN0 —
C =0 20—
o =5

~ =3 0D N2 MO 0N

W
(@e)
]

a)

+
+h3
Uy

y
QO

v
(&)

éo 9143;‘)
2.998n
3, O o



range (2):

1 9682]')
1 9951 n
2023310
20577w
2 97219
35151
Lo111p
4,833
5.623m
6,416m
70175w
'798161,
80159m
B.290p
8.078n
7 691D
7 2681
6«775m
6.5067
63101
6.4011
6.628y
6.981 0
70357w
T 8021
8.051p
8.3091
805601’3
8.759%0
8,863
8.843y
87831
"8B.0643
832210
7 098819
7067020
75601
75161
76931

+
+U43
+u
+4
+13
+4
+U3
+43
+4
+4;
+13
-+
+U4
+443
+u;
+U43
+4
+lL-
+M’
+u
+4
+13
+u;
+43

1738w
1.998p
2 [ 3021’)
2 -} 65“1’_)
3 Q 06613
3,623
L 252,
4,989y
507600
6 e 55910

Te315n =

7¢916‘;’)
80211]')
8026119
8.009n
7.6121
71830
6,708
644530
6030910
6 U451y
6;6819
T 042y,

TolliBy -

T:872p
8,107
8o352m
8607
8.8091
8 . 849y,
8,843,
8e770n

8.572n -

8 925710
709_5313
76435,
7=5Aub
7:537w
70767D

)]
H

TABLE 12.2 ( cont'd )

2.10 by 0.05 to 17.95 &

1.794n
2,047y
2 -] 368]0
2.728n
3.167n
3673210
U393y
5o 14419

'y 5e 9(.013

6. 711
7o 111Gy,
7.993n
8 ' 23819

8'8701‘3
8 086813
8 976513
8,475y
8 3 186‘.3
78761
7 061613
7527w

7.532n -+

- [oke
770310

2u7

+Us3
+4
+4;3
+43
+1h
+M;
+1
+Us
+43
s
iy
U

+4

+LL

20 +u

+43
o+ lL
+4
+15
+a
+L43
+U3
413
i

1 . 8}4‘813
2.1021n
2 ° 432]0
2 ° 80510
39277D
3.850n
40531D
5 ° 3061')
6.0981n
6«869D

75770

80011»'31’3
8 025310
8 e 17}“;13
7 868y
7 ° LI’L!'E'IQ
60979D
6,594y
6.369,
6 ° _))’l"! lo]
6o 5390

8 08881’)
88701
8073OD
8417y
8,090y
7+ 7801
7°601m
71497
76530n
77805 4

+U
+43
+43
+43
4L
+43
+L3
+4;
-+l
+Us
+l
+Us
+1
+LU3

1 0901 1
2.1661
20501 10
2.985n
30396m
3:975n
46731
50 4T 4
6.265m
7 0241
7700
8.093n
Bo27Tn
8.138n
T o788y
7 <350
608671:‘)
65511
6.333mn
6.3651,
6+5730
60906}0
7926710
7071 110
[2993p
8 ?,)570
85251
87050
8988110
8.867n
808301'3
8 .689x
8,368y
80029]0
Te703n

5 7+587n

7»“859
7 . 58613
79849D



7 ° 96710
8 ° 23219
8.669y

8.973n -

9 o 30510
9,568
9:799n
9 083610
078520
«6663
<6U6Y
«60139
014’2810
o 4061
99329w
93691
9.4961
9,651
9,964y
1 < 0341{)
1,091y
1.151p
1.199n
1.249y,

(XOANOANOANOANOAN0)

+4,

+53
+55

range’

11'073910
5 ° 43513
6.127n
6537w
6 075010
’ 6.722m
6 ° 8661.’)
6 926310
5 . 9}491‘0
6.1311

69792w
7 o L"L'-L,’IQ

-
. 5°
. 6’
; 6.
980619
071513

5 B

8.
8

9
9

9

\O(NO\OKNO\OKNO
Q

1
1

0OU24,
309y

o' (22n
. 9‘"
958030 -

0921

61 510
(O 0
U6y

o (9310
649

619m'

«597 1w
«387n
o319y
350.&3
3R

E’4710

° 205;0
«2591

(3):

6
6
6.
6
Do

: 6.

6

088610

5521y
301y
593

810y

2031

9531
2821y

823n
7o

58619

3 4,992
3 5e7321n
; 6.,361n
o 60627w
s 608“‘710
H 6@693‘:0

TABLE 12.2 ( cont'd )

8,063
83691
80801 1
9 o 1 591’)
99”’3770
9.681m
90795m
908,51 10
9.785n
906}4}419

+4:
443
443
+43
+45
e
+U43
+4’
P4
+43
+4,

1 4-1+,
b +‘4"
) +4
1 +4
: +4

+u

oy +u

e
+Jg

) +53
0 +53

+5:
+5:

8,062
8,400y,
88550
9.1 75p
q ° 11‘8510
9.7l
90807‘0
9.830p
9¢ 75510
9 o 651 10
995891’)
9. 4913

Qo374
99325W
9378
90382W
9.5990
90855W
1.0161,
1,062y
1.123n
1.185p
10227m

+14
+43
+U3
+4;
+43
443
+43
Ta
+u
+4
+U3
+4.
+hy
+4
+13
+4,
+U:
+43
+55
+53
+53

7.60 by 0,10 to 35.00

64291
6,098
5.958n
6.391n
7,004m
7 . 75719

248

+53

+5
+53
+53
+53
+5
+53
+53
53
+53
+53

+55 7

50 1)41 19
5¢8591
6412y
64649y
6078010
6.677n
6 0395")
6o02L
6001 LHQ
603891{)
7 ° 1 91 19
985710

+51
+j.

+53

+83
+53
+53
+53

8e131p
89608"0
8,894y,
90221 10
9.527n
9078910
9082610
9079810

07Q1 0
90661 hie)

9590y -

9045110
9,420y
9932910
9.383p
9,440y
9,609y
9.916}0
1,025y
1.078n
1,138y
1193
1.239n

?HSW
0993‘0
0081 s}
6461
0363W
87710



769551
81551
8,089
79906n
TeT7T9Tn
7 ° 88813
8,26y,
" 8.918n
9 . 221 0
9:555n
9.507
9,354y
9,240y
9.236n
9 o 441 hia}

90670m i

10011”
100u5m
1.063p
1,067
1.070n
10721
1.085n
15123m
1 .1601()
1,209y
1.216:’)
1.232n
102361’,}
19236D
1.2661
1.2801n
‘19313w
1307y
10386D
1.&15D
1.4631

1,480
1.521p
1.553n
1,609y
16661
19729D

80,089}’)
8« 0H 0y
79050
78531
16907
8o37hy
8.878n
9.275n
9534y
90&6419
9032510
9.2135
9.243n
9. U7
9,828
1.013n
1 couglg
1.075n
160701
1,069y
1,070
1.0G71
1 ° 126%1”)
1.168n
1208
1220y,
1 a23L!~1:)
1 0217[1 bie]
1.239n
192669
1 92861:]
103259
10357D
1.397n
1.433n
1 o)"!'7519

1 o 4871’)

1052113 -

1.571n
1 ® 623‘_')
1 o 689}0
17270

\se \ne

P
\oe \eo \ne

Ase \oe \ne Lan Lae \»

++ + +
DO

s

e

+ + +
AN

TABLE 12.2 ( concluded )

8,090,
8 ° 1 :_))‘}"LIO
8,003
7‘,9\’)1;13
78510
79561
814061,
80823510
9,128
9.472y
9,102y
9,242,
Q.2681
902711‘13
9:\5481’)
9.9025
1,020y,
1.055n
1.0821n
1 g()rZE_)D
1 006613
1,074y
1110y
1.170p
11791
1.208
16233D
1 022510
10239D
1,248y
1.268n
1 0263813
1:333m
13701
1410y
1. 140
1,482y
19503D
1 n521 1
15281
196323
1,690y
1737w

29

+53
5
+53

+53

8:1181’)

801“?3 -

8,0C0,
T +8350n
T o556
8008y
805021')
9.005n
9,954y
9.5521n
9.338n
9.2321
9.258n
9.372n
9,634y
1,004y
1.0301
1,064
1.071p
1.073n
1,068y
1.078p
1 ° 1 271’)
11390
1.1871
1 92()81_,3
1.2381
1.2281
1 023613
1.254y
1,266
1.287n
1.332n
10378w
1.428n
1.450n
1. 480
1,498y
1.525n
1.590n
1=6383
1.698n
1751

+53 8,146y
F5: 8,084y
+55 79230
+53 7.828n
+55 7«97y
+5: 80(—)9729
+5; 846350
+55 9.136p
+53 Q. U824y
+5: 9.5861p
+55 9,328y
+55 9,262y
+535 9,238
+5; 90369m
+55 9.752n
+63 1 9009}3
+6} 1.0U1y
+63 1,072y
+63 1,069
+6: 1,068y
+65 1,068y
+635 1,080
+6; 1. 1.2613
+635 1.150p
+63 1.193p
‘{‘63 1,205
+61 1,232y
+63 1 e2381{)
+63 1.25210
+6: 1.256m
+65 1 a298}3
+63 123370
‘}“65 -l 0386:3
+65 19417n
+63 1,451y
+63 1477w
+635 1.5105
+6§ 19535D
'i‘é‘s 1 0598:‘3
+65 1.650p
+6} 17014
+63 1 07611-1)

+6
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TABLE 12,3

Results of individual distance refinements

for C10,
jet to plate
distance 100 cn 50 cm 25 cm
R o , _

C1-0 (A) 1,&773 1.4759 1.L731
o’ 0.,0004 0.0006 0.,001L
r. o ' ' . '

0..0 (&) | 2,5255 | 2.5365 | 2,5061
o 0,0027 0., 0042 0.013L
R(%) L Lk 8.63 37.58

szﬁ 2,994 5,135 2,191

—t b'e 109 X 1010 X 1013

Notes:

spectroscopic values,

(1) u values were held constant at

(2) 0 's are least squares e.s.d,'s.

(3) r values are rg(l) distances,




TABLE 12.L

Results of ' all data combined ' refinements

for 0102

parameter combtwo comb~—
scaled

1 °

- o -
Y61-0 (A) | 1.4750 | 1.L743
o 0,0008 | 00,0006

r ’ 0 4
0..0 (&) | 2.5251 | 2,5210
o4 0.0070 | 0,0051

' (o] . ’
Yc1-0 (A) | 0.0429 | 0.0426
o - 0.0010 | 0.0009

- o . |
Y0.,0 (A) | 0.0629 | 0,0595

0’ 0.0077 | 0,0060
R(%) 1k, 70 13.29
o AY 1.055 | 1.100
WA
Zi, x 1014 x 1017

Notes: (1) The distances are Pg(l) values.

(2) The O’ 's are least squares e.s.d,'s.

(3) The amplitudes have not been
corrected for failure of the
Born approximation.
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TABLE 12.5

The finsl structural parameters
for 0102
parameter final result reproducibility
' o
To1-0 (A)
r (1) 1.475 0,003
rg(o) 1.L76 .0,003
r. 1.471 0.003
.. o
To..0 (a)
r.(1) 2.523 0.019
rg(o) 2.525 0,019
P O. : ’
oco (°) 117.6(rg(1)) 1.3
. O - , N -
Uc1-0 (A) 0,035 0,003
u, ° oo
0..0 (4a) 0,061 0,021
Notes: (1) These results were obtained by taking
a straight aversge of the results
presented in the two columns of the
previocus table, The O’ 's were averagéd
and reproducibilities calculated from
them according to the methods of Chapter
Four,
(2) The uy,_o value has been corrected for

failubs~Jr the Born approximation,
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TABLE 12,6

A comparison of
the structural parameters obtained for CI0,

- with values derived by other methods

parameter | present microwave | UV 4+ IR | microwave
study study studies force,,
r (1) ref.102 ref.,300 | field"
vdlues ref.83
i," - O h - - ) v .
C1-0 (A) | 1.475 1.473 1.472 -
estimated ’ o - '
error 0,003 0,01 1 0,005 -
N o ) - ’ ‘ .
ocxo (°) | 117.6 117.6 117.4 -
estimated ' - ’
error 1.3 1.0 0.2 -
. o - .
Yc1-0 (a) | 0,035 - - 0.039
estimated ' : : _ ‘
error 0.003 - - - 0,001
. o _ , ,
0..0 (4A) | 0,061 - - 0,063
estimated ' ' ' '
error 0.021 - - 0.003

# The amplitudes were calculated by the author from
the force constants published in this reference,
These results are also included in table 8.5. The
errors qguoted are essentially subjective and are
not based on exact calculation.
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CHAPTER THIRTZIN

AN ELECTRON DIFIFRACTION INVASTIGATION

OF GASTEOUS SULFHUR DIOXIDE

1, Introduction -

In 1940, an electron diffraction study of gaseous
’ ' 105
- sulphur dioxide by Schomaker and Stephenson y

established the dimensions of the SO2 molecule with
moderate precision, but did not determine values for
root mean square amplitudes of vibration, Subsequently,
several microwave investigations of the compound have
been carried out, and among these may be mentioned the

‘ 106 : 107
studies of Dailey et al., Crgble and Smith,

‘ 108 ' 109 .

Sirvetz, Kivelson and the most recent investigation

' “110
by Morino et al, In most of these publications
accurate molecular dimensions are stated, and in Morino's
treatment the eqgulilibrium molecular structure is very
accurately determined.'

The infrared investigation of gaseous 802 by
7

Shelton, Nielsen and Fletcher in 1953, established
the harmonic frequencies of vibration of the normal

8L,

isotopic species, but it remained for Polo and Wilson

to study the O18 substituted compound by the same
technigue and so determine the force constants of the

harmonic potential function, Their results are in
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execellent agreement with correcsponding values
109 .
determined by Xivelson by microwave spectroscopy.
Recently, while the present work was in progress,
Haage and Winnewisser published g high sccuracy electron
_ 111 :
diffraction investigation of 802 , and obtained an
equlibriun S-0 bond length in excellent agreement with
Morino's result. ]
The present investigation was originally undertaken
to obtain accurate electron diffraction structural
parameters and amplitudes of vibration for the molecule,
it being intended to compare the amplitudes determined
with corresponding results calculated from the force

constant data of Polo and Wilsoh,-

2. Experimental

A commercial” sample of sulvhur dioxide was used to
obtain diffraction patterns, and a summary of the
_experimental conditions emﬁloyed is given in table 13,1,
Owing to a techniéal fault, the electron beam showed
a slight tremor, and for this reason data were not
collecte@ at the hundred centimetre jet-to-plate
distance, For the same reason solid sample pgtterns
were recorded at the fifty centimetre distance,

Uphill curves are listed in table 13.2, and the

experimental combined Im(s) Tunction is shown in Tigure
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13,1, A corresponding Fourier transform is presented
in figure 13,2, and indicates the angular symmetric

nature of the molecule and the rather short S-0 bonds

present, The ' noise ripple ' prominent in this
"o

O’ (R)/R curve at R-v 0,5 A is presunzbly a conseguence
of the deviation between the theoretical and experimental

o-1"
: Im(s) functions which occurs near s = 10 A ,

3%. Results

For the purposes of least équares refinément the -
molecule was dsfined.by the internuclear distances
..Rs;o_and Ry, o+ end these were varied independently
together with their cor?83ponding'root mean sguare
_ amplitudes of’vibration.i Results of" single distance
refiﬁements are presented in tgble 13.3; whilst those
obtained by combtwo and coﬁbscaled:a}ladata~combihed
refinéments are listed in table 13.L. The final
parameters for the 802 syvstem, obtained by averaging

the columns of table 13,L, are presented in table 13.5.

l., Discussion

If all relevant error limits are taken into account,
the molecular dimensions obtained by the present work
are in satisfactory agreement with corresponding results

produced by the electron diffraction study of reference
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105, as well as the results of the early nmicrowave

. 106108 :
investigations. In view, however, of the
considerable accuracy of the most recent published
electron diffraction work by Haase and Winpewisserlll,
and of the microwave study by Morino et al,,l?o it is
of interest to compare the results of‘these authors
( rgfl) from ref, 111 and r, from ref, 110 ) with the
rg(1} and T S~0 bond lengths determined by the present
work, ~ Such a comparison is made, in table 13.6, and
the following remarks‘may be made on the agreements
evident in this tabie.

The SO2 valence angle obtgined by the present
study is, within its rather iarge but understandable
error 1limit of 1.20, in agreement with the corresponding
values givén by Morino and Haase snd Winnewissep, but
in view of the érror 1imit mentiongd, this comparison
-is not a particularly critical one, It is of much
greater significance_to consider the S-~0 bond lengths
listed in table 13,6, The r, distances obtained for
the 8-0 bonds by the electron diffraction study of
reference 111 and the microwave work of Morino are in
very good agreement with eachother, but are both about
»0.00§~Z greater than the cor?esponding value determined

by the present investigation, Of this difference, only

o]
about 0,003 A can be Justified if the random and
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systematic errof; normally assumed ( which in this.
case amount to 0,002 Z ) have added to them an extra
0.001 Z, to take into account the omission of hundred
centimetre data, and the error of about twentyfive
percent Whichlthe 'a' factor of the Morse potential
is sgbject to. The fact that a difference of as much
as 0,004 Z is observed seems to suggest that the
systematic_error of the diffraction'experiment is
greater than originally anticipated, It is significant
t#at both single distance refinements produce an rg(l)
S-0 bond length which is lower than Haase and Winnewisser's
'rg(l) result ( sse table 13,6 } and therefore it seems
likely that the beam wavelength has been subject to
a greater error than the one parﬁ in two thousand normally
ascribed to it. =~ It is also possible, however, that
the bean tremor'mentioned previously gave rise to
systematic error in the microdensitometer traces measured,
The émplitudes of vibration obtained are in very
good agreement with the spectroscopic values listed
in tables 8.5 and 13.6., Haase and Winnewissar's
amplitude results are not in guite such goo@ agrecment
even after Born correction has been apnlied,
' 4As for 0102,vthe considerable bond shortening of
0.26 A of the §-0 bond relative to & single bond
o I’

estimate of 1.69 A , indicates considerable double

bond character, This conclusion has been confirmed
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111A o
by Moffitt » Wwho hes carried out molecular orbital
calculations on 802 and has progposed a high /T bona

order, both d and p orbitals on sulphur being involved

in this bonding,
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A summary of experimental details

for the sulphur dloxide investigation

jet to plate
distance - 50 ecn 25 cm

wavelength ‘ - :
(4) 0.051183 | 0,051183

e.s.d. 0.000015 | 0.000015

sample .
tgmperature ’ ‘
(°k ) 213 213

nozzle
tgmperature
K )

( 293 | 293

gas
temperature
agsumed.

(°x ) 253 253

number of
plates
used L 5

quality good rather
light

number of
| traces
measured
(AMDHM) 8 10
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3.028w
39466D
30987D
4 540n
5 -26913
6 © 1 321{)
71381
8.262n
9. 448y
1,063y

10173m'

1.252n
1.3001
1.312n
1.295n
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19206D
11681
T.15Up
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101 9)1.19
1.2U5n
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193?2D
1.436mn
1.497n
1.552n
1.603p
1.6U61
1.684y
1.715n
1 974213
1 n?gom
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1e679m
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53
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3.105yp
356710
4,008y
u9669m
5ou25w
63221
73491
80“951’)
9969“1’3
1 908619
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1,26y
10306m
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1,164y
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1. 1661
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1.257n

1.3181 -

13831
1ou47n
1.509p
1.5621
1.613n
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1,689
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1:715n
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1,674y
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1 645y
1.656mn
1.683n
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A
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1.209p
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3
N
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1,280y

123510
1.1891
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1.153n
1.171n
1.213n
19269@

143320 -5:

1.395n
14611
105223
15721
1 3 6241’3
106644y
1,698y
1.7284
1.7HO0n

’ o
2,40 by 0,05 to 17.85 A

2.572n
32770
377 Tn
ua302D
I, 568y
50766D
6.715n
7»790m

8 o 95“’]0 -

1.0161
T.130n
1.2251
1.286mn
1.314p

1 ° 307 1’)\.

1.272n
1.2244
1 ° 18()]!)
1.157Tn
1. 154y
11781
1 .22
1.281n
1.347n
1410y
1.473n
19534D

105835 -:

10633D
1.673y
1707w
10748
1.738n
1710y
1.6874
10663D
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16454,
1,660y
107O1m
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£
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intensity data as combined uphill curves
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1.23Qw
].293D
1.3605
1 L2k,
10485m
10544
1.593n
1.640p
10679D
1713
1,754y
1.72%
1.7081n
19683D
‘; o 6587.3
1.648n
1.653n
19667w
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1.717»
1.776n
1 e8)"”710
1.916p
1.983n
2 GOSQ'LC‘
2 0()68}0
2.091y
2,101y
2.105p
2 09710
20089m
2.0721p
2,066y
20,057
2_005310
2 006)"!‘]_')
. 2 e 08913
2 o 1 2310
2 ° 1 7313
2.246y
29293D

+53
+53
+53
+53
+53
+53

+5;

+53
+53
+53
+5;

+53
+55
+53

+53
+53
+53

range

1.108n
1 [ 22“‘1’\)
19354m
1. 4661
19541m
16031
19634m
15921
1.548y
14544y
1.61ly
1.736%

+63
+63
+63
+63
+63
+63
+63
+63
+6;
+63
+63
+6;

1.728y
1079OD
1 0‘863(.)}’)
1 P 92810

1.9295p
2 & 03%1‘3
2.076n
2,00k,
2:,102p
2.103n
2 o()96l‘3
2,086
2.072n
2,065
2 9056];-')
2.052n
20069
20097D
2o 1 3213
2.183n
2.255n
23061

(2):

1,128
1 921L7m
1 .3821{)
1,479
1.559n
1.610p
1 063510
1 058310
1:53%n
154070
1.6311n
1759

TABLE 13.2 ( cont'd )

+5; 107M4m +5§ 1 570 +5; 19766w
+55 1,803 +5; 1.816n +55 1.832n
+5;5 1,870y +5; 1.890n +5;5 1.905y
+55 1,943 +5; 1,959 +5; 1.971p
+5: 2,003, +5: 2.0121n 53 2,023
+51 2.0U6y +5: 2,053y +53 2,060y
+5; 2,082y +5; 2,084y +5; 2,088y
+535 2,100n +5: 2,108 +5; 2.105p
+55 2,106y +535 2,108y +5; 2,100y
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+55 2,095, +55 2,092y +5; 2.091p
+55 2,082y +5; 2,078y +5; 2,074y
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+53 2,055 +535 2,059, +53 2,061y
+5; 2,074y +55 2.078n +5; 2,082y
+5;5 2,102 +5; 2.108» +5;3 2.115n
+53 2143 +53 2,153 +5; 2,163y
+53 2,194 +5;5 2,211 +5; 2.231p
+53 242621 +53 2.269n +5; 2.279%0
+55 2319 +55 2.330n +5; 20344y,

-1
s = 7.60 by 0.10 to 3L4.70 &

+63 1151 +65 11730 +635 1,200y
+63 1.272m +6§ 130Uy +6; 1.329p
+63 1,406y +63 1,425, +65 1,446y
+65 1,496 +65 1,511 +65 1.530p
+63 1.575p +65 1.582n +635 1,588y
+63 1,612 +6; 1.618p +63 1,624y
+6} 1 962510 +6_; 1.611 10 +63 1 960219
+63 1,569 +63 1.5591n +635 1,549y

+6§ 15201 +6; 1953um +6; 1.53“@
+63 1.557w +63 1.577w +635 1,594
+63 16561 +65 1.680p +63 17071
161 1,783 465 1.805, +63 1.826
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TABLE 1%,3
Results of individusl distance refinements

for SO

2,
jet to plate
distance 50 cm 25 en
Te °© | '

-0 (&) 1.4331 1.4307
o | 0,0007 0.0006
. o , .

0..0 (&) 2.4712 2.1520
o 0,0056 | 0.0063
R(%) 1@.63 - 19.37
;E:j K 1.898 1,322

A 1 x10tt| x 102

Notes: (1) u values were held constant at
: spectroscopic values,

(2) ¢ 's are least squares e.s.d.'s.

(3) r values are rg(l) distances,
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TABLE 13l

Results of ' all data combined ' refinements

for 802
parameter combtwo comb-
scaled
- o . ,
50 (A) 1.4310 | 1.4309
o 0.0005 | 0.0005
r h o — '
0..0 (A) . 2,46u7 2,u661
o' 0.00L0 { 00,0038
- o, ) : ) ‘
Ys.0 (a) 0.0423 | 0.0413
o’ 0.0008 | 0,0009
W o ] . A
0..0 (4) 0.0L81 | 0.0L59
o 10,0043 | 0.,0045
R(%) 12.57 15.08
’”va5 3,181 L, 78l

:E,J x 104Y x 101

Notes: (1) The distances are rg(l) values.,
(2) The 0’ 's are least squares e.s.d.'s.

(3) The amplitudes have not been
corrected for failure of the
Born approximation.
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The final structural parameters

for S0

2
parameter final result | reproducibility
’ (o]
Ts.0 (4)
r,(1) 1,431 0.002
rg(o) 1.432 0.002
r, 1,427 0.002
Y ¢
f0..0 (&)
r.(1) - 2,465 0.013
rg(o) 2,466 0.013
A~ '
0so  (9) 118.9(r (1)) 1.2
Uq M ' F
S-0 (A) 0,035 0.003
u ' 0 " ‘
0..0 (A) 0,047 0,012

Notes: (1) These results were obtained by taking
: a straight average of the results
presented in the two columns of the
previous table, The 0’ 's were averaged
and reproducibilities calculated from
them according to the methods of Chanter L.
(2) The u value has been corrected for
failuPe of the Born approximation.
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TARLE 13,6

A comparison of
the structural parameters obtained for S02

with values derived by other methods

parameter present | microwave recent IR
study study e,d.study force,,
ref, 110 ref, 11X field"
ref, 84
o}
S-0 (4)
rg(l) 1.431 1.43%61
error 0.00é o | 0,001
r 1.427 | 1.4308 114309
error 0,002 0,0002 0,001
N\ o ‘ o ‘ '
0so . (%) 118.9 119,32 118.98
(r {1 (=) (r (1))
error 1.2 0.03 0.5
u ‘ % ‘ ' sk A
s-0 (A) 0.035 0,0l 0.035
error 0,003 0.002 0.001
a -0 ,
0..0 (&) 0.04L7 0.072 0,055
error 0,012 . 0,002 -0.003

% The amplitudes were calculated by the author from
the for -5 constants published in this reference,
The errors quoted are essentizlly subjective,

#2This amplitude has not been corrected but is the
published value,
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CHAPTER FOURTEEN

AN ELECTRON DIFFRACTION INVESTIGATION

O SULPHUR TRIOXIDE VAPOUR

1., Introduction

In 1938 Palmer published a low accuracy electron
' 112 _
diffraction study of sulphur trioxide wvapour, and

showed, that within the error limits of his experiment,
the molegule is planar with a threefold axis of
s&mmetry. In this investigation values were not
obtained fof the root mean square amplitudes of
vibration. |

_ 85 - _

A recent infrared study  of the vapour, carried
out by Krakow and Lord, has determined the force
constants necessary to define the molecule's harmonic
poiential‘function, and these results have.been slightly
modified'by Stglevik et a1.88, and used to calculate
root mean square amplitudes of vibration, and the
expected shrinkage effect,

‘The ppesent electron diffraction investigation
was undertaken to obtain a more asccurate 5-0 bond length
than was deﬁermined.by'Paimer, and also root mean

square amplitudes of vibration for comparison with the

results of reference 88,

no
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2, Bxperimental

A commercial sample of sulphur trioxide was used
to obtain diffraction batterns, and & sumnary of the
experimental conditions sdopted is given in table 14,1,
Owing to a slight tremor in.the electron beam, data
were not collected at the hundred centimetre jet;tomplate
" distance, and the wavelength was determined from powder
patterns recorded at fifty centimetres, The sample
showed a marked tendency to condense out on the nozzle
tip, despite the high nozzle temperature adopted, and’
the sample temperature ha@ to be carefully regulated
to prevent this occurring, Aecerdingly, Iong
exposure times were impossible, and the twentylfive
eehtimetrevplates obtained were underexposed and
somewhat unsatisfactory,

Upthl curves are listed in table 1h 2, and the
experimental combined Im(s) function is showm
graphically in figure 1bL.1. Its Fourier transform
is presented in figure 14,2, and indicates the planar,

symmetrical nature of the molecule,

3. Results

In least squares refinements 803 was treated as

an XYS

was not assumed planar, The two internuclear distances

system with a threefold axis of symmetry, but
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5-0 and 0..0 were refined gsg independent parameters,
together Wiﬁh‘their cor?esponding root mean square
amplitudes of vibration.

Results for the single distance refinements carried
out are listed in table 14,3, and show good con81stency,
whilst re u]ts obtalned by COWbtxo and combscaled
refinements of the alludlstangesncomblned intensity
data, are given in table 1h.,l4., The residuals quoted
in-this latter table are unusually low, and this is a
conseouence of the fact that poor quality data beyond
the s = 25 Xﬁllwmit were omitted. Final structural

parameters for the molecule are presented in table 1L.5,

ly, Discussion

The planar nature of the sulphur trioxide molecule
is confirmed within the experimental error limits
involved. No shrinkage effect is observed, but the

uncertainty in-Ro 0 is a good deal larger than the

anticipated Q.OOZ 2 calculated for this effect in
reference 88,

The S;O bond length agrees with the corresponding
result obtainﬂd by Palmer of 1.43 Z if his error limit
of 0. 02 A is taken into acoount, and is ev1dent1y about

0.015 A shorter thap the S-0 distance in SO Such

a result is consistent with the force constant of
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_ o | | '
10.6 nd/A calculated for the S~0 bond in SO, by Krakow

3
and Lord, when this latter result is compared with the 8l
value of 10,02 mQ/Z obtained for 50, by Polo and Wilson.
The difference between these two force constants is

aust what would be eXpeotOd for the bond shortenwng

of 0,015 A observed,

The amplitudes of vibration determiﬁed by the
present work are in extremely poor ggreement with the
spectroscopic results ( 0.035 and 0,054 X ) of
réferenoe 88, and also with the results ohtained for 802
in the previous chapter, Such differences are too
large to be explained in terms of the poor qualitj of
the twentyfive centimetre data; and it seems likely that
traces of some impurity, such as sulphu? dioxide, must
have been present in the vapour studied,

It is evident from the shortness of the S;O distance
obtained for 803 ( single bond value 1.69 K 95) that this
bond invoives a considerable amount of double bond
character, This has been confirmed by molecular orbital
calculations carried out in 1950 Dby MoffittlllA, who
concluded that the sulphur d orbitals are involved to
a considerable extent in /7 bonding to oxygen, Moffitt
predicted that the bond order of the S-O bond in S0,
should be greater than that of the corresponding bond
in SQ2 y
work,

a conclusion which is confirmed by the present
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TABLE 1h4.1

A summary of experimental details

for the sulphur trioxide investigation

jet to plate
distance - 50 cn 25 en

wavelengthe ‘ :
(A) 0.051183 | 0,051183

e.s.d. 0.000015 | 0.000015

sample
temperature
(°x) 268 268

nozzle
tgmperature '
K 353 353

gas
temperature
agsumed ‘

(°x ) 310 310

number of

plates
used L 5

quality good very
A light

number -of
traces
measured '

( AMDY) | 8 10
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80

3

range (1):

1,613+
1,864,
21474
2 nl-.1891’)
2.790n
3.173n
3.6121
LL o 1 ((.-.))51')
u‘o.qoo}ﬂ
5:770n
6¢ /95)")

N C\ =

8. 170m
8465
BeT17
9,007
9.273n
9.555n
9.790x
9,930
9 ° 95810
9 17((33:3
9,488
9.138n
8 087“‘1"

+1pe
+0s
+4s
+13
+h:
+43 3
+U4s 3
+ls
442

+43
+L
+43
443
+Us
443
+Us

U

+4-
+&;
+1g

1a668w
1.911y
252151’)
2.555n
a 8624

8,843y
8,724
8297 n
7 66902'}
7 0028}3
6::589]{)
69314'1 n
6.393n
696863
7 0071 M
7 0501 pol
78901
8.205D
8527

8760

900505
9.3221'3
9 061“'10
9-853’;’3
9.967n
9,945y
9.7l
9.4353
9,079
8,838

TABLE 1l,2

intensity data as combined uphill

s = 2,40 by 0,05 to 17.85

+hs
+U:
+Us
+Us
+Us

'l‘—l‘.
--l;-
U3

-}.4.
+4;
+4

5+l

1.722n
1.908y
2.286mn
2 96Q6’3
2.936mn
303u09
3 08201'3
L 456y
5c2u33
He186m
7.210p
8¢O83w
8 ¢ 6&715)
8,853n
8.658n

8,191

T o557y
6,925y
6.530n
6%335D

6 a 2;35'3 o

697571’)
7o 161,
597
7 698 1 0
82621
8 © 5661'3
88257
9- 091 »

9.375n -

90686]3
9.91 010
9.9991
9n 91 O’.O
9966913
9.362x
9:011013
80799D

+hs
+U4: 2
+13
+4
41t
+43
+4;
+1s
+4
+h
Uy
U
443
+h3
+4:
-#lL;
.},‘_I_e
+ﬂ:
+h3

277

1:772n

023
2a353m
2.653n
3,074y
3 s brgf;r’,f}
3.934,
4595
5 ° A'I 213
63891
7 HO6y
8.234
8.728n
8854
8.887n +
8,077
7. 425,
6 0832]0
6o 60y
66336
6 & &951')
6083gn
72484
7 96731’)
80551
80 33319
8.602n
8,901

991361’3 ‘

9. 4521

9.7301
9.9221

+4:
4+l
+Us
+4:
+is
4+l
+13
+L4:
+1s
s
+1
+4;
+h43
+43

l;‘
+43
+h:
+1
+1s
+1is
s
+h4: 6
+lg
+U3
-’-}_l_o
+h:
+4:

2

curves

-1

1,819,
2,084,
24184
2 '7171’)
3,093
3,5157
L, 0574
ua7393
5.586mn
665891
7.58Tn
8 ° 3651’)
8.786m
8.83710
8 ° 5031‘3
7:955m
7 294
6 07}4'0‘.')
65.397w
He3524

9.2121

8.9303
87Uy

+43
+1:

4.1L-

+u

+U:



EB o?l—l'“-w
87920
9.092y
9048F/10
1 00()“]_:')
1 90581’3
1.106n

11461 -

1317“”
1e19un
1 '2081')
1,206y
1 02151{)
1.22210
10225D
1.2281
1 022910
1.2321
1.225mn
1 02381’)
102”’710
1277w
1 9312}3

1.360n

+Us

+53
+53
+53
+53

+53
+53
+53
+53
+53
+53
+53
+53

range

5a0&6m
508601
6 . 55419
6.987n
7331
78801
8.085n
70767D
7 06050
60717D
Tellly
8 o()1 210
80813n
90280D
9 0301110

+53
+53
453
+53
+53
+53
+53
+5;
+53
+53
+53
+53
+53
+5;
+53

BT
80879m
9. 140y,
9.580y
1,012y
1.0695
1 ° 1 1 5]3
1151
117 7m
11930
1 02050
1.208y
16215D
10217m
1 022610
1 0232]]}
1 022910
19232m
1 0225‘_3
13244D
10252m
10282”
1@325m
123701

80232]{)
8.9171n
9 921619
9.338n

TABLE 14.2 (

s = 7.60 by 0,10 to 3.7 &

+53
+53
+53
+53
+53
+53
+53
+5:
+5:
+53
+53
+53
+53

+53

+53

80870‘10
8,895y
9,185
9,670
1 o()gg‘{()
1,078
1 ° 1 2?.1’)
Te155
11804
11930
1,202
1,210
1.215p
1,220
1.225n
1,239
1.228%
1 02281’)
1.2284
1 ogugli)
1 0258}!)
1.2911
1 03321‘3
1»378m

5¢350n
6,151
6,750
7103
725830
LI
8,020
7 L8y,
6.795n
6779n
7°u61m
8,432y
9.094n
9.233n
9.276x
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+1s
+13
+Us
+U
+23
+53
+53
+53

+53
+53
+53
+53
+53
+53
+53
+55
+5:
+5:
+5:
+h3
+53
+53

-~

e
+53

cont'd

8.0061
8 ° 9641")
9,265y
Q78U
1 ° 0331.’)
1 © ()8613
1,128y

1916213 =

1.184y,
1.199%
1.2031n
1.210n
1.22019
1.22ﬂn
1.226m
12814y
1,228
1.228n

1.227y -

1 3 2“’013
1.265n
1,299
1-336m
1384y

5»490m
60309D
6 083510
7 ° 1 991’)
76380
7.996n
7+9U3y
T<512m
6 073510
60902D
746911
8 © 5R820
9.199n
9.275m
9.283n

) -

-Fl¥§
+4s
44
445
+53
+53

+53
5
+53
+5:
+53
+53
+53
+53
+53
+51
+53
+53
+5;
+53

+53

Ee851n
9.039y

9.3721n -

90917‘.0
1.0464
1,094y

10137w’

1016913
1e 19119
1020610
1,204y
1.213%
1.2244y
1.226m
1.22710
102351')
1.230n
19226m
102303
1.244y
1.271n
12303
10345
1038710

6.695n
Te013
78830
8.689n
Q.2Uly
§.302n
9«3O6n

SR



9.325p -

9. 11 7m0
9906)“19
9.151yp
9041”w
10011D
1009“D
1 . 1“’719
11691
1.178n
1 o 1&591{)
11971
122494

1.284y -

1.347w
1 () ll‘ .! 71-3
1.1490n
1 < 5“’1"1’)
10562m
1584y
10618D
1.679
19750D
19825D
1.896n
1944y,
109933
2903“m
2,064y,
2,086
20109m
2.203n
20231D
29305m
29371m
24l
20515”
205951
2.650n
21250

9o??gm
G, 1641,

9, 104y,

90175D +

905a5w
1.0261
1.116m
1.150n
1.179n

1.175n -

.' o 1 851’)
1 ° 19810
1.258n
10303M
13651
10u32m
1.514y
105A9m
1.5861

1 959113 »

1.635p
1.7005

17720

1,847y
1.9O6m
1@949?
2,002
2,040m
2,059y
2.090yp
2.12210
2184
202561

2.3071
20373D

2o.Ul5y -

25227
2,606
EINGISLS
20739D

F53

+6

TABLE 1,2 ( concluded )

9,162y
9015313

9.077n 453

E; ()lLlrlj
9.6171
1,046
11251
11611
1.1921p
1,180
10183D
1210
1.265y
16316D
‘10375m
1. 400y 4
105240
1.553n
1.573n -
1,596y +
16501
1 07241{)
1.784y
10860D
169191
19590
2001SD
2:051n
29067D
20104y
21461
2920510
2.253w
20327D
29403D
2,162y,

2e¢532n -+

2,611n
22,6821

,,_(
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9,242
90078T
G.000p
9 275n
Qs Thin
1 059y
o|32.9
1670
1.175n
15 18113
1018013
1.215m
1.276m
13430
1.359n

1 01V7113 =

19521D
1559
1,585
1.610p

1.6644 -

1.7261
16794
1877w
1,929y
1.972n
2,016
200573
2,082
201065
2,170y
2021Om
2 ° 265]3
203u1m
2.4161
2,476
2.536n
2.630p
2.701n

+63

+6,

90447&
99056m
90061m
9.301y
90882D

10073w .

1.138n
1 © 163}0
. 1831
1 103D
1.185n
10226}
1 92811'}0
1.351n
1 0401‘“0
1475
10531D
15591
10588D
1,609
10667m
17350
10809m
1.895n
19946m
1.981n
2,020y
3 2.058yn
3 2,09y,
2.112n
2.171n
2.218m
2 280y
2.3550
2,120,
2 49;m
5631
20646m
2.721y
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TABLE 1L.3

Results of individual distance refinements

for SO3

jet to plate
distance 50 cm ‘25 cm
r . o B -
5-0 (&) 1.4158 | 1.4153
o 0.0008 | 0,0017
. o , ,
T0..0 (&) 2.4589 | 2.u478
o 0.0028 | 0,008
R(%) 11.86 | 145.37
zz: ~ 1,233 4,976
s x 1011 | x 1013

TNotes: (1) 1 values were held constant at
spectroscopic values,

(2) & 's are least squares e,s.d.'s.
(3) r values are rg(l) distances,
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TABLE 1kl

Results of ' all data combined ' refinements

for SO

5 o-1
( data limited to smax = 25 A )
parameter | combtwo comb--
scaled
T 0, |

8-0 (A) | 1.4170| 1.4160
o 0,0005 | 0,0005
. o . .

0..0 (&) | 2.456L | 2.4551
o 0,0021 | 0.0021
Ug 2 7 ;

s-0 (A)| 0.0536 | 0,0516
0 0,0009 | 0.0010
u ) (o]

0..0 (A)| 0.0712| 0,0636
o 0.0023 | 0,0023
R(%) 9.97 10,19

2 9.054 1,598
WFAN
EZ X 101O X 1011

Notes:

(1) The distances are rg(l) values,

(2) The O’ 's are least squares e.s.d.'s.

(3) The amplitudes have not been

(L)

corrected for failure of the Born

approximation,

The intensity data beyond s = 25 A

was omitted in these refinements

because of its extremely poor quality,
and hence the R factors are lower than
normal, :
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TABLE 14,5

The final structural parameters

for SO

3
parameter final result reproducibility
’ (o]
Ts-0 (a)
r (1) 1.417 0,002
r.(0) 1.418 0.002
r, 1,413 0.002
o (o]
T0..0 (&)
r,(0) 2,457 0.007
A E -
0so  (°) 120,1 () 0.6
. O -
Us_0 (&) 0.048 0,003
u B o :
0..0 (&) 0.067 0.007

Notes: (1) These results were obtained by taking
a straight average of the results
presented in the two columns of the
previous table, The O's were averaged
and reproducibilities calculated from
§hem according to the methods of Chapter
our,

(2) The ug_ value has been corrected for
failure of the Born approximation.

. . . o
» This angle cannot in sctual fact have = value Y 120
for an XY3 model,
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CHAFTHR FIRTERN

SOME GENSRAL CORCLUSIONS

BASED ON THE RESULTS OF CHAPTER S

NINE TO FOURTHLN

1. Tntrodustion

In this chapﬁer a discussion is given of the
principal sources of error likely to have affected the
accuracy of the-results presented in Chapters Nine to
"Fourteen, and this discussion is followed by azn
attempt to make an empirical estimate of the overall
magnitudes of these errors, by comparing certain of

the Ri and all of the uij values obtained, with

j’
corresponding results determined by other physical
methods., Finally; several modifications to the
experimental and computational procedures of Chapters
Three and Four are sugcested, these being intended to

reduce both the systematic and the random errors

involved.,

2. Systematic error sources

-

single jet-to~plate distance Lm(s) curve consists
of two matching series of s-scale and intensity results,

s assumed that the methods of Chapter Three

.

and i it’

and of Chapter Four have been employed to determine this

N
0]
w



funétiony then éach of the two ssts of numbers will Dbe
subject to both rendom and systematic errors, Of these
two classes.of error, only the random uncertainties
can be reduced by the averaging procedures of Chapter
Four, such as processing a large number of microdensit-
ometer traces, and recording these latter from several
photographic plates.

In the present work, the Im(s) intensities obtained
were subject to errors of the first type as a result
of" randon ﬁncertainties in the microdensitometer
readings, and randomly distributed irregularities 6n
the photographic plates sc'emnedc They were also lisble
to errors of the second type from ccocrrelation of
microdensitoneter measurements, and from possible
systematic errors in the background, sector correction,
énd blackness correction functions assumed,

Similarly, the s-scale values obtained Weré
subject to errors of the first type from random
uncertainties in the microdensitometer scan motion,
from random errors in the centres calculated for the
microdensitometer traces, and from random errors
involved in centering the difiraction pattern relative
to the light beam of the microdensitometer each time

a trace was recorded. The s-gcale results were zlso

[}

subject to uncertainties of the second type from

o
o
(@)



-

systematic error in the microdensitomster scan
interval, error in the assumed beam wavelength, and
error in the assumed jet~to-plate distance,

In gddition to uncertainty frcm the above sources,

‘the Riv and. s parameters obteined by fitting a single

J J
distance Im(s) curve by equation 2,46, were subject to
systematic errors from the approximate nature of this
theoretical intensity function, as it neglects (a) the
cosz§7§factor, (b) sample size and beam width effects,
and (c) the effects of anharmonicity of vibration, i.e.
neglectiof the mxijsz term of equation 2,42,

The above sources of systematic error will now bé
considered in turn,

(l) Errors arising from picrodensitometer messurement

It may be assumed that intensities measured by
ﬁeans of the automatic instrument were subject to =a
minimum amount of correlation error, and also, since
the scan interval of-this instrument was checked and
found to be free from systematic error, it may be
assuned that the microdensitometer contribution to

s—scale systematic uncertainty was negligible.

o be glso true of the

C*-

This did not seem
manual microdensitometer mezsuring procedure, The
results presented in Chapter Nine show, that in the cass

of the CléO investigation, the manual instrument, and



the tracing and reading-olf procedurss associated with
it, seemed to introduce fairly lsrgs systematic

uncertainties into the I (6) unctions determined.

(2) Background errors

Since the backgrounds adopted in the investigations
of Chapters Nine to Fourteen were all rigorously
hand-smoothed, it is likely that the corresponding Im(s)
curves obtained were subject to systematic errors, and
indeed deviations betwsen experimental and theoretical
Im(s) functions are visible in several of the figures
presented in GhaptersbNine to Fourteen, and these may
in most cases be ascribed to incorrectly dravm
background curves, It may be assumed, however, that
although the amplitudes of vibration were almost
éertainly affected by these errors, the Rij dispances
were unlikely to_have been subjeci to any real error
'prm this source,

(3) Brrors in the sector correction function

As for the background error, the amplitudes of
vibration were probably the only parameters affected

by systematic errors in this

{(4) Brrors in the blacikness correction function
Again it msy be as umed that only the amplitudes

of vibration were affected.
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(5) The wavelehé@ﬁ ernor

The wavelenzgth was probably subject to a randon
error of sbout one part in two thousand, and it may be
assumned that any additional uyutel tic error in this
quantity was a good deal smaller, The wavelenzth error
is particularly serious as its relative uncertainty is

transmitted directly into the Rij parameters measured,

(6) The jet-to-olate distance error

The jefatOuplate distance was subject to a random
relative errorrwhigh naturally incregsed as the camera
distance decreased, Even for vwentyl ive centimetre
data, this erfor may be considered to have be@n
considerably less than one part in a thousand. The
jet-to-plate error is particularly serious too, for like
the Wave}ength it affects the Rij distanceg Tairly
directly. Unlike the wvavelength error, however, this
source of uncertainly is averaged out somewhat by

refining data collected at more than one camera distance,

Systematic error  arising from expansion or contraction.
of the measuring rods was assumed negligible,

(7) al]ure of the first Born avvroximation

t was Pball%vd that for the compounds studied,
the Cl—O Cl~F and S-0 amplitudes of vibration obtained
; byvleast squares refinement, were subject to

systematic errors of between ten and tﬂenty percent

N
oo
\0



( see reof, 1 for Aiscussion ) and after refinement

this error was eliminated as described in Chapter Eight,
The Rij parameters corresponding to these amplitudes
were not subject to error from this source,

(8) Sample size and beam width effects

Iin the gbsence of experimental information about
the densities of the intersecting moleculsr and electiron
beamg, no relizble estimate of these effects can be
made, It is. vrobable, however, thaﬁ only the
amplitudes of vibraticn were significantly affected,

(9) Neglect of the =x,.s° tern |

As & result of this neglect, each rg(l) distance
obtained, should, if X, is positive, be a little short,
but calculation showed, that for most of the bonded
distances present in the molecules studied in Chapters
Nine to Fourteen, the error introduced in this way
ought to have been a good deal smaller than one part
in a thousand, particularly for the shortest Cl-0 and
- 5-0 bond lengths measured,

The following general remarks may be added to the
above commentss
(2) the R;4 results obtained in previous chapters were
most likely to have been affected by error sources (5)
and (6) above, and the amplitudes of vibfation by

sources (2), (3), (L) end (8), that is if systematic
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errors are alone congidered, ahd (b) in view of the
facts (i) that data collected at several jet;tompla_te
distances were used in the final least sqﬁares
refinements, and (ii) that many of the systematic
errors discussed above must to'some extent cancel ouf,
it may be concluded that the parsmeters obtained by
- all-data-combined refinements will be subject to
smaller systematic uncertainties than would be expected
by simply adding all of the single jet-to-plate distance
systematic ervors together. It should be added,
however, that any scale factor errors made when
combining the single distance data sets,}will affect
the amplitudes of wvibration,

It was decided at the outset of the work described
in this thesis to assign a random error of three least
| équares refinement standard deviations to each of the
Rij}parameters obtained, and to combine this ﬁifh a
total systematic error of one part in twb thousan@
presumed to arise mainly from sources (5) and (6).
In view of the considerable difficulty in assessing
the systematic érror'appropriaﬁe to the amplitudes
of vibratioh it was decided to quote a three standard
deviations error alone,

In the above discussion a number of assumptions

have been made about error sizes,. and in the section
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wvhich follows, an attempt is made to Jjustify or to
contradict these assumptions, by the empirical approsach
of comparing certain of the Rij and uij paramevers listed
in Chapters Nine to Fourteen with correspondinz results

obtained by other physical methods such as microwave

spectroscopy and vibrational calculations,

3. The guccess of the procedures followed in Chapters

Mine to Pourteen

If the success of the averaging processes described
in Chspter Four is judged in terms of the R factors
( residuals ) attained in carrying out single‘distance
least sguares refinements, then the summary of such
refinements, given in table 15.1, engbles the
following general remarks to be made,
(1) It beconmes increasingly difficult to average out
random'errors aé the jet—togplate distance decréases,
particularly when the automatic microdénsitometer
is used ( Note: all of the results of table 15.1 were
obtained from automatically collected data, ).
(2) Underexposed photographic plates lead, as might be
expected, to high residuals, a@d should be omitted
from studies wherever possible,
(3) The success of using as many plates as possible
for eny one jet-to-plate distance is indicated,

(t) It is clearly move importent to average several
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traces recordsd from seversgl plates than to average
a similar number of traces recorded from a single plate,
It should, however, be commented that the very
high 0120 twentyfive centimetre residusl is not entirely
consistent with the above congluéions, as Tour traces
were averaged'from four good quality plates, and a
somewhat lower R factor should have been achieved, It
seems likely that the small number of traces takeh,
together with a poor choice of optical wedge were.the
causes Qf this bad result, and if this explanation is
‘correct, an additional conclusion may be written as,
(5) Care should be observed when choosing an optical

.

wedge before trace recording,

Turning now to wavelength errors, teble 15,2
Qollecté toéether a series of waelength messurements
made for the purposes of the six investigations described
in this thesis, As these investigations occupied about
one year, it is evident from this table, that the
wavelength drift is small, and occﬁrs fairly slowly.

It seems likely from the figures quoted, that the 4
randcm error attributable to any one measurement is in
the order of one part in two thousand, and although
systenatic error in this quantity, arising from an
incorrect T1C1l lattice parametép cannot be completely

58

excluded, published results for this compound = seem
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to suggest‘that'its lattice sﬁacing is very accurately
determined,

The general consistency of the results lisfed
in the columns of the single dis tance relfinement tables
of Chapters Nine to Fourteen, suggests that random
errors in the jet-to-plate distances were satisfactorily
small,

When at@empting to assess the relative errors
appropriate to the best determined bond lengths of
Chapters Nine to Fourteen, it is unfortunate that onlyA
in the case of the 802 investigation is it possible to
compare an electron diffraction bond length ( the r,
S~0 distance: see Chapter Thirteen ') with an accurate,
and exactly equivalent microwave result, Similar
comparisons made in other chapters ( for 0120 and 0102)
are limited in significance on account of the non-
equivalence of the distences involved, e.g. an Pg(l)
parameter has been compared with an T, result etc., and
in view of the uncertainty involved, the only meaningful
general conclusion.which can be reached from the
previous six chapters is that the error appropriate to
a well determined bond length measured by the ﬁechnique
of Chapters Thres and Four, db?s not sesm to be gresater
than one part in four thoudand. In the case vhere a

definite comparison is possible ( i.e, for SO? ) the

-
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difference betiecn the Ty wa distances measured by
the present work and by microwave spectroscopy, is in
fact about three parts in a thousand, and since the
expected error for this bond length must be'abouﬁ

two parts in g thousand ( see Chapter Thirteen ) the
larger difference actually found could perhaps be taken
as an indication that the systematic error es?imate of
fhe previous section is g good deal too small, It is
impossible, however, to be sure of this in the absence
of other similar tests, particularly in view of the

special circumstances of the 80, investigation discussed

2
in Chapter Thirteen.

3

Fourteen ) then the agreement between the electron

If the 50, results are ignored ( see Chapter
diffraction and spectroscopic amplitudes of vibration
shown in table 15.3 ( composed of data taken from
Chapters Six to Fourteen ) is very good by normal
electron diffraction standards. It appears, however,
that even a well-determined amplitude is subject to an
error of at least three percent, and such accurascy is
not really good enough to egable molecular force fields
tb be acgurately deternined, The results obtained
do, however, confirm earlier assumptions that the
background, sector correction, blackness correction

and sample size errors are notv unusually large,



li, Sucosestions for further improvement

C)

As g regult of the previous discussions, the
following suggestions may be put forward for reducing
the random and systematic errors likely to affect
parameters determined by the methods of Chapters Three
"and Four,

(1) Measurement of the wavelength by means of at least

two different solid sample substances in order to

investigate and reduce systematic error in )\ .

(2) Cbllecfion of twgntyfive and eleven centinetre

plates in batches of two, each batch being obtained b
|

a separate experiment involv;ngia separate calibra tion

of thé‘jet—tonlate distance,

(3) Adoption of a more sﬁringent averaging procedurs

for twentyfive and eleven centimetre data, in which at

vieast two traces are taken from each of a minimum of

six plates, ]

(4) Improvement of equation 2.46 by including the Born

failure cosine term, and the anharmonicity constant Xij'
(5) In cases where extreme accuracy is required, an
investigation could be carried'ou? in duplicate after
photographic plates were obtained, Thus two separate
uphill and background curves would be obtained for each
camera distance, and final all-da?a~combined least
squares results could be averaged.

(6) Regular checking of the sector and blackness

!_v.

correction functiounus is obviously desirablie
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0120 HClOu FClO3 0102 802 SO3
distancé
cm 100 100 100 100 - -

number

of
plates L i ) 6 - -
guality good good good -good - -

: to
dark

number

of
traces i L in 6 - -

R(%) 4,63 | 7.77 | 3.12 | L.y | - -
distance

. cenm 50 50 50 50 50 50
number

of ;
plates L Iy L 6 i N
quality good good good good good good
number A

of
traces Ly L L 6 8 8

R(%) 12,91 | 7.55 | 5.69 | 8.63 | 12.63| 11.86

continued on next page.
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TABLE 15,1

( continued )

0120 HGlOu. FC:LO3 0102 802 SO3
distance
cm 25 25 25 25 25 25
number
of
plates L 1 6 2 5 5
quality good very good good iight very
light to light
1light
number
of
traces n 8 6 10 10 10
R(%) bi,72 | 34.7 | 16,59 | 37.58| 19.37| UL5.37
TABLE 15,2
investigation wavelength e.s.d.
S -
0120> 0.051162 A 0,000015
o}
HClOu 0.,051190 A 0.000022
. o ’
FClO3 0,051205 A 0, 000020
) _ o ’
C:LO2 0.051172 A 0.000020
i o °
802,803 0,051183% A 0.000015
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TABLE 15,73

molecuvle e.d, u error spec. u error
and value limit value 1imit
distance (&) (A)
1,0
C1-0 0,052 0,004 0.051 | 0,001
C1..C1| 0,06% 0.006 0.068 0.002
HC10, . A
Cl-0H | 0,062 0,013 0.046 | 0,004
C1-0p 0.036 0.00L 0.036 | 0,002
Op..0p | 0,077 0.048 0.054 | 0.003
Op..OH | 0,065 0,022 0.06l 0.00k
20105 | | _
C1-F | o.o42 | 0.005 | 0,043 | 0,003
C1-0p | 0,035 0.002 0,036 0,002
Op..0p| 0,051 0.008 0,053 0,003
Op..F 0,066 0,008 0.061 0.00L
010, _ | o 4
010 0.035 0.003 0.039 0.001
0..0 0.061 | 0,021 0,063 0.002
%0, |
5-0 0,035 | 0,003 | 0.035 | 0,001
0..0 0,047 0.012 0.055 0.002
805 | . |
8-0 0.048 0,003 0.035 0.001
0..0 | 0.067 | 0.007 | 0.054 | 0,002




CHAPTER SIKT‘3?

FORCE COZSTANT — BOIND LINGTH AND

FORCE COSTANT — BOND ORDER RIULATIONSHIPS

FOR THT CHLORINE - OXYGTHN BOKD

1. Introduction

In this chapter a revision_is made of certain force
conétant - bond lenzth, force constant - bond Qrder and
bond lengt h -~ bond order relationships originally stnted
for the C1-0 bonded distance by Robinson75 in 1963,

Such a vevision seems vorthwhile not only in view of

the results presented in previous chapters of this thesis,
but algo in the light of Geftain recently published
papers on Cl-0 containing compounds, particularly
referencg 82 on the infrared spectrum of dichlorine
nonoxide, | \

2. The force constant -~ bond length relation

The problem of relating Torce constant to bond
length is a fairly old one, In 1934 Badger pr0pose213
the relationship k = A/(Re—B)vior diatomic molecules,
~where k is the stretching force constant, and Re is the
equilibrium internuclear distance. In the same year
Clark sugg;;este:cLllLL an alternative relation for diatomics

this being k = C/Rg., In these two eXpresSionsAA, B
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and C are constants which depend on the nature of the
atom pair forming the molecule, Clark's equation has
in fact been applied with some success to linkages
occcurring in polyétomic molecules as Well, and in
connection with this latter appllcatlon Linnett has
pPOpOQG%}%he modified version of this function,

= C/Rz where n is a constant vhich also depends on
the nature of the atom pair forming the bond conéefned.

Iﬁ the present work, an attempt was made to apply

the last of the above equations to the case'ofvthe Cl;O
bonded distance, Dby pigtting 1ogiok01_oiagainst 1Og10R01;O
for four key molecules, Clearly, if Linnett's function
is applicable, a straight line graph should be obtained,
of gradient (-n) and intercept 1oglOC. Considerable
cafe was taken in deciding which molecules to selectA
for the purposes of making this plot, but the final
choice was based on the following requirements,
(a) the molecules con31d°red were required to have
C1-0 bond lengths accurate to at least 0,01 A and
corresponding stretching force constants accurate to
better than ten percent, and (b) the C1-0 bond lengths
selected were required to be distributed at approximately
equal intervgls acfoss the distance range of 1.4 to 1.7
o

A considered, In view of condition (a) it is hardly

surprising that only small molecules were included in
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the final set of four chosen, This key set of Cl1-0
containing systems is listed in table 16,1, together
with corrssponding assumed bond lengths and force

constants,

For FC10,, the C1-Op bond length is an rg(l) value

37
selected from the results presented in Chapter Eleven,
and the force constant assigned to it was taken from
Chapter Sik. The bond length assumed for 0102 is the
L regult given in Chapter Twelve, and the CI-0
stretching force constant adopted was taken from

reference 83, In the case of the 010 radical the

value obtained

internuclear distance quoted is an rg

123
from an electron spin Pesonance,study by Carrington et al.,
and differs considerably from the earller, and .

apparently erroneous result of 1. 5&6 A given by Dufle
and.Ramsay117, as a result of an ultraviolet study.

The C10 stretching force constant assumed in table 16,1
was calculated from‘a measurement of the fundamental
frequency of vibration of the radical published by
Porter,116 For dlchlorlne mono t1de, the bond length
‘adopted was calculated by averaging the r, result
obtained in Chapter Nine with the microwave r, value of
reference 93, The G1-0 stretching force constant was

taken from reference 82, It should be noted that all

of the error limits quoted in table 16,1 were assigned
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by the present writer, and some of fhem are subjective,
not being based on systematic calculation.'

A plot of kGlmO against RClno is shown in figure
16,1, and in this diagram the four points obtained lie
close to a smooth curve, A corresponding graph of
log10k01mo against log10R01_0 is presented in figure
16.2, and the points indicated in this figure conform
reasonably well to the straight iine relationship
. predicted by Clark and Linnett. The amount of linearity
~achieved 1s in fact surprisingly good when it is recalled
that for polyatomic molecules stretching force
constants have to take into account the force required
to‘élter’nqnébonded'distanéeé, és well as to stretch
the valence bonds principally éoncerned, The success
attained in figure 16.2 probably indicates that the
contfibutions from nonébonded-interaétions are small,
for the molecules considered in the present work,

A straight line was fitted to the four points plotted
in figure 16.2, by means of the least squares aporoach,
and the equation obtaiﬁed was, |

108 okgy.o = (=6.23)1og;oRgy o + 1.89 .. 16.1.
The corresponding linear function given by‘Rdbinson75
is also presented graphically in figure 16.2 ( broken
line, and‘may be seen to deviate.considerably from

equatibn 16,1 above,
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Equation 16,1 was used to calculate bond lengths

-

for the ions C10~, C10 C1l07 and ClOi'using Torce

27 5

constants calculated by aversging each of the sets of
force constant results collected for these Specigs

’ by’Robinson?5and set out in Table 1 of his paper, No
dbsefved internuclear distance seemsto be available
for the €10~ ion, but the bbnd lengths calculated for
the other systems ( see table 16,2 ) are in good
ag?eement with observed results taken from reference
95, A bond length calculated for HOCLl using an
average force constant estimated from results presented
in references 80 and 81A, is also given in table 16.2,
but does not agree at all well with an observed value
obtained,by’AshbyTZhasla result of a high resolution
infrared study of the absorpﬁion band corresponding to
the O;H stretching frequency.A This lack of agreement
strongly sugzests that the Ql-o stretching force
constant obtainedAby Hedberg and BadgerSO, and also by
Schwéger and Arkell8lA, of very neariy~3a9 md/K s is
too high, and is presumab}y based on a wrongly assigned
Cl;O stretching frequency, The value of approximately
720 wave numbefs measured'by both sebts of authors can
be shown to be too high for a bond length of 1,689 X,
as this distance should presunably have a force

o
constant of around 2.9 md/A, and a stretching frequency
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of about 650 wave numbers.,

Tﬂe rather long C1l-0 distances evidently
appropriate to C10~ and to HOCl are definitely to be
expected in view éf the lone pairs of electrons on
chlorine which, as is sfated in reference 95, should
have the effect of inhibiting dw-pT bonding between
this atom and oxygen, - The fact that the bond length of
C10” is shorter than the C1-0 distance found in HOCL

" or for that matter in methyl hypochlorite ( CH OCl)*

3

. may be rationalised in terms of a change in

hybridisation of the bxygen atom in going from an sp3

state in HOCl1l to an sp state in G107, and in terms of
the increased availability of P electrons on the O atom
-of the ion, for back—bonding to chlorine,

In the above calculations, the errors quoted for

the force constants of the species HOCL, G107, 010,

0103 and 0105 were estimated from the spread of data

3
( see table 1 of ref. 75 ) used to make the averages
mentioned above. _

o
If a force constant of 3.9 md/A is accepted for

301~0H bond in perchloric aCla ( see Chapter

Seven ) then a bond length of 1,62 A is predicted for

the O

this molecule by equation 16,1, ThlS result is in

reasonable agreement with the obgerved value of

(o]
# See ref., 120 for Ry g = 1.67(0.02) A.



1,655(0,011) A obtsined in Chapter Ten, if the ervor
’ o]

of 0,5 md/A aporopriate to this force constant is

considered,

-

3. The force constant - bond order relstion

As is well knovm, C-C bonds in a 1argé number of
compounds ( e.g. benzene, naphthalene etc, ) may be
assignéd non-integer bond orders larger than one, the
bonding involved in such cases being interpreﬁed in a
vave mechgnical sense in terms of a sigma and 17
component, Of these two , the 7Y bonding is normally
described in terms of sideways overlap oﬁ'p atomic
orbitals on adjacent carbon atoms.~ In a similar way
.genéralised bond orders can be assigned to C1l-0 bonds,
but owing to the fact that the 4 orbitals on chlorine
can in certain cases become involved in forming the T
component bf any vparticular bond, as well as p orbitals,
the 77 bonding in Cl-0 containing molecules tends to

be fairly complex. Thus for ClO&_, Cruickshank has
assigned95 a J7 Dbond order of 0.5 to each of the C1-0
bonds ﬁresent in this ion, and has interpreted the
bonding involved in terms'of‘overlap of two p orbitals

on each digonally hybridised oxygzgen atom, with the

d22 and dx2-y2 orbitals on chlorine, In 0102, however,
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. 10k '
Wagner has concluded that both the d and p orbitals

on chlorine are involved in 77 bonding,

In the present work a force constent - bond order
relationship was éet up by maeking four assunmptions.
The first of these was that the relationship between
force constant and bond order is linear, an assunption
which has -been discussed, and tq some extent justified
in reference 118, whilst the remaining three were the
assumptions of bond orders of 1,67 and 1 for the Cl-Op
‘and G1-0C1 bonds in C1,0- ( see ref. 81 ) and 1.5 for
the 01-0 distance in‘ClOE. The force constants
assigned to these bonds in setﬁing_up the 1inear
relationship betwesn ' n ' the bond order and k the
- C1-0 stretching force.constant, are shown in table 163,
and those quoted for 01207 were obtained by carrying
out a simplified normal coordinate analysis on an
approximate 02v model of the heptoxide based on the

structural results of rsference 81, The spectroscopic
informatibn assumed was obtained from reference 119,

A plot of‘n, the bond order against.k is given in
figure 16,3, and the three points obtained conform
well to a straight line, though when errors in k are
consideredg this agre=sment is seen to be poséibly
f0rﬁuit0us. Th@ equatiog obtained is,

n = (0.11>k+0.69 ..a-----v--r-0016¢2,
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and by eliminaﬂing k between eqﬁations 16,1 and 16.2
above, the relationship

n= (8.50)R° 520 + 0.69. ......16.3,
a graphic representation of which is shown in figure
16.4, can be derived,

Equation 16,2 can be used to calculate bond orders
from force constant data pertaining to Cl-0 containing
compounds, and some results of this kind aré listed in
table 16,4, The trend of increasing bond order
Aevideﬁt in this table for the ions Cl07, 0105 and C107,
is thafjpredicted by‘'Wagnerj,-mL as a result of molecular
orbital calculations, Wagﬁer concluded in fact that
the C1-0 bonds .in the above spécies involve dffi=piT
- multiple bonding only, and indeed such bonding would
be expected to increase as the central chlorine atom
becomes more and more positively charged by the addition
of oxygen atoms to it. It should be commented, however,
that Wagner's bond orders differ ﬁumerically from
those of table 16.4, which are essentially valence
bondAresults ( see reference 95 ),

It is also of interest that for ClO0 and 0102, the
n values determined by the present work, fit into the
general scheme of table 16,lL, in a manner entirel&

consistent with Wagner's set of calculated results, and

that for HClOu and FClOB, the bond orders listed in
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table 16.l are consistent with the-arguements of
Chapters Ten and Eleven, For the C1-0 bond in HOC1,
however, it is quite clear that the bond order given
-in table 16.4 is hlgher than would be expected for a
01-0 dlstaﬁce of 1,689 A but this ° anomaly " can be
explained in terms of an erroneous stretching forée
'constan@ as has already been proposéd in the previous
section.. Some calculated bond orders ére plotted
against observed bond length in figure 16,4, and all
lie close to the.theoretical function, equation 16,3.

L

Ly, Conclusicon _ , |

Linear 1°giok01;o versus logyRgq_ o » and 'n' versus
kbi;o relationships have been established for C1-0 bonds
in genefal, and can be uséd}to predict C1-0 distances
and bond orders from force constant data, Thus Arkell
. and Schwagér121 have sugvested a force constant of 1,29

0
md/A for the 01-0 bond in 01—0-0 and relatlons 16 1

and 16,2 above predict a bond length of 1.93 A , and a
~bond order of 0,83 for this species, A similar

treatment of such molecules as CHBOClO and FOClO3 would

3
be interesting from the point of view of the ari-pi
bonding theory, but unfortunately no detailed
spectroscopic data seem to be available for these

systems at present.
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TABLE 16.1

Key data used to construct

figs., 16.1 and 16.2

molecule k01_0 estimated bond error

error length with
md/A (8) respect

to r

e

FG104 9.3 0.5 | 1.403 | 0.005
C10, 7.0 0.3 .| 1.471 | 0.003
C10 1 k.9 0.2 1.571 0,008
C1,0 2.8 0.1 1,694 - 0,005

~ For the orlglns of the data presented in this table,
see text. .
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TABLE 16,2

Some Cl-0 bond lengths
| calculated using
the empirical force constant - bond length

relationship

molecule C1-0" | HOC1 C10 CIOZ

or ion

Kg1-0
ass%med _

md/ 2 : 3.3 3.9 L,
estimated

error in ‘
k ‘ 0.1 0.2 0.6 0.2 0.8

(e)]

6.8 | 7.4

calculated
Cl-0 bond .
length 1,66 1.62 1,57 1.48 1.46

calculated
error in

Rg1-0 0.01 | 0,02 | 0.0% | 0.01 | 0.03
observed |
value for » 7
RCl-O - 1.689 1. 57 10&6 1.2‘1'6

Aerror in
obgsrved
Ro1-0 - 0,006 | 0.03%| o.01*| o.01*

FPor the origins of the data presented in this table,
gee text,

% These are X-ray e.s.d.'s.

313



TABLE 16.3

Key data used to construct

Pig, 16.3

nolecule € - estingted assumed
or ion kCl"O error bond

, asswged order rns

(ma/A)

91297 |

C1l-0p 8.8 0.5 - 1.67
C1-0C1L 2.7 0.2 1,0

l
010[,_ 7.4 0.8 1.5

For the origins of the data presented in this table,
see text.
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TABLE 16.L4

Some Gl=0 bond orders
calculsted using

the force constant = bond order

relationship

molecule kcl“o calculated obgerved

assuned bond order bond-

(md/2) (n) length (&)
HC10,, | .
C1-0H 3.9(0.5) 1.12(0,06) 1,635(0,011)
C1=0p 9.2(0.5) | 1.70(0.06) | 1.L07(0,005)
FC10, 9.3(0.5) 1.71(0.06) 1.403(0,005)
10, 7.0(0.3) 1.46(0,02) 1.471(0.003)
G103 6.8(0.2) 1.44(0.03) 1.46 (0.01)
C10 L.9(0.2) 1.23(0.02) 1.571(0.008)
10, 1,6(0,6) 1.20(0,07) 1.57 (0.03)
HOCL 3.9(0.2) 1.12(0,02) 1.689(0,006)
c10™ 3,3(0.1) 1.05(0.01) - |

ﬁor origins of the data presented in this table, =zee
ext. : '

Errof limits are written in parenthesis.
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APPEIDIX ONE

THE g MATRIX COMPUTER PROGRANMNE

1, Introduction

If the vibrational motion of & molecular system
is treated classically, in the manner outlined in
Chapter Five,_and‘ifvthe coordinates used to describe
this motion, are a set of internal displacement values
' Sis then the molecular kinetic energy of vibration T,
is given by 2T = é'(g"l)é, and the secular determinant
which enmerges on‘application of Lagrangefs equations,
is Igﬁ.w 27\l= 0. These results have already been
guoted iﬁ_dhapter FPive, and it is the purpose of this
éppendix to discuss a method of computing the inverse
kinétic_eneréy natrix g from details of the molecular

geometry and the atomic masses.

2. Theory

The origin of the matrix g?land hence of g, has been
discussed in the fourth chapter of reference (62),
where gflis obtained by considering a linear
transformation from Cgrtesian displacement coordinates,
-to a set‘of 84 values, ?or the purposes of the present
appendix, it will suffice to say that the elements Bi4!

of g are given by,
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where the summation extends over gll atoms in the

bl

molecule, and the vectors s and Spty depend on which
atom ¥ is concerned, and on the naghre of the internal
coordingtes‘st and St to which fhe element Biit
corresponds, These vectors are discussed and
formulated for certain types of internal disP1acement
coordinate, in a pape%22 by Decius, in which they are
written in terms of unit vectors direoted along
interatomic distances, the scalar coefficien?s being
functioné of bond 1engths and vélenoe angles,

o The formulae given in this paper are restricted
to thfee coordinate types, these being Pespeétively, a
change in a bonded distance, rij , a.change in a
valenge angle, aijk , and a change in a torsional angle,

t For a description of these, and of the internal

ijkl®

coordinates, R Aijk’ and T which correspond to

ij’ ijkl
them, referen§e should be made to Chapter Four of
textbook (62), The subscript coding system used is
self;evident, as the integer numbers i,j etc,, simply
refer to the atoms, in ﬁerms of which the coordinates

are defined. Sometimes, if there is no ambiguity

produced, an abbreviated form a5y is used for a4 5x?

¥ x md: ynass of atom oL .-

319



and similarly til for t.

53K Exanmples ofjthis

'alternative symbolism are given in Table 6,3, and in
several other tables of Chapters Six and Seven, The
internal coordinates Rij’ Ai(j)k’ and Ti(jk)l which
are the actual equilibrium distances and angles
themselyes, should be distinguishe@ from the changes
rij etc., which correspond to them, | The specizal
sign convention applicable to the Tijkl's which is
defined in Chapter Four of refgrence (62), on page 60,
should also be carefully noted. |

The computer programme described below calculates
éaoh git' element according to equation Al,1 above, and
as a g@od many of the stxvéoﬁoré are always zero, it
is on1y necessary to s&ﬁ scalar productsvover those
atoms common to both coordinates =N and Spr . Thus,
if sy and sy are the coordinates Ty 2nd a4,
summation over atoms i and j is all that is required,

The standard formulae for the sy vectors, édoPted
as part of the present compuﬁer-proéfamme, were taken
from paper (122), and not from Chapter Four of reference
(62), as one of the torsional formulae given there
is in error .,

The g matrix programme not only computes th¢ Byt

elements, but transforms this array to the block-

diagonal form G, using the matrix U'appearing in the



transformation to symmetry coordinates, 8 = U's,
The transformation to G is stated mathematically in

equation 5.9 of Chapter Five,

3., The g matrix computer programme

The text of the g matrix programme follows at
the end of this section. The programme is written
in Algol, for use on an English Electric K.D.F.9
computer, and in the present work, was compiled by a

Whetstone compiler,

Calculations for.01207, involving twentyone
internal displacement coordinates including two
ﬁofSional ones, required about twelve minutes for
completion. . The nature of the data input té the
programme for use in these calculations, is best
déscribed by taking‘perohloryl fluoriae ( see Chapter
Six ) as an example.

The atomic numbering sys@em chosen for this
molecule is shown in figure 6.1, and the choice of
interna;,‘and intérnal displacement, coordinates in
Table 6,3, The data input sequence based on these
coordinates, must take thelfollowing form ( see
programme text for.the symbolism used ).

;3 Title = The g and G matrices for perchloryl fluoride ;

n = the number of atoms in the molecule = 5 ;



m = the number of internal coordinates = 10 ;
C(nx3) = the matrix of Cartesian coordinates for

the atoms 1=5 of perchloryl fluoride, the molecule
being referred to some suitable choice of axes, this
choice being arbitrary = XxX1l;yl;zl; X2;y2:22; x3:;y3:23:
syl zlis %5555 25; |

M(nxl) = the matrix of atomic masses = 35;19;16;16;16;
- I(mxh) = the code description matrix,a code being
necessary to define the ten internal displacement
coordinates, Each row of the matrix corresponds to
one of tbe coordinates, and four integer numbers are
required.f Thus, for an rij type, the row reads

type i;j:k;O; and for a tijkl
type i5;J:k;1; For perchlqryl fluoride, and the set

i:j;O;O;‘erran aijk
of 84 values, S10s T3 etc,, the matrix is:

1:2;0:0; 1;3:0;0; 13;L430;0; 1;5;0;0; 3:1;4;0;
3;135;0; L;1;5;0; 23133;0; 2;1:450; 2;1;5;0; where
each set of four numbers is a row of I, and the order
of rows is that of the coordinates,

The next step is to feed in values for the
internalrcoordinates 812, Rl3 etc,, and hence the data
input sequence continues,

p = a return to label, or continue, directive ( equal
to zero for return, and 1 for continue ) = O ;

s

i;j; the indices which label the first coordinate 812,
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“hence i = 1: and j = 2: ( Note: if angles 23 5y and
tijkl are involved, the corresponding pairs of indices
required are ik and il, as two numbers are reguired
to define the elements of the matrices PR(nxn),PA(nxn)
and PT(nxn) which store the distance and angle
parameters, and which are now in process of being
filled.)

PR(1,2) = magnitude of 5,5 in X = 1,61 ;

Now, as p is zero the computer returns to L1 and
éontinues reading in distances,_

1.402;

1

p=0; i=1; j=23; PR(1,3)
p=0; i=1; j=U4; PR(L,L)

1l

1.402;

3

p=-1; i=1; J=5; PR(1,5) = 1.L02;
Now, since p = 1, the computer moves to L2 and reads

in angle parameters,

p=0; i=3 j=1U; PA(3,L) = 115.1;
p=0; i=3; j=5; PA(3,5) =115.1;
p=0; i=U; §=05; PAL,S5) = 115.1;
p=0; i=2; j=3; PA(2,3) = 103.0;
p=0; i=2; jJ - Ly PA(2,4) = 103,03
p=1; i=2; j=5 PA(2,5) = 103.0;

Since p = 1, the computer moves to L3, and reads in

tqrsion parameters; There are none ‘for FC10 but

3’

at least one dummy parameter must be included before

passing on to the next item of input. This parameter
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could be written, ,
p=1; i=1; j=L4; Pr(1l,4) = -100.0; This
set of values ( with the exception of p ) is quite
arbitrary,

In order to factor the g matrix, the elements
of the U'transformation matrix are required, and these
are indicated in Table 6.5 of Chapter Six, Since
most_of these are zero, the computer first zeros all the
Uf(l,s) quantities, and then feads ih‘the non;zero
elements according to the scheme,
k = return or continue directive ( compare with p ) = O;
1;s; the indices of the first element, Hence 1 = 1;
and s = 1; | | o o
U'(1,1) = the first element = 1.0; The input
’continues,‘ _
03 23 23 0,5773;

¢} o3 o3 eceecee;
1; 10; 10; 0,7070; >

The final value of k indicates that the process
of reading in U' matrix elements has been completed,
and the arrow %ndicates that the data input has also
come to an end, .

The computing procedure which follows, may be
summarised:

(a) the g .+ elements are considered in turn, and for
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each pair of internal displacement coordinates sy and
Sgt the integer labels of the'common atons are
detérmined from the rows of the I matrix,

(p) the s, vectors for s, are then computed for each
of these“;ommon atoms, by resolving the literature
vector formulae into components along the directiqns

" of the axes used to define the atomic coordinates.
Parameters stored in‘the matrices PR and PA are required
for this calculatiqn, The same procedure is then
carried out for the St 1 vectors, ]

(c) the sum of scala;—products 1/m Stur By ) is
carried out over all of the gommén atoms, and this sum
is the required element Eipt e

(d)lthe g matrix is output in rows, the order of the
glements corresponding to that of the input s, elements,
(e) the g matrix is transformed by the matrices U'and
U, to the block—diagonal matrix G, and this is also
output in rows, the order of the 5, being that implied
by the form of U!

The g matrix computer programme was tested by
calculating the g and & matricés for 01207 (a C,, model
was used as described in Chapter Sixteen) for which
the elements 8ty and Gﬁt: had pfeviously been
calculated by hand. Similgr tests were made for HClOu

and several other molecules, All tests were found

to be satisfactory,
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begin

comment This program finds the g matrix for

any molecule. A set of internal
displacement coordinates is used.
These coordinates can be of three
kindse A change in an interatomic
distance, a change in a valence
angley; a change in dihedral angle.
The g matrix is then transformed
into the G matrix by the matrix U
which is formed by consldering the
symmetry properties of the moleculej

real  SX1,SY1,521,SX2,S5Y2,572,C1,C2,EX,EY,
EZy€X 6y €25 VX VY5 VZy VTX, VY , VTZ;

integer m,n,a,b,c,d,i,j,k,l,p,q,r,s,int,x;

open(20); oben(iO)! open(30);
copy text(20, 30:_[_5 5 i 5

~ n:=read(20); m:= read(20);

_begin real array Ct1:n;1:3] Ml1:n],

PR[1:n,1:n],
PA[1:n,1:n],PT[1:n,1:n],
g,U,V,Ug,G[1:m,1:mj,
SCALAR[1:4]; :
integer array I[1:m,1:ﬁ],N[1:4]5

real procedure COT(aa);
va.lue aa;

real aaj
Pegin COT:= cos(aa)/sin(aa);
end procedure;

rea.l procedure COSEC(bb);
» value DDb;
real bb;

T

begin COSEC:=1,0/sin(bb);

end procedure;

procedure UNITVEC(cax,cay,caz,cbx,cby,
cbz,eabxj,eaby,eabz,
aaasbbb);
value cax,cayscazscbxzcbyscbz,aaa,bbb;
real caxycayscaz,cbxschby,chzseabx,eaby,
- eabz;
integer aaa,bbb;

>
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eaby:=(chy~cay )xPRlaaa ,bbb];

' eabz:=(cbz=caz)xPR{aaa,;bbb];
end procedure;
procedure VP(ax,ay,az;bx,by,bz,vpx,

. VDY sVDZ)}

value ax;ay,az,bx,;by,bz;
real aX;ay 382, bX by sbZ, VDX 3 VDY 3 VPZ5
begin vpx:=(ayxbz ~§aszy

begin eabx:=§cbx-cax§x?ﬁ[aaa,bbb]5

vpyi={azXxbx)=(axXbz
vpz:i={axxby )=(ayxbx
end procedure;
procedure VIP(ax,ay,az,bx,;by,bzscx
cy,cz,vtpx,vtpy,vtpzsg
value ax,ay,az,bxyby,bz,cxscyscz;
real ax;ay,az,bx,by,bz,cxycysczsvtpx,

Ve \2e Voo

vtpy,vtpz;
begin vtpx:i=(ayXbxXcy)=({ayXbyxcx )=
- (azXbzXcX )+ azxXbxXez) ;
vipy:=(azxXbyXcz)=(azxXbzXcy )=
- laxXbxXey )+ (axXbyXex ) 3
vipz:=(axxbzxcx )~ (axxbxxcz )~
‘ _ - layXbyXez )+ ayXbzXey) ;
~end procedure;
procedure MMULT (A,B,C,y);

value K,B,y;

integer y;

real array A,B,C;

begin integer U,v,w;

for u:=1 step 1 until y do

for vi=1 8tep 1 until y do

0
Begin

U.,V] :=0.05
for wi:=1 step 1 until y do

Clu,v]:=CT0, VI+ATU,WwIxB[W,v]
end; :
end procedure;

procedure TRANS(A,B,y);
value A,y; ’

integer v;

real array A,B;

begin integer u,v;

for u:=1 step 1 until y do
Tor v:=1 step 1 until y do
Blu,v]:=ATv,ul

end procedure;
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for i:=1 step 1 until n do
for j:=1 step 1 until 3 do
CTT sJ1s —read(20)_,

for i:=1 step 1 untll n do
mli].~rea3(§%)

for i:=1 step 1 until m do
Tor Jj:=1 sfep 1 until 4 do
1T ,J].~read(20), .

1: =pread(20); i1:=read(20); J:=read O :
AR i,35.~réad(20), Pé[i,j] :=1 O/PR{ ,%i;

i J’é]tEPR[i’gl’L1
p= en goto
L2: pi=read(20); i.—read(QO)’ j.—read§20)~
. PA[1,3]:=read(20); PAti,J].—PA[i,J /57 29577953
PA[Jsi):=PA[41,3];

L3: ~ Dpi=read(20]; iA—read(QO) j.—readiQO)
-+ Prli,g)i=read(20); PT[1,3]:=PT[1, 3]/57.2957795;
PT[ 3,il:=PTl1,3];
if p=0 then goto L3;

for i:=1 step 1 untilm do
for j:=1 step 1 until m do

begln -
for p:=1 step 1 until 4 do

-‘&rfbe 0, el (p]:=1[1,p]
TF Tli,pl=I[Js1)then N I[1,p]3
T Tli]o1l I 2]Ehes NiplioTliip]]

if 1li,pl=1lJ,3]%heén Nip]:=I[i,p];
ET I[i,gl ztﬂ,ulthiﬁ N[g] —1[§,g]3

end,
for ~1 step 1 until 4 do
N p1#0 then

begin ~r:=0; for ‘q:=1 step 1 until 4 do

Begln ir 1,a]70 Ehen
r.—r+1,

end;
int:=2; a::I[TITig b:=I[i,2]§ c:=I[1,3];
d:=I[i,4]; - ' ‘
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CAA:

"UNITVEC(Clecs1])5Clc,s2])5C[es3

if r=2 then goto R;
I r=3 then gotg Aj
r=U4 then goto T;

if Nlpl=a then goto RA;
If N[pl=b Then gofo RB;

UNITVEC(C[b,1],C[b,2]1,C[p,31,Cla,1],C[a,2],
Cla;3]EX,EY,EZ,b,a);

SX2:=EX; SY2:=EY; SZ2:=EZ;

goto FIN; :

X:=aj; a:i=b; bi=x;

goto RAj -

if N[pl=a then goto AA;
i’ N[pl=b Then goto AB;

if Nlpl=c Then goto AC;

UNITVEC(Cla,1],Cla,2],Cla;3],Clb,1],C[b,2],
Clby,3]sEXsEY,EZ,a,b)3

UNITVEc(c[b,1],c[b,zi,cfb,3 sCley1l,cle,2],
Cle,3],ex,eysezsbyc)s

VIP(EX,EY,EZ,EX;EY EZ ex ey ,e2,VIX VTV ,VTZ);

C1:=PR b,a]xCOSEC(PA[a;cj);

SX2:=CIXVTX; SY2:=C1xVTY; SZ2:=CIXVTZ;

goto FIN;
X:=a; ast=c; c:=x; goto AAj

ONTTVEC (Clas1] 0l 2] 20Ta, 312¢b,11,C0b,21,
Clb,3],EX,EY,EZsa,b)3 ]

UNTTVEC (Clb,11,Cl0,21,000531,Cle,11,Clc, 2],

Cley3lsex,eysezsb,c);

VTP (EX,EY,EZ,EX,EY,EZ ex,ey €2, VIX,VIY,VTZ);

C1:=Pbe,a]xCDSEC(PA{a,cj);

SX2:==C1XVTX; SY2:==CixVTY; SZ2:==CIiXVTZ;}

i,c[b,1],c[b,2],

Clb,y3] 4EX,EY,EZ,c, D)3

UNTTVEC(Clby11aC[0s2],Clbs3)5C a,11,C 2,21,
Cla,3],exseysez,bya);

VTP (EX,EY,EZ,EX;EY,EZsex ey €2, VIX,VIY,VTZ);

C1:=PRlbsc IXCOSEC(PA[Asc])}

SX2:=SX2-C1XVTX; SY2:=SY2-CI1XVTY;

S72:=572~C1xXVTZ3

goto FIN;
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TB:

'TC:

PIN:

UNITVEC(C[b,1],C[b,2

C1:==PRlayb :
SX2:=C1XVX; SY2:=CIxXVY; SZ2:=C1xVZ;

then goto TAj

goto TB;
then goto TCj
then goto TDj

Qoo
ot
ey
0
5

e
Z 2z ==
S
o

UNITVEC(C[a,1],C[a,2]1,Cla,3],C[b,1],C[b,2],
Clbs3) sEX,EY,EZ,a,D);
j,Ctb,3 sCley1l,Clc,2],
Cle,3lsex,eyse2z,b,5c)3 :
VP (EX,EY,EZ,exyey;62,VX,VY,VZ)}
{xcosEd (PRIaSe] 3122 0;

oto FINj;
VEC(Cla,1],Clas2],Cla,3]1,Clbs1],C[b,2],
Clb,3] sEX,EY,EZ,a,b)}
UNTTVEC (Clb,11.Clb,21,010.315C e, 11,Cle,2],
Cley3lsex,eysezybse)s v
VP(EX;EY,EZ,ex,ey,e2,VX,VY,VZ);

- VIP(ex,eysez,EX EY EZ eX,ey €2, VIX,VTY,VTZ);
C1:=(PR[asbIXCOSEC{PAL i

a,C] "PR b,C X
cos PT[a,d]gXCOT(PA[b,d])~PR[b,c]X
COT(PAla,c]))XCOSEC(PALa,cl);

C2:==PR[b,c]xCOT(PA[b,d] )xsin(PT[a,d] )x
. COSEC(PAl[a,cl)s

SX2:=CIXVX+C2XVTX; ~SY2:=CI1xXVY+C2XVTY}

SZ2:=C1XVZ+C2XVTZ;3

goto FINj

x:zagTBa:=d3 d:=x; X:=b; bi=c; ci=x3
EOO' ; . .

X:=aj; -ai=d; d:=xj Xx:=b; Dbi=c; ci=X;
goto TA; :

inti=int-1;  if int#0 then

Depin SX1:=SX2;
IYTi=sye; Sz1:=522;

r:=0;

for q:=1 step 1 until
T do

begin

if J:Q]#O

then ri:=r+1;

end;

a:=1[j,11; b:=I[3,2];3
c:=I[jj3]§ d==I[J:4]§
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Af r=2 then goto R;
iIf r=3 Then goto A;
If r=4 Then r‘oto T
end;

SCALAR[p] :=SX1XSX2+SY1XSY2+SZ1xSZ2;
SCALAR[p] := SCALAR{p]/M[N[p]],

end -
else SCALAR[p]:=0,0;

gli,31: ~SCALAR[1]+QLALAR[2]+SCALAR[3]+
. SCALAR[4];

ends

for i:=1 step 1 until m do
Tor j:=i 5%6p 1 Unbil m do

_‘r-,l] --—*8"_1,,:]]
gap (10,300);

write text (30, [[oc]UNFACTORmD“*G**MATRTX[cc]]),

- for i:=1 step T until m do
begin for ji=1 sTep T until m do
Begin
wrlteE3O sformat ([-nd, ddddddddd,ss]g,g[i,J]
write(10,format([~nd.ddddddddd;ss]
if J~1O Lhen
be,ln
write textiBO [[C]]g
write text(10,1[c]T);
end;
if Jj=20 then
- begin
Write textg [lc ]]g
write text '[T )

end;
ends;
write text€30 [[cccc]]g

write text (10, [ccec]]
end;

for i:=1 step 1 until m do
for J:=1 step 1 until m do
Ul1 ,3].~0 03

A
AN
1~

sgliy dl



L ki=read(20); l:i=read(20); :=read(20);
’ Ull,8]:=read(20); if k=0 then gobo Li;
THANS%U SVom);  MMUTAU, g, UismT;
MMULT Ug,V,Gsm),

gap(105300) 3
write teht(30 [[cc]FACTORED**G**MATRIX[cc]]) s
for i:=1 step T until m do
begin -
for jJ:=1 step 1 until m do

begin
wr%?€£30 formatg[—nd ddddddddd,ss]g G[l,J];
‘write(10,format (T~nd ddddddddd,ssT Gliy 3l
if J=10 then
begln _
write text (30,[[cll);
wnmetwtﬁ t ;
end ;
if J=20 Then
Yegin
W?%FE text (30
write text (10,
end;

end;
write Leyt 30, [[cccc]]g
write text (10, [cccc]]

end;
end;

close(20); close(30); close(10);

' end~>
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APPENDIX TWC

THE EIGENVALUSS PROGRAMME

1, Introduction

- In Chapter Five it was stated that the basic
equation of the classical approach to molecular
vibration, involves finding the eigenvalues of an
unsymmetrical matrix gf ( or GF ), and the present |
appendix describes a computer programme written to

carry out this calculation for matrices of low order.

é. Theory

The method qfrsolution adoﬁted is that known as
the trace m§thod, and it is described in reference (62),
on ﬁage 216, This method involves finding the
éoeffiéients of the polynomial in'% , obtained by
expanding the determinantal equation |GF - EA]= 0, and
this is done by evaluating the traces of successive
powers Qf the matrix GF. The programme then finds
the rquired zeros‘of the polynonial by Newton's
“iterative method 7. The lowest root is found.first,
and then divided out to produce a new polynomial in ?\ ,
whose order is one less than that of the original one,
Thernew polynqmial is treated in the same way, The

lowest zero is found, divided out, and a polynomial of
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order two less than the original,‘is produced, This
procedure is repeated until gll the eigenyalues of the
GF matrix have been isolated, | |

- A number of disadvantages of the above procedure
should be mentioned. Firstly; it is rather time-
consuming, and the time required for complete solution
- increases dramatically with increasing order of the
matrix to be solved. Secondiy;»the method is subject
| to grrorvfrom_a numberrof sources, thesg errors being
also accentuated as the order increases. Thus the
coefficients of_the original polynomialiequation, must
be subject to numerical round;off'errorsllas they are
calculated by Cgrrying out a large number of matrix
multiplications, In addition, the method of dividing
'6ut-each root as it is isolated, cannot be regarded as
éompletely satisfactory, for any error in the first
root leads to errors in the coefficients of the
polynomial obtained on divisiop, and this error is
transmitted to the second'root. In this way errors
must accumulate as successive roots are calculated,

In order to investigate the seriousness of the
error sources discussed, various matrices of crder
less than eight, whose eigenvalues were accurately
knovn, were used to test the programme, and even for

a matrix of order seven, all eigenvalues were obtained
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accurate to at least the fifth place of decimals, In
the iterative process the accuracy to which each root
was calculated was kept constant.at 10‘7.' It is

not of course possible to make this quantity

indefinitely small, as sources of numerical error in

the iterative process cause the latter to diverge, if
the accuracy required is set at too high a value.

~As a result ofrthe tests it was assumed that the

method was adequate for the purposes ef the calculations

described in Chapters Six and Seven,

2. The‘data input requirements

The text of the eigenvalues pregramme follows at
the,end of this section. The programme is written
in Algol‘for use on an English Electric X.D.F.9
compuﬁer. Iﬁ the present work it Was'compiled by
a Whetstone cempiler, and took only a few seconds to
eolve’a matrix of orde? four, but around twelve minutes
for one of order seven, The sequence of data
necessary for the calculation, is as follows,

DV = output device number = 10 or 30;

vy = the number of GF matrices to be solved;

tol = the error‘permitted in each root extracted by
Newton's method, This was held at 10'7;

#n = the order of the matrices G,F, and GF.
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trial = a value lower than the 1owesﬁ_rootieXpected.
This might, for example, be set at n0.5_for the
vibrational problem;
G (nxn) = the elements of the & matrix in rows;
F (nxn) = the elements of the F matrix in rows;
For more sets of data return to .
The eigenvalues are output in order of
. increasing magnitude, and each is conve@Xted tq a
Wavenumber value using the relation w = 130?.9)% .
which is given in reference (62) on page 266, These
wavenumbers were output for comparison with observed
spectrél values,

Theyabove programme does not of'course calculate_
theleigenvectors_necessary for obtaiping the
transformation to normal coordinates, In simple
dases,"these were found by hand, whilst *. for matrices
of order grzater than four, they were found gsing a
standard linear equations computer programme,

If for any reason the iterative process diverges

a failure message ROOTS COMPLEX is output, and the

. calculation is terminated.
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begln comment This program reads in two matrices G and
F and forms from them the product matrix
A equal to GF, It then finds the
elgenvalues of A by the trace method and
converts these into wavenumber values;

real rysyfunc,diff,tol,trial,correct,waves;

integer y,n;azbycyi,j DV;

open(20); DV:= read(20); open(DV);

yi=read(20); tol:= read(20);
REPEAT: -

n:= read(20); trlal.m read(20);

begin real array AfB E G Fl1: n,1.n] CI,C,D[O0: n],
1:n

rocedure MMULT(X,Y,Z,X),
value X,Y X3 ,
integer x; '
real array X;Y,Z;
begin integer u,v,w;

for us=1 step 1 until x do
Tor v:=1 gtep 1 until x do

begin - z[u,v[:=0,0;

for w:=1 step 1 unt*l X do
"T—,v].~ZLu, J+XTLwWIXY[W,v]
ends;

ggg procedure 3

procedure TRACE (X3X,p) 3
value + X5

integer X3
real p;3

Teal array X;

begin 1nteger uj p:=0,0;3
for u:=1 step 1 untilx do
pi=p+X[u,ul;

end procedure;

rocedure FUNCTION(P,t,psx);
value P,y,t,p;3
integer pj
I‘ea.l TaX3
eal array P;
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begin integer us x:=0,0;
for u.~0'step 1 until p do
Xr=x+P [u]XETU;

end procedure;

procedure DIFFbRENTIATE(P,Q,p),

valuePyp;3

integer p;

real array P,Q;

begin integer u;

for u:=0 step 1 until p do
O] :=P[uFTIX(u+T)3
Qlp+1]:=0,0;3

end procedure 3

grocedure DIVIDE(P, t,p),
value Tsp3
1nteger Ps :

real t;
real array P;
begin integer u,v; '
for u:=0 gtep 1 until p do

PaT0.0;

for v: ~u+1 step 1 until 1 do
PLul:=P[ul+P[V T(v-uu1§+

end;
Flp+1]:=0.0;

end procedure;

for i:=1 step 1 until n
Forjs= 1 step 1 Until n
G, 3] :=read(207;
for i: 1 step 1 until n
Tor j:=1 step 1 until n
FIT, 3] :=read(20);

MMULT(G,F,A,n);

l8L> Eﬂo

TRACE(A,n,T[1]); MMULT(A,A,B,n);

TRACE(B,n,T[2]);
as=2;



Li: a:=a+1; MMULT(A,B,E,n); TRACE(E,n,T[al);
- Af aln then goto L2 else gotoL3;
L2:  at=e+i;  MUIUDT(AL,E,Byn); THACE(B,n,T[al);
- if a<n then goto L1 else goto L33
L3: CI[0]:=7.,T;
- for i:=1 step 1 until n do
begin - CLLi]:=0,0;
for j:=0 step 1 until i-1 do
CITa] &= OTTT] + TLE=3 IxCTTH;
ci[i]:=-CI[1]/1;
end;
or 1:=0 step 1 until n do

ClIl:=CI[Nn=1T;

bi=nj; c:i=n-1;
Li4:  DIFFERENTIATE (C,D,c);
correct:= +100,0; '
L5s FUNCTIDNéC,trial,b,funcg;
. FUNCTION(Dytrial,c,diff);
ri:==func/difr; s:=correct-r;
if 8<0 then goto FATL;
correcti=r;
trial:=trial+correct;
if abs(correct)<{tol then goto L6 else goto L5;
L6:  write text (DV,[[c]ETGERVATUE#*ISFFEQUATFFTO*#**]);
- write(DV,format{[~nd.ddddd;]),trial);
write text gDV, FrxQR***] ) 57
waves :=sqrt(trial)x1302.7;
write(DV,formaté[~ndddodd3]),waves)'
write text (DV,[F#**HAVE**NUIBERS**]);
b:=b-1; ci=c=~1} 8
if b=0 then goto L3 else gotolT7;
17: mmﬁgcjﬁigz“a 3y o B
: goto L4;
L8: end;

yi=y-1; if y#0 then goto REPEAT;
g 93
FAIL: write text(DV,[[c]ROOTS*COMPLEX]);

L9: close(20); close{(DV);

end~>
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APPENDIX THRER

THE FORCHE CONSTANT VARTATION PROCEDURE

Before a vibrational secular equation can be set
up, the matrix £ must be known, and unlike the g matrix,
this cannot be calculated for a molecule from a
knowledge of its structure, Indeed, the whole object
‘vof normal coordinate calculatiohs is to findxi, using
the observed vibrational frequencies as data,

Since the number of observed frequencies is
usually smaller than the number of f matrix elements
to be determined, even when data for several isotopic
species aré available, it is'necessary to make the
approximation of valence forces ( sce Chapﬁér»Five ),
and to 1limit the number of nonuzero'g matrix elements
to that of the observed frequenqies. All other force
constants are then assumed,zero.‘

Even when this approximation is made, it is not
usually possible to write down equations for the
non;zero_constants in terms of the observed frequencies,
and hence to calculate them directly. Instead,
rather indirect‘methods must be adopted to determine
these constants, and the present appendix describes
one of these, an iterative procedure, which vas used

in the calculations of Chapters Six and Seven.
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in.this procedure, a trial matrix £ is set up,
containing guessed values for the diagonai elements,
‘and those cross—~terms which have been aésﬁmed non-zero,
The values chosen for these elements are then fed into
the force constant variation pfogramme, together with
the elements of each block of the G matrix, and
- wavenumber values for the observed spectral frequencies.
These latter are grouped according to their symmetry
| speci§s, each group corresponding to a particular
‘block, The input £ elements are then used by the
programme to construct the blocks of F, and the
secular equations*defined by the'producﬁéiof each G
block, with its corresponding E,blockz are solved using
the methods described in'AppendiX Two, In fact the
eigénvalues programme of Appendix Two is included in
the variation programme as é special subroutine,

The calculated frequencies are compared with the

observed values, and the quantity,

)
E ((Wobs - Wa\c};v | ’
: ... ABA,

calculated by summing over all frequencies, A small

chang: is then made to one of the non-zero f element§,
the others being held constant at their trial values.

The secular equations are reconstructed and solyed

again to enable the sum A3,1 to be re-evalusted, if

#* In the present work this had the value 0,05,
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this sum is found to be less than its previous value,
a second small change of ecqual magnitude and sign is
‘made to the £ matrix eiement previously varied., If,
on the other hand, it is increased, the change is still
made, but its sign is reversed, When a point is
~ reached at which it is impossible to reduce the sum
' A3.1 by making a change in either direction, then the
- £ matrix element varied is allowed fo remain constant
at its new optimum value, and the procedure repeated
for a second force constant, and so on, for all of
the non-zero £ matrix elements. - This process is
theh'repeated’by retﬁrning to the first florce constant
varie@ and working through all of the constants
again, Thus, by a cyclic process, the function A3,1
is minimised a final set of optimum values being
obtained for the non-zero force constants, At this
stage the final values obtained for these constants;
and the corresponding calculated frequencies, are
eutput by the programne,

| The programme text is not‘included in this
appendix, es it is rather’leng, and constitutes a
straightforward applicatien of the principles outlined
above, For FClO3 and HClOu a six constant force field
was used and convergence achieved after four full

cycles of variation, The cross-terms were initially

set equal to zero,
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APPENDIX FOUR

A COMPUTER PROGRANME FOR THE

XOX ANGULAR SYID/RTRIC SYSTEM

In this appendix the text is given of a computer
programme used to calculate frequency and root mean
" square amplitude values for various X0X angular
 symmetric molecules ( see Chapter Eight ).,  The
programme is written in Algol for use on the X.D.F.9
computer, and in tbe present work was compiled by a
Whetstone compiler, Calculations required only a

t

few seconds for completion and the programme WaS )
tested using results published for NO2 by Cyvin 7,

h, The programme assumes as internal displacement
coordinates, changes in the two bonded distances, and
a change in the valence angle, It follows the theory
outlined in Chapter Five and in reference (27), and
calculates the elements of the g matrix from input
structural data. It also inputs the four constants
required to define the £ matrix, and by transforming
to symmetry coordinates constructs the G and F matrices,
and finds the eigenvalues of the two blocks sppearing
in the GF matrix, The three vibrational frequencies
.‘Which result are output in wavenumber values, The

transfornation relating the symmetry coordinates to
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the normal coordinates, is next calculated from

a. set of eigenvectors, and this is used to determine
the transformation of ‘the internal di§placement
coordinates to the normal coordinates, Following

this the two changes in interatomic distance for an
X0X molecule, that is the change in O0X which is already
a_qhosen internal coordinate, and the phange'in the

X..X non-bonded distance, are related linearly to the
normal coordinates, and the amplitude values Usx and

o)
calculated, and output in Angstrom units,

X, .% |
The data sequence required is, »

DV =’qutput device number = 10 or 30;

Title; p = the number of separafe calquiations to

bé completéd; MX = the mass of X in a.m,u,"'s;

MO = the mass of 0 in a.m,u,'s; A = the vaience angle
in degre€s; R = the OX bond length in Z H

T = the absolute temperature;

" £1 = force constant fr

XY

f2 = force constant frr;
£3 = force constant f 43

fli = force constant fg ; Note: for the meaning and
units of these latter four quantities, see Chapter

Eight.
Return to #* for more sets of data,
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begin comment This program finds the fundamental
frequencies and mean amplitudes of
vibration for a symmetrical,angular,
X0OX molecule at temperature T degrees
Kelvine It uses a variable force
field f and a fixed molecular geometry.
It outputs principally the fundamental
frequencies in cm-1 , and the mean
amplitudes of vibration, UOX and UX,.X
in Angstrom units; .

1,G12,G22,

real = ML MO,A,R,T,g1,82,23,84,G1
G33,71,12.53, 00, F11,712,F22,F33,GF11,
QF12,GF21,0F22,07033.D,EuX, Y, 2, L11,L12,
121,122,133, N1 N2, N3, 11,812,121, 122,
N33, WNTWN2 L WN3,K11,K12,K13,K31,K32,
beta,C1aC2, G35 V0K, UXK;

integer DV,p,8,G,N;K,eigs,fri,fr2,Ir3;

real procedure sinh(a); value aj; real a;
begin real S,;term; integer nj

n:=03; termi=aj Si=aj a:=aTa;

for n:=n+2 while abs(term)>p~6 do

EE% n term:=teérm<a,/n/(n+1); S:=S+Term;

1
sinh:=S§
ends :

real procedure cosh(b); value by real b;

begin real C,TERM; integer m;

- m:=2; TERM:=b72/2.03
C:=1,0+TERM;
b:=bT2;
for m:=m+2 while abs(TERM)>n-6 do
Pegin TERM := TERMxb/m/(m=-1);

C

¢=C+TERM;
end;
coshe=Cj;

end;

open(20); DV:= read(20);  open(DV);
copy text (20,DV,[35351);
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pi= read§20g5 MX:= read(20); MD:= read(20);
A:= read(20); R:= read(20); T:= read(ao),
A:=A/5T7o305 =

gli= 1 o/qx + 1 o/MO,

gR 5= cou(A)/MD

g3 1= —amnéﬂ)/(RxMU)' .

gh:= 2,0/(MXXRT2)+2.0x(1=cos (A))/(RT2XMO);

G11:= gl+g2;
G12:= sqrt(2.0)xg3s
G22:= glis

G33:= gl~g2;

RETURN: gwm—;@?é420)7——6*—read(294y——Nv—?e&d{@@},
- ks=pead{20); eigsi=pead{R20);
£1: readé?oé f2:=read(20); f3.-read(20),

flhi:=read(20);

Fll:= £1+£2;3

F12:= sqrt(2 0)xf3;

F22:= flj _ \
F33:= f1~f2; ,
GF11:=G1TXF11+G12XF12;3
GF12:=G11xF12+G12XF22;
GF21:=G12XF11+G22XF12;
GF22:=G12XF12+G22XF22;
GF33:=G33XF333

D:=GF11+GF22;

E.— GF11XGF2?) (GF12XGF21)
D+sqrtED\2 OXE§3/2,
=(D=-sqrt (DT2-4 /23

L12:=1;

Le1: EX GF11§/GF12,

L22:=(Y~GF11)/GF12;

L33:=1;

N1:=sqrt X/EP11+2 OxP12xL21+F22xL21T2;};
N2:=sqrt(Y/(F11+2,0xF12XL22+F22XL2212) ) ;
N3:=sqrt(Z/F33);

N11:=N13

N12:=N2;

N21:=N1XL213

N22:=N2xL22;

N33:=N3;

WN1 :=sqrt(X)x1302.9;
WN2 :=sqrt(Y)x1302,9;
WN3 =sqrt X1302.93
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end~>

write

K11:=N11/s5qrt(2.0);
Ki12:=N12/5qrt(2.,0);

K13:=N33/s5qrt(2.0);
K31:= sqrt?ZoOgXSinéA/2ng1ig+ Rxcos A/2§xN21 5
K32:=(8qrt(2.0)xsin(A/2)xN12)+(Rxcos (A/2)xN22);

betai= (2.998x6.6252)/(20x1.3805XT);

C1 := cosh(betaxWl1)/sinh(betaxWN1)}
C2 := cosh(betaxWiN2)/sinh(betaxWN2);
“C3  := cosh(betaxiiN3)/sinh(betaxWN3);

UOX := sqrb ((K1172x16,866%C1)/WN1 +
: €K12T2x16.866x02§/WN2+
K137T2Xx16.866%C3)/WN3) 3

CXX = sqrt(gK31T2x16.866xC1g/WN1 +
- (K3272x16.866%C2)/VN2) ;

write text (DV,[[c]RESULTS*FOR*RUN#*##%]);
write (DV,formatgLﬁddgc])aP)i |
write text (DV,[[C¢]FORCE#FIELD*USED*#%

£1552503, 045 [c]]);

fri:=format([-nd.dd;c]);
write(DV,fri,f1
write(DVyfri1,f2
write(DV,fri1,f£3
write(DV,fri1,fL
write text(DV,[[c]FUNDAMENTAL#*FREQUENCIES*W1,W2,W3,
#*INFWAVE*NUMBERS; [¢]1]1) 3
fr2:=format([~nddd.d;c]);
write%DV,er?WN1§;

oel\se\ae'\se

write(DV,fr2,WN2);

DV,fr2,WN3); - » ,

write text(Dv,[[ciTHE*MEAN*AMPLITUDES*DF*V1BRATIUN%
UOX#and*UxX; [cl]);

fr3:=format([~-nd.ddddddjc]]);

writeEDV,er,ongg

write(DV,fr3,UXX);

pi=p-13 if p#0 then goto RETURN;

close(20); ~ close(DV);
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APPENDIX FIVE .
PROCEDURE DIPENDANTS FOR

PERCHLORIGC ACID

This appendix contains the text of a subroutine
which formed part of the least squares refinement
programme used to obtain Rij and U5 parameters for
HClOu. The purpose of the routine is to calculate

certain dependent internuclear distances from a set

" of five independent values, namely those refined by

the least squares procedure, A set of partial
derivatives, necessary for‘the Qorrect functigning of
the least sguares method, are also calculatéd,'

The numbering system chosen for thg ?s model
of perchloric acid is shown in figure 7.1. This
ﬁodel containsg fifteen interatomic distances and

these méy be classified as follows into eight non-

equivalent types,

]

magnitude of 8121

1

magnitude of U16f
= magnitude of D26'
= magnitude of R13,R1u,and R153
magnitude of Py ,Pys,and P,
= magnitude of X23,X24,and_X25.

= magnitude of YGu,and Y65'

> I - B e B -« B o B = N ¢
i

= magnitude of Z63°
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Only the first five of the eight cuantities
8,U,D,R,P,X,Y,and Z are independent of oneanother,
and the three remaining values X,Y, and Z may be
written as functions of the general sort,
X = fl(S,U,D,R,P); Y = £,(8,U0,D,R,P): Z = :E’B(S,U,D,R,P);
The procedure whose text is given below uses

input valuves for 5,U,D,R and P to calculate X;Y and
Z, formulae d@fived from geometrical considerations
bbeing applied. In addition the cosines of the three
valence angles possib}e for this model are also
6a10ulated and output, Finally the series of partial
~derivatives, o

X, 9%, .s.... OZ, OI,

95 U SR &P
are calculéted from analytical formulae obtained by,

differentiating the functions fl, fz, and f3 above,

These terms —are stored as the elements of a matrix

c.



procedure DEPENDENTS;
begin commnent This procedure calculates the dependent
distances for the five plus three model
of perchloric acid as well as the
partial derivative matrix C;
real SsUsDyRR,PX;Y,2,
asbsmsnsdsesfogshsly
assaugad;bs,busbd,
ms sMuU,s,mMd NS sNU,NA 434D s
coshycosB,ycosG;
integer k;1,£1,12;5-

f1:=format([~-nd.dddde]); f2:=format([-nd.dddds]);
S:=R[1}; UT=R[2]; D:=R[3]; RR:=R[4T; P:=R[5T;
comment Calculation of the dependent distancesy
i:=3?335 i,
a:=2XST2XDT2+2xUT2XS T2+2XUT2XDT2=ST4=DT4=UT}
b:=ST2+DT2=UT2; m:=sqrt(a)/(2xi);

n:=b/(2xi); q:=sqrt(RRT2-PT2/3); e:=5+q;

£1=S-Dxn+q;

g:=Dxm+P/sqrt(3); hi=Dxm-P/(sqrt(3)x2);
Xe=sqrt (PT2/3+eT2)}

Y:=sqrt(gte+r12);

Zi=sqrt (PT2/U+hT2+£12);

if r%6]=1 then R[6]:=X;

IF rl7]=1 Then RL7]:=Y3
if r[8]=1 Then R[8]:=Z;

- comment Calculation of three angles as cosines;
COSA 1= (2XRRT2~PT2)/(2XRRT2);
cosB:=(RRT2+ST2-XT2)/(2XRRXS) }
cosG:=(ST2+DT2~UT2)/(2xSxD);
write text(30,[[ccc]PERCHLORIC*ACID*MODEL*Alcccll)s
write text (30,TANGLE*COSINES[cl]); - T

write text(30,[COS*OPCLOP¥EQUALS*#*#%%] )3

write(30,f1,c0o8A);

write text(30,[COS*OPCLOB*EQUALS***%#%]);

write(30,f1,cosB);

write text(30,[COS*CLOBH#**EQUALS**¥%*]):

write(30,f1,c08G);

writetext (30,[[cccll);s

comment Calculation of the C matrix;

EE?QEXSXEDT2+U?2—ST2§3

au:=4xUx(ST2+DT2-UT2);
ad:=UxXDx(ST2+UT2-DT2);
bs:=2xS; bu:==2XU; bd:=2XD;
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ms :=(asx0, 255 gsqrtga xSxDé ~(0.5xsart(a))/(s12xD);
mus=(aux0.25 sqrt(a ) xXSxD

md:=(adx0,25 rt(a (OeBxsqrt(a))/(DT2xs);
ns :=(bsx0, 5 i=(bx0,5)/(DxST2)

nu:i=(bux0,5 13

nd :=(bdx0, 5 i~ (bX0e5)/(DT2xS);

qr:=RR/q; qp: ~—P/(5xq),

for k:=1 step 1 until & do

Ffor 1:=1 step 1 Until 5 do

~J
o
U
| S—
A0 00 W 'n' I

end DEPENDENTS;

I k#L then Clk,TI:=0 elSe Clk,1]:=1,0;
6,11 2er%; ol

6,2]:=035 "C[6,3]:=0;
exqr)/y cl6,5]: (P/3+8XQP)/X:
ngXms+fx(1-DXDs))/Y,
gXDxmu=£XDxnu.) /Y3
gx(Dxmd+m)-fx(nde+n))/Y,
rxaqr)/Y;

g/sqrt(3)+fXQp)/

hXDXms X 1anps)5 /%3
hXDXmu~fXDXPu)/7
hx(Dde+m)~fx(Dxpd+n))/z,
xar)/z;
P/4-n/(2xsqrt(3))+(fxqp))/Z,
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