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ABSTRACT

X-ray photoelectron spectroscopy, (E.S.C.A.), has
been used to investigate the surface chemistry of cellulose
nitrates and double based propellant. The nitration and
denitration of cellulose nitrates has been studied and
important conclusions drawn on the complex equilibria estab-
lished at the surface, (<5OOA), of cellulose filtres partic-
ularly with respect to sulphate ester formation in mixed
acid nitrations. The degradation of double based propell-
ants and cellulose nitrate, (a major component), on exposure
to U.V. light has also been studied by E.S.C.A. and new in-
formation on the build up of degradation products at the
surface is presented. The migration of stabiliser, (diethyl-
diphenyl-urea), to the surface regions of double based pro-
pellant has also been monitored using E.S.C.A. and is found
to be greatest in those propellants containing a large per-
centage of nitroglycerin.

75.5 MHz, proton decoupled, 13

C n.m.r. spectra of a
series of cellulose nitrates have been assigned and partial
degrees of substitution established at individual sites of

a B-d glucopyranose rings. This important distribution data
is supplemented by sequence distribution data extracted from
the anomeric region of the 13C spectrum which allows rough
models of sections of cellulose nitrate chains fto be constructed
for particular degrees of substitution. Important correl-
ations are drawn between these substitution patterns and the
meann (101) interchain spacings in cellulose nitrates and the
accuracy of birefringence measurements for the estimation of

degree of substitution in cellulose nitrates is assessed.

Using all the data levels available from the various techniques




employed arguments are presented in favour of a nitration

equilibrium rather than an accessibility theory.



viii

MEMORANDUM

The work outlined in this thesis 1s wholly original
except where referenced and this thesis contains material

which forms part or whole of the following publications:

1. Clark, D.T., Stephenson, P.J. "Proceedings of the
Waltham Abbey Conference", Ed. T.J. Lewis at PERME Waltham

Abbey, 1980, Plenum Press.

2. Clark, D.T., Stephenson, P.J. and Heatley, F.

Polymer, 1981, 22, 1112-1117

3. Clark. D.T., Stephenson P.J., Polymer Communications
1981, in press.

4, Clark D.T.. Stephenson, P.J., Polymer, submitted 1981.

5. Clark D.T., Stephenson, P.J., J.Polym.Sci.. submitted

1981.

The work described in Chapter Five also makes reference

to early work described in-

6. Baker, F.S., Clark, D.T. and Stephenson, P.J., 'Pro-
ceedings of the Waltham Abbey Conference, Ed. T.J. Lewis,

PERME Waltham Abbey, Essex, 1980, Plenum Press.



ix

ACKNOWLEDGEMENTS

The greatest thanks in this acknowledgement must be .
offered to my Supervisor, Professor David T. Clark for help
and advice throughout the three years. I am also ihdebted
to Drs. Tom Lewis and Frank Baker of the Ministry of Defence,
Waltham Abbey, for advice and criticism and in the case of
the birefringence studieg for the results referenced in
Chapter Seven. Por their help with the N.M.R. studies I
would first 1like to thank Dr. Frank Heatley of the University
of Manchester for running many of the excellent spectra used
in this thesis. Also of great importance was the assistance
of Tony Cunliffe (M.0.D,), Jim Peeling (Saudi Arabia) and

Ray Matthews (Durham).

T have also drawn on the skill and experience of Ron
Hardy for the X-ray diffraction measurements and Colin Percival,
friend and soccer ruffian, for X-ray diffraction and all

microscope work.

In the U.V. degradation work acknowledgement is due to
Hugh Munro for help and advice and use of his apparatus.
The fTheoretical work which supports the assignments of
E.S.C.A. peaks in this thesis was carried out by Alan Harrison,
friend, fellow Geordie and the best theorist in Stanley.
Thanks are also due to John Warwicker of the Shirley Institute
for early advice and to Alan Dilks, now of Xerox Co. Webster,
New York, for early inspiration. Acknowledged too are all
members of the research group who grow too numerous to mention.
Lasgtly, I would like to pay tribute to Marion Wilson, my typist.

whose skill and correction of spelling was of great help.



CHAPTER ONE
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1.1 INTRODUCTION

Vegetation is thought to produce an estimated

100 billion tons of cellulose a year, that is, approximately
twenty-five tons of cellulose for every person on earth.l
This vast quantity of naturally occurring, readily avasilabple
fibre has helped to maintain cotton as the most important
ftextile fibre in the world. Enormous research effort heas
been directed towards the study of cellulosic materials and
this has led to a wealth of information in the literature
pertaining to the morphology, biosynthesis and varied re-

136

actions of this important substance.

The structure and synthesis of its main derivatives
such as the cellulose nitrates and acetates has also been
well documented and the variety of properties available by
derivatisation has led to a diversification in the market
outlets for cellulosic materials. Cellulose nitrate, first
reported by Schz)nbein2 has developed into the major component
of most propellants and blasting explosives and was originally
employed in the production of cine film and even billiard
and snooker balls. Today the nitrate ester of cellulose
is still utilised in the formulation of many lacguers and
surface finishes. The cellulose acetates however have been
widely studied essentially for their textile properties
whereas the more unusual derivatives such ags carboxymethyl-
cellulose have been developed for use in ion exchange columns

45

and separation techniques. Several esters of celluloce,
but notably the nitrates, are cast f'rom suitable colvente

to produce seml-permeable membranes used in osmotic measure-

ments and dialysis exper;g@ﬁ%%&§>\Thus it can be appreciated

SClene e e a/‘_:"‘f\
& "20CT j9g, i
N .

SEr-
oy
" rio

ik .
gAY



http://rteJ.lu.lore

that cellulose is a valuable natural resource which has
been exploited by several major industries, in particular
the pulp and paper making concerns, the textile producers
and in the case of cellulose nitrates by government bodies
for military applications.

Despite the voluminous literature,136’157 however,

avalilable on the chemistry and structure of cellulose and
its nitrates which has accumulated over the past century a
number of important gquestions remain unanswered and some
interesting areas of research are still comparatively un-
explored. These aspects will be further discussed in a
later section but it 1is the purpose of this chapter to
present a brief review of the relevant literature pertaining
to the chemistry and morphology of cellulose and of itg
important ester cellulose nitrate. Obviously it would be
beyond the scope and purpose of this thesis to present a
full review but it is hoped that the following pages contain
a conclse history of the major contributions which relate
directly or indirectly to the research program outlined in

this thesis.

1.2 COTTON

1.2.1 Basic Morphology and Dimensions of
Cellulose Fibres

Raw cotton is 85-95% cellulose with the ma jor non
cellulosic components being waxes and pectins which are
generally located in the outer layers of the fibre.j After
the scouring and bleaching processes (see section 1.6) a
98% pure cellulose can be obtained either as free linters

or pressed into a paper form, The general morphology of



cotton has been the subject of intense investigation over

the years and a knowledge of its unique structure is required
before considering its reactions in detail. The cellulose
fibre has an outer layer or primary wall which in the raw
cotton is in close association with the waxes and pectins
which form the so-called cuticle. The cuticle has been
shown by Whistler‘br to be a continuous membrane of insoluble
pectic salts which can be destroyed by pectinase. Dewaxed
and depectinised cellulose therefore has the primary cellulose
wall as its outer layer, the structure of which is still
under investigation. However Roelofsen5 showed that there
are at least two sets of fibrils in the outer wall, one
running axially and one transversely to the axis of the fibre.
Similar views have been put forward by Tripp.

The secondary thickening which develops in the

7.8

young plant has been studied by Sisson and found to be

highly crystalline cellulose which is laid down in fibrils

that form a spiral with regular reversals along its length.

The secondary wall is subdivided into Sl’ S2 and S3 layers
although there is some doubt about the 1atter.5 The hollow

lumen forms the core of the fibre and can vary in size
according to the maturity of the fibre. This layered
structure is shown in figure 1. The fibrillar nature of

{89,10

cotton was first observed by Rus! using the electron

microscope and since then it has become clear that cotton

has a structure that is buillt up from basic fiorillar units.

(]
11,12 1 as observed fibrils of 150A° diameter which he

13,14

Hes

n

termed elementary fibrils. Preston working with algae
reported that microfibrils vary in width from 8O—BOOAO and

are approximately half as thick as they are wide. Hodge
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Primary Wall
Secondary Wali

Lumen

Diagram of Structure
of Cotton Hair.

Figure One Schematic of a cellulose fibre
15 , ‘ .. 16
and Wardrop found a range of 5-10nm for wood and Vogel
found a 17-20nm span for ramie microfibrils. Frey-Wysslingl7
18

recognised fibrillar strands down to 60A° whereas Muhlethaer
claims to have seen jBAO unite. There is still doubt however
whether or not the ultrasonic techniques used to isolate the
material for electron microscopy does in fact cause fibril-
lation. It is assumed for the purpose of this work that

fhe basic fibril is between lOO—QOOAO in width. A complete
list of observed dimensions has been gathered together by

5

Warwicker. It has been suggested that there exist within

fhe glucose chains weak links which are acid latile. Das

19

Mitra has claimed to have detected xylose in hydrolysates
of purified Egyptian cofton which he believes to be the cause
of weak links which cause transverse cleavage across a fibre.

The width of elementary fibrils has also been estimated by

low angle X-ray techniques. Kratkygo has deduced that fibrils




are ribbon shaped with cross section 28 x 95AO. However
despite the vast amount of data relating to basic dimensions
no absolute values can be precented since the size of the

-

elementary fibril may well depend on the source of cellulose,

a Tactor not always reported in the literature.

1.2.2 Fibrillar Structure

Early concepts about the fine structure or micro-
fibrils have been reviewed by several authors and will only
be briefly mentioned here as a background for a description
of later developments. In 1858 Négeli21 proposed the micellar
theory; this assumed the presence of distinct brick-1like
crystalline micelles within cellulose fibres (see figure 2)
to explain the birefringence cbserved with a polarised micro-
scope. Many years elapsed before the crystalline structure
of cellulose was proved by X-ray diffraction methods. The
ensuing investigations showed that with the possible exception
of the Halicystis plant22 the cellulosic materials from all

sources including bacteria and animals have the same crystalline

structure (cellulose I).

These studies resulted in the description by Meyer
and Miscth of' the crystallographic unit cell for cellulose T,
with antiparallel orientation of the neighbouring molecular
chains. When the crystalline structure was confirmed the
micellar theory was expanded to accommodate new observations
including the diffuse X-ray diagrams of cellulose having broad
diffraction lines. This broadening is assumed fto be due to
discontinuity resulting from small crystal size or other
factors. The cize of the micellar crystallites was estimated
at 5-10nm in diameter and 50-60nm in 1ength.128 The X-ray

scattering resulting in a diffuse diagram was attributed to
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the presence of amorphous materials. It is proposed that
these materials acted as a cementing compound between the
crystalline micelles and were responsible for the swelling

of the cellulose fibres.gbr

The micellar theory which assumed that straight
chains of cellulose molecules 60nm in length form the crys-
talline particles was supported to some extent by deter-
mination of the degree of polymerisation of the polysaccharide.
End group analysis at the time indicated for different types
of cellulose a d.p. of 100-200 that was in close agreement
with a minimum value of 120 estimated from the X-ray da.ta..25
However these values were soon found to be low and the devel-
opment of newer physical techniques such as viscosity measure-
ments, e.g. by Staudinger26 and Mohr indicated for native
cellulose a d.p. of about 3000 which corrésponds with the

chain length of 1.5nm. Gralen and Svedberg27

obtained by
ultracentrifugation d.p. values of abouf 10,000 for native
celluloses and it soon became clear that the early micelle
theory was untenable. At the same time an argument was
presented for the existence of a continuous structure in
which long molecules are arranged parallel with some inter-
disperced discontinuities. However the presence of amorphous
and crystalline regions in cellulose was supported by X-ray
studies which showed no change in diagram on swelling with
water; this it was argued was due to water being absorbed
into the amorphous regions only between micelles.28 These
apparently conflicting ideas were reconciled in the fringed

29 and Frey—Wyssling.d9

micelle theory postulated by Kratkyl
According to this theory the microfibrils are composed of

statistically distributed crystalline and amorphous regions
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formed by the transition of the cellulose chain “rom an
orderly arrangement in the crystalline regions and less

orderly orientation of the amorphous area.

(a) FRINGED MICELLE THEORY

(bl CRYSTALLINE MICROFBRIL MODEL

[c) VEINED MODEL

Figure Two Three proposed models for cellulose

The presence of amorphous and crystalline regions
has been investigated by a number of physical and chemical
methods. The density of cellulose was found fto be lower
than the theoretical density calculated from the unit cell;
this seemed to show the presence of material less densely
packed or amorphous. This method can be used for estimation
of percentage crystallinity. Chemical methods such as

30 31

deuterium exchange, periodate oxidation, hydrolysis and
thallation with thallium ethoxidej‘?’135 have also been used.
It should be noted that these methods are effectively measur-

ing inaccessibility rather than crystallinity. The reactive




groups positioned at the surface of the filrils (it has been
estimated that 39% of all the macromolecules in cellulose
fibrils lie at the surface) are obviously more accessible
than those in the bulk. It may be that the extent of re-
action of such reagents may be a function of the surface area
available and will be greatly influenced by such factors as
swelling. This important question is further addressed in
Chapter Three. Recent work presented by Vander’hart35 has
used 15C n.m.r. to distinguish between a primary hydroxyl

in crystalline regions and hydroxyls in an amorphous region.
However it is apparent that the molecules at the surface may
contribute to accessibility and other properties of micro-
fibrils which have previously been attributed to amorphous
materials. These molecules which represent structural dis-
continuity cause small particle scattering thus increasing
fhe width of X-ray deflections and decreasing the resoclution.
These simulate or give the illusion of the presence of

34

amorphous materials. Briant and co-workers have also
reported that X-ray scattering in cellulose analysis is due
fo lattice distortion rather than to amorphous regions.
Muhlethalerj5 used a staining technique where the cellulose
is treated with phosphotungstic acid which is thought to
penetrate thé capilliary spaces.  The elementary fibrils
appear to be crystalline along the whole length, he estimated
35 x 35AO. He proposed a new structure to accommodate the
new data in which 16 of the 18 pairs of antiparallel chains
lay at the surface. Furthermore the only disorder or dis-
furbance in the structure is caused by chain end dislocation

which could cause as much scattering of X-ray as the amorphous

regions. A folded chain model for cellulose has been proposed
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20 36

by Dolmetsch1 and Manley. One of the notable features
of the chain folded conformation is that it readily explains
the antiparallel arrangement of the cellulose molecules

within the crystalline structure of the microritrils.

A compromise between the fringed micelle theory
and the totally crystalline microfibril has been recently

suggested57

the main feature of the model being that voids
run between basically crystalline fibrils and that these
voids will vary in width and accessibility according to the
swelling power of the reagent. The interest in swelling
reagents and the effect of morphology on the reactivity
arises from numerous observations that csamples which appear
chemically identical differ in fact in ease of reaction.

The next section will therefore summarise the relevant data

which has accumulated on the swelling phenomenon.

1.3 SWELLING

-

The swelling behaviour <f cellulosic materials i1is well
known and the available literature has been reviewed by

5

Warwicker. Sodium hydroxide is known to swell cellulose

in certain concentrations and to alter paramefers in the

unit cell in a process referred to as mercericsation. The
general effect of mercerisation is to increase the sorption
of various reagents and thus is a valuable means of modifying
structure. The swelling behaviour in other reagents and in
particular in acids 1is of special relevance to the work pre-

gserited in this thesis and will be considered further here.

38

Bracconot was the first to indicate that sulphuric

acid had a swelling and dissolving effect on cellulose; the
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greatest swelling taking place between 63%-72% and dissolution
occurring above this value. There is evidence that swelling

5

is interfibrillar” and does not affect lattice constants

over a range of swelling conditions. Phosphoric acid on

Lhe other hand is known to induce intrafibrillar swelling

in concentrations above 90%.3 This high swelling generally
causes rupture of the primary wall. Nitric acid is extremely
complex in its swelling behaviour since below 60% only a
small amount of interfibrillar swelling occurs, but avove
this value there is evidence for the formation of the Knaﬁﬁ?g
compound which indicates intrafibrillar swelling. There is
no evidence for nitration at this stage and only in concen-
trations above 70% is there data4o fo suggest nitration and
extensive sweliing. There are some authors who velieve

that nitrations in mixed acids of nitric acid/sulphuric acids
proceed by initial interfibrillar swelling by sulphuric acid
followed by penetration of nitric acid into the crystalline
fibrils.4l The sulphuric acid is not thought to enter the

crystalliine regions in the initial stages. This important

point is further considered in Chapter Three.

1.4 OXIDATION OF CELLULOSE

The oxidation of celluloses by a variety of oxidising
agents have been widely reported in the literature.42 The
interest in oxidised cellulosic materials lies mainly in the
manufacture of ion exchange celluloses for separation
fechniques. However it is also known that the capacity of
acidic cellulose (i.e. those with carboxyl group: . usually

at the C6 position) to bind with ions will accordingly in-

fluence the electrical conductivity, the dyeing and the
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finishing of fabrios.42 The further reaction or carboxy-
celluloses to form acid esters with alcohols, and ring com-
pounds such as ethylene oxide and propionlactone is also
much investigated.42 The general effects of introducing
carboxylic acids into cellulose in terms of solupility
hydrogen bonding,water absorbency and otﬁer properties are
well covered in an excellent review by Allén.45 The deter-
mination of carboxyl groups is therefore of great interest
and many methods have been developed for this purpose. A
comparison of the available methods is presented by Wilson
and Mande146 but essentially they fall into two categories;
the absorption of methylene blue, (or other dyes). or ion
134

eXchange techniques using calcium acetate or other similar

=z
reagents. Davidson~” reported that the absorption of

certain dyes was related to the carboxyl content whereas
126
Putnam, Soockne and Harr1549 have all experimented with ion

exchange methods following the general scheme:
CELL - COOH + MA —— CELLCOOM + HA.

Ton exchange celluloses and their uses are discussed by

50

Davidova and Rachinskii in a lengthy review. Guthrie

and Bulbeck51 have also reported theilr uses for the separation
of proteins. enzymes and nucleic acids. Ton exchange
celluloses may be made by attaching substituent groups with
basic or acidic properties to the cellulose molecule. The
D.0.S. of such materials is generally low since the various
ucses of ion exchange celluloses require that they do not
dissolve or swell in various dilute acids or bases.45 They
include cellulose phosphate used for the sorption of thorium

from acidic solutions, sulfoethylcellulose and carboxymethyl-

cellulose.42 Sodium metaperiodate is a common glycol cleaving
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25

agentl which is, (along with lead tetra-acetate). used

for crystallinity measurements. Head has found that the

cleavage is accelerated by the action of light and has also

52

investigated the reduction of the aldehyde groups so formed

by the action of sodium borohydride. It is also possible

to convert the aldehydic groups to carboxyls using chlorous

47

Aldehydic groups in cellulose are generally deter-

54

acid.
mined by the copper number method which estimates a quan-

tity of copper reduced from salt solutions.

1.5 CELLULOSE SOLVENTS

It is appropriate at this point to mention that, in
comparison to ifts nitrate and acetate derivatives. cellulose
is extremely insoluble. It will dissolve in strong acids
of certain concentrations but the degradation due to hydrolysis
on regeneration by dilution is too great to allow the use
of such acids as cellulose solvents. In contrast to strong
mineral acids, metal complexes have attained much greater
importance as solvents for cellulose containing materials.42
Sweiger’S5 has established that a solution of Copper I1 oxide
in concentrated ammonia solution is an excellent solvent
for unsubstituted cellulose. Cadmium59, iron61 and cobalt6o
have also been complexed and are in regular use for this
purpose.42 More recently hydrazine56 has been reported fto
dissolve cellulose without causing excessive degradation and
the use of N204 in association with Varibus organic compounds

is well substantiated.37 Sweigerl31

has also reported the
use of N204 and dimethyl formanide (D.M.F.) for the dissol-

ution and subsequent conversion to cellulose nitrite.
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1.6 PULPING AND BLEACHING

Pulping can be considered to involve the steps of
fibre separation, removal of undesirable components and
the tailoring of the pulp for desired chemical and physical
properties. Commercial pulping procedures which are more
fully discussed elsewhere62 may be considered to be compos-
ites of general pulping classifications. The acid-sulphite
process58 for example is a hydrolytic method whereas the
nitric acid process is a mixture of both oxidative and
hydrolytic processes.42 The commercial sulphite procedure
1s based on the fact that lignin will react with sulphur
dioxide or solutions of its salts at different pH levels
to form a soluble derivative which can be removed from the
wood. There 1is always some degradation, mainly due to

hydrolysis and lowering of D.P., as a result of these pro-

cegses.,

1.7 DRYING OF CELLULOSE

Cellulose exists as a porous material with a large
capilliary surface area; this area may range up to 200 sqg.
metres per gram65 depending on the history of the sample.
Cellulose also has a great affinity for water and in an air
dry condition it will contain about 5% by weight of water.
Removal of this water as water vapour will cause collapse
of this capilliary structure and may affect adversely the
reactivity of the cellulose to subseqguent reaction systems.
Although some people advise the use of miscible organic
liquids65 fo replace the water in the capillaries in a

process called solvent exchange, this is not a generally
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applied method and drying is more often carried out in

ovens at low temperatures. It is particularly important

in the nitration of cellulose to have less than 2% mois’l:ur'e.u1
a level that is more conveniently achieved by oven drying.
However it is believed, from electron micrograph studies,

65

that solvent exchange can preserve the lumen and prevent
its collapse, a factor that may be important in structural
studies. The condition of the lumen, i.e. whether pre-

served or collapsed may also affect the birefringence of

fibres, a point which is further addressed in Chapter Seven.

1.8 STRUCTURAL STUDIES

1.8.1 Infra Red

In those fields of chemistry where one deals
with a number of compounds of similar chemical and physical
properties infra-red specfroscopy is a very useful tool for
analysis and identific ation. Hence in carbohydrate chemistry

it has been widely applied and in the case of cellulose and

66

cellulose derivatives the technique is well established.
The I.R. spectra of cellulose, nitrocellulose and oxidised
cellulose as well as various other derivatives have been
recorded138 and in the case of oxidation of cellulose it

has proved especially useful in moniftoring the increase in

66

carboxyl and aldehydic groups. In most cases the dry

o7

ground fibres are analysed as KBr discs as proposed by Kuhn

68

and the many absorbtion bands have been assigned by Rowen .
The near infra-red region has been of particular interest

and a number of workers have studied the nature of the

69 70

hydroxyl bonds in the 3 u region. Marrian and Munn have
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attributed specific bonds to various types of hydrogen

bonds by the use of deuteration techniques, whereas Barker7l

et al have studied cellulose and discussed the nature of
bands at 112u. The important transition between cellulose I
to cellulose II crystal forms has also received some

2 Higgins75 has reviewed the application of

74

attention.
the technigue to cellulosic materials and Kuhn has
attempted to assess the nitrate ester groups in nitro-

cellulose using I.R.

1.8.2 E.S.C.A. Analysis of Cellulose

Despite the fact that the surface reactions
of cellulosic materials and those of other natural fibres
are of 1immense interest to many industries very little is
known in this important area. The advent of E.S.C.A.,75
(X-ray photoelectron spectroscopy), as a powerful technique
for the delineation of surface and subsurface has allowed
such investigations to commence for the first time. Millard‘76
for instance, has made preliminary studies of cellulose
fibres but has concentrated his research on the surface

123

properties of wool and studied changes as a result of
low temperature plasma treatment at the surface of such

fibres.

Soignet77 has used E.S.C.A. to determine the

nature of the reaction of cotton fibreg with flame retardant

122 78,124

agents and oil repellant finiches. Gray has made

some attempt to deconvolute C and OlS core level spectra

ls
ot cellulose and obtained area ratios consistent with that
expected for cellulosic material. However no assignments

have been given and the application of E.S.C.A. particularly

to derivatives of cellulose is comparatively new.




In conclusion, then, to this initial introduction to
cellulose chemistry it 1s readily apparent that cellulose
is a unique polymer. The ease of 1its reactions may well
depend on the morphology and hence wpon the age and source
of the cellulose. It is important to specify both the
source and the type of cellulose used. i;e. whether it is
in the form of linters which are the waste celluleose from

the seed hairs or whether the purer fibres are utilised.

With a greater understanding of the structure and
morphology of cellulose it is now possible to go on to
examine the history, preparation, and properties of cellulose

nitrate upon which this thesis is primarily concerned.

1.9 CELLULOSE NITRATE

1.9.1 Brief History of Cellulose Nitrate Production

The study of the esterification or so called
nitration of cellulose has a long and interesting history.
The discovery in 1833 by Bracconot79 that the reaction of
nitric acid with cotton produced highly inflammable material
and the subsequent patent granted to Sch6nbein8o in 1846
specifying the production of the material from cellulose and
mixed acids can be sald to have materially changed the course
of history. After the first unscheduled large scale explosion
in 1847, work on the technical production of nitrocelluloses
was somewhat restrained; after this mishap however the possib-
ility of modifying burn rate for propulsion purposes was

reoognisedqlvand by 1867 the basis of the production of smoke-
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less propellants for guns, rifles and shells was established
and altered the course of modern warfare. The innovative

use of camphor as a plasticiser for nitrocellulose by Parkes8l
in 1862 in the production of celluloid represents an important
landmark in the emergence of polymer science and the observ-
ation of the solubility of nitrocelluloses and the production
of colloidan and thin films undoubtedly accelerated the
development of photography as we know it. However despite
the wide usage of nitrocellulose in surface lacquers and
finishes it is for military purposes that the main interest
lies. In the coming pages. then, the literature reviewed

is that concerned directly with nitrocellulose or dcuble

based propellant.

1.9.2 Production Methods

By far the greater part of raw material used

for the manufacture of nitrocellulose is either cotton linters
or woodpulp.41 Cotton linters receive special preliminary
treatment principally by heating under pressure with dilute
sodium hydroxide. By regulation of this 'kiering' process
the viscosity of the cotton can be reduced although kiering
after nitration is more effective in reducing total viscosity.
There are two basic nitration processes used which will be

considered in turn.

135.41

(i) Mechanical Nitration-

The nitrating vessels are upright oval cylinders
of stalinless steel in each of which operate two paddles on
vertical shafts and a centrifuge is situated below the vessels.
The acid is pumped into the vessels with a change of cotton

linters. After the nitration period, during which time the
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temperature does not rise by more than 2°C. the contents

are despatched to the centrifuge and the waste acid is spun
off and passed to an acid plant for reconcentration. Phos-
phoric acid is not used in industrial processes because of
difficulties in recycling and the nitric acid/sulphuric mix
is widely ﬁtilised for nitration purposes. The spun nitro-
cotton has its own weight of spent mixed acid adhering to it
and it is necessary to drown the material in a Jet of water.
This is done rapidly tc obviate denitration effects. The
resultant nitrocellulose is then washed in several changes
of hot water before stabilisation.

47
(i1) The Displacement Processlj5":L

This precess which was a devélopment from the
original pot nitration was introduced to Waltham Abbey in
1905. The dlsplacement pans are usually shallow square
vessels with a central bottom outlet. A perforated false
bottom 1s included into the vessel. Abéut 800 1lbs. of fresh
acid is run into the pan and from 24-27 1lbs. of cotton is
dipped into the acids with stainless steel forks. Heavy
tiles are laid over the cotton to exclude air for periods
of up to one hour when the acid is displaced with a regulated
flow of water while the spent acid is slowly run out of the
bottom outlet. The water-wet but acid-free nitrocellulose
is removed from the pan and is ready for stabilisation.

There is evidence that the nitrooelluloée from this process
is more likely to suffer denitration, a fact that has been
more recently inferred by Lewis82 {rom birefringence measure-

ments.



1.9.3 Laboratory Preparation

(1) In Nitric Acid: Water Mixes

Thece mixes are generally uncsatisfactory for
nitration purposes and according to Miles41 the products
dissolve in acids of up to 85% concentration. (This is
in some doubt however since both in this work and that of
Trommel83 such acids have been used to denitrate high D.0O.S.
nitrocelluloses). The nitration is also believed to be
uneven but the evidence for this is scanty, what is evident
however is that the viscosity of NC prepared by this method
is very low indeed and gelatinisation of the fibre may also
occur. The gelatinisation problem can be circumvented by
fhe use of potassium and sodium nitratesglL in the acid
baths, although a full explanation of this phenomenorn has

never been given.

(ii) In Phosphoric-Nitric Acid Mixes

Of the many types of acid mixes the nitric-
phosphoric system 1s considered the most useful next to the
industrially important nitric-sulphuric mix. Stabilisation
is particularly easy for the nitrated products but the
attack of the reagent on steel and glass precludes its use

on a large scale.

(iii) Nitric Acid with Organic Liquids

85

Acetic anhydride is a common partner for
nitric acid for nitrating purposes. Very high degrees

of nitration have been achieved although little is known

of the kinetics of the reaction. Similar high percentage
7~
nitrogen material can be obtained using chloroform8o acetic

88

acid,87 propionic acid and butyric acid89 with fuming

nitric.
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(iv) Nitration in Mixed Acid

Due to the enormous interest in industrial
manufacture of cellulose nitrate almost every possible ratio
of nitric acid and sulphuric acid has been investigated
and the results of such work have enabled a three-way nit-
ration diagram to be drawn up where the expected degree
of gubgtitution can be read off for a particular acid mix,,brl
(Figure 3). Although experience has shown that the diagram
is not particularly accurate (because it has been argued
that it takes no account of the effect of starting material
on the final degree of substitution attained), the diagram
can be used to give an approximate value. The technical
zone is so situated on the graph mainly because of the tech-
nical reguirements. Nitration may be accompanied by
changes in the physical condition of the fibre. This is
more likely in acid mixes where the nitric acid content
is greater than 25%. The diagram is split by the areas
of swelling and solution which must be avoided if a product
of even nitration and high viscosity is required. The nature
of the effective nitrating agent in the mixed acid is not
firmly established although it was once thought that the
NO, "

duced and the molecular species change according to the

. . 0 .
ion becomes 1mportant9 as the water content is re-

equation:

+

NOOH + 2H,S0, —— NO," + 2HS0,” + H.0

2 5

2
However N02+ is not observed spectroscopically in mixed
acids containing less than 80% sulphuric acid, a range far

outside those encountered in technical nitrations.




1.9.4 Stabilisation

Nitrocellulose can be an extremely dangerous
substance unless it is properly stabilised. It has been
suggested that the nitrate group oxidises the cellulose
residue liberating nitrous oxides which can autocatalyse

91 The instability could be due to small

degradation.
amounts of mineral acids and seems more marked ror high
D.0.5. materials and much less in nitrocelluloses prepared
without the use of concentrated sulphuric acid.92 The
stability is generally measured by either the Abel Heat Test93

or the Bergmann-Junk Test.9ur

Stabilisation takes many forms but usually
involves steaming or boiling with many changes of water
over a specified period. Although a period of several days
is sometimes recommended for blasting explosive nitrocelluloses,
several hours is probably sufficient to render the material

safe for handling in a dry state.

The formation of zulphate eéters during nitration
in mixed acid is well substantiated41 and boiling has the
effect of removing such esters although some authors95
believe that free acid 1s trapped in the fibrillar structure
and is difficult to remove. However it is not possible to
assign instability purely to sulphuric acid or its ester
since those materials prepared by nitric acid water mixes
are also known to be unstable unless washed thoroughly and

96

boiled. Hence 1t was suggested fthat an oxidation product
of' cellulose was formed in nitration which would initiate
degradation and could be removed by boiling. Gagrion and

co—worker597 have examined the relationship between sulphate

and nitrogen content of unstabilised cellulose nitrates and
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found that in general the sulphate content decreased
steadlly with increasing nitrogen content. This was

found also to be true of nitrated wood cellulose. The
causes of instability have been further discussed in several
publications41 but it i1s sufficient to state here that under
the moderate boiling procedures ocutlined in Chapter Three
the sulphate ester content is reduced to a negligible level

certainly as far as the surface is concerned (from E.S.C.A.

data)98 and probably for the bulk also.

1.10 STRUCTURAL STUDIES

1.10.1 X-Ray Diffraction

The change in the molecular structure of nitro-
cellulose as the hydroxyl groups of the cellulose chains are
progressively replaced by nitrate groups has been well studied
and it is now established that the conversion coincides with
a massive change in the dimensions of the unit cell.99
Changes in the spiral angle and nature of the helixloo have
also been recorded and will be dealt with in more detail at
the end of this section. However it 1is believele1 that
the anti-parallel arrangement of chain molecules prevalent
in cellulose itself persists 1n the nitrocellulose structure
except perhaps for those nitrated in acids close to the
swelling and solution areas of the Miles41 diagram. In
the past fifty years, since the discovery of the diffraction
of' X-rays by crystalline materials,lO2 the method has been
applied to cellulosic materials. A great deal of the work

1073

was carried out by the French school who claimed to

distinguish three distinct X-ray diagrams for the trinitrate,
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dinitrate and cellulose structures, the trinitrate being
an extremely sharp and clear diagram. However an assign-
ment for a pure dinitrate is untenable especially since the

1cnmr distribution datai®¥ and the

publication of recent
reality 1s probably a slow transition from the well charact-
erised cellulose diagram to the sharply defined trinitrate

structure. Mathieule

was perhaps the first to observe
a linear relationship between the d(101) interchain spacing
and the nitrogen content of the nitrocellulose and much of

83

fthe early work is reviewed by Miles.41 Trommel has
perhaps done most work on both cell indexing and measurement
of the interchain spacing and his work will be reviewed in
more detail in the following section, but it is sufficient

to note here that the d(10l1) plane is extremely sensitive

fto changes in D.0O.S. Manley106, for example, while studying
the hydroxyethyl celluloses noted a steady rise in the spac-
ings (7.2°A to 10°A) as the D.0.S. increased. Frey Wysslinglo7
has suggested that morphologically the plane is more
important than the (002) and according to X-ray evidencelo8
for plant cell walls the submicroscopic crystalliites have

the plane oriented parallel to the surface of the cytoplasm
by which they are produced and in some cases the microfibrils
show aggregation in that plane. It is assumed that the
(101) plane is the principal plane of growth in the cellulose
crystallites and that the hydrogen bonds are more active in
that plane than in any other. The inference of the work of
Trommel83 onn the cell indexing was that in the trinitrate

and to some extent also in the intermediate structures the

glucose rings were tilted out of the (0 O 2) plane as in

cellulose and into the (0 1 2)'plane. However the literature
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is extremely vague on this matter and even in recent work

published by Atkinsloo

it is accepted that a true definition
of the unit cell has yet to be arrived at. What has been
established however is that the spiral angle in cellulose II
and probably cellulose 1 also is 180° coinciding with an
axial advance of 0.519 nm. A flat ribbon shaped helix has
also been identified defined crystallographically as 21. n
cellulose trinitrate thehelix is 52 i.e. five monomers in
two turns resulting in an axial advance of 0.508nm. The
rotation between nomomers is now 144° and hence there is a
relaxation within the cellulose helix of 360 per molaomer.

It is likely in this arrangement that both left and right
hand chiralities occur so an accumulation of twist is un-
likely. Atkinsloo has recently presented data relating

o the three possible conformations of the primary nitrate
groups and these are reproduced by computer drawings in
Figure 4. Lewislo9 has used this data and come to the con-

clusion that conformation gg is incompatible with birefring-

ence data.

Summarising then, it would appear that very
little is known about the relaftionship between microstructure
and distribution of nitrate groups in relation to interchain
d(101) spacing. This interesting point forms the basis
of the work discussed in Chapter Six which analyses dist-

15

ribution data from Cnmr and compares it to tle X-ray diffraction

data.

1.10.2 Nuclear Magnetic Resonance (N.M.R.)

Due to the viscosity of normal nitrocellulose
solutions attempts to record high rescolution protorn n.m.r.

spectra of such materials have met with failure. Stephan
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and Lemanceau121 have recently applied ﬁhe method by first
reducing the degree of polymerisation of the nitrocellulose
by hydrolysis or electron beam degradation. The resultant
spectra however are still too poorly resolved to be fully
acsgigned and although other attempts have been made the most

. . . : 153
important advance in this area was recently made vy Wu 22

13

who obtained high resolution, C n.m.r., proton decoupled
spectra for a series of nitrocelluloses. The information
obtained and the consequences of this investigation are more

fully discussed in Chapter Four of this thesis.

1.11 THE NITRATION EQUILIBRIUM OF CELLULOSE

Since cellulose nitrate is an ester of cellulose one
would expect that the composition of the niftrating mix would
determine the degree of esterification. This suggests that ‘
when a cellulose nitrate of high D.0.S. is brought into con-
tact with an acid mix which would normally nitrate cellulose
to a low level, (or is a spent acid of such a nitration),
denitration or saponification should occur. Berl and Klayello
were the first to check this experimentally and came to the
conclusion that although cellulose nitrate would denitrate
under these conditions the D.0.S. attained was higher than
would be expected if cellulose was nitrated in the same mix.

In their opinion, the equilibrium was not reached. Later

111 112 113

Fabel, Demougin and Bonnet came to the =ame conclusion.

These experiments were reviewed Ly Miles41 and viere repeated
and expanded byTrommelij, in a series of papers dealing with
this complex problem. It is largely as a result of such
experiments that some authors still p=fer to explain these

phienomena in ferms of an accessibility argument although it
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is now generally accepted in the literature that the nitration
of cellulose is an equilibrium reaction. It ig hoped that
the work described in this thesis will cast some 1igsht on
these conflicting opinions. It would now be appropriate

to consider in some detail the apparently anomalous behaviour
of cellulose nitrate outlined particularly in the work of
Milesql and Tr'ommel85 since this is particularly relevant to
the conclusions arrived at in Chapters Three, Four and Seven
of" this thesis. Miles41 has reported that cellulose nitrate
prepared by nitration has a lower lattice d(101) spacing,

as measured by X-ray diffractometry, than a cellulose nitrate
of the same D.0.S. prepared by the denitration methods des-
cribed earlier. Trommel83 has also investigated this problem
over a range of D.0.3. and his results can be summarised in

Figure 5. It is clear from this that the lattice spacings

Denitration startin

4P material
d(10l)
o

¥ v T T
10-3 n-o " 12-:0 léB 13-0 13-5 14-0

% N

Figure Five Graph of mean X-ray spacings (101) against

D.0.S. for nitration and denitrationB3
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of denitrated materials are maintained despite tnhe loss of

a number of nitrate ester groups, in fact it has been re-
ported that denitrated materials of 12.2% have the same

lattice spacing as those with the trinitrate structure = 13,8%.
It would seem that, once formed, the conformation adopted in
the unit cell of cellulose trinitrate is particularly stable
and resistant in some way, perhaps because of a change in
H-bonding systems, fo normal hydrolysis. Trommel85 rational-
ised this data in terms of an accessibility argument in which
he postulated areas of very high D.0.S. cellulose nitrate
where the fibre is so well crystallised that the acid mix
cannot penetrate and bring about denitration. Several lengths
of such material along a chain would havé The effect of holding
the chains apart although other parts of the chain may be
either totally cellulosic or relatively unsubstituted. A
similar argument was adopted85 to explain anomalous solubil-
ity data for such materials in which it was reported that in
general denitrated materials are less solﬁble in mixtures

of alcohol and ether (2:1) than their nitrated counterparts.
This information coupled with the inference that nitration

and denitration proceed at different speeds leaves This area
open to considerable confusion. TrommelS3 has also suggested
that the lower the nitrogen content of the starting product,
the more closely the equilibrium situation is reached. From
an analysis of a series of nitrated and denitrated materials
he was also able to predict that the higher the nitrogen
content of the starting product above that of the equilibrium
coridition the faster the initial denitration rate would be.
Although some of the conclusions reached are of interest
others which are based on experiments involving reprecipit-

ation o’ NC from acetone and denitration for neriods of up
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to one year are of less value. Okbviously the application

.

of new ftechniques in this important area could ve of immense
value 1in the solving of some of the questions raised from
the data reviewed above. In the following charter the
kinetics of the nitration-denitration reactions are invest-
igated at the very surface of cellulosic fibrils by means

of' E.S.C.A. and the literature is again reviewed in the light

of the new concepts arising from the collected data.

1.12 DOUBLE AND TRIPLE BASED PROPELLANTS

1.12.1 Nitrocellulose Pastes

1 obktained

A vpaste is considered To be the materi

o

when certain plasticisers are sorbed into nitrocelluloses
to an extent where the fibrous appearaﬁce of the nitro-
cellulose is maintained despite the swelling which takes
place. Most typical of these is the nitrocellulose/nitro-
glycerine system prepared by the 'Wet Mix‘ processllu’ll7
in which a fine spray of nitroglycerin 1s added to the agueous
slurry of nitrocellulose. The structure of this paste is

of great importance and the reactions occurring during the
process are of especial interest. Lewisll5 has reviewed

the relevant literature most of it accumulated at Leeds
University during the war. It appears that in the presence
of nitroglycerin and water the nitrocellulose ig initially
welLted preferentially by the water, however, the norption

o1 nitroglycerin then rapidly takeé place and wetbting improves
until the surface becomes preferentially wetted by nitro-

glycerin. It is clear that for most of the time the nitro-

cellulose/nitroglycerin slurry is in the Wet Mix tank
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the important process is a diffusion of nicrogiyveerin from

a liquid surface layer into the interior o7 the Titre. This
has stimulated a great deal of workll6 on the sorttion of
organiz nitrate esters from the vapour phase into nitro-
cellulose with the aim of gathering information concerning
the rate and mechanism of the diffusion of nitroglycerin into
nitrocellulose. The effect of water content on =sorption has
been found to be considerable in the studies on sorption of

=
isopropyl m’.trate.llJ

Certain other propellant ingredients are added
fo the agueous slurry in the mix tank. Generally the coolant
plasticiser dibutyl phthalate is added and must kehave simil-
arly to nitroglycerine. i.e. forming small dropnletsz which
wet the fibre and are then absorbed from the liquid phase.
Carbamite (diethyl- diphenyl - urea), is sometimes added at
this stage unless the propellant is meant for incorvoration
with picrite. The carbamite igs =soluble in the nitroglycerin
and some may be absorbed into it while 1t remains as a
ceparate liquid phase. However it is believed that the
carbamite will aggregate as unchanged crystalline carbamite.
The posgibility that some carbamite may diésolve in the liquia
nitroglycerin and the general uncertainty of the nature and
quantity of free and combined nitroglycerin in such pastes
is a topic studied in Chapter ['ive of this thesi:z which deals
with the characterisation of double based propellants by
H.S5.CLA. After formation of the paste further =2dditives such

as lesd salt ballistic modifiers 2-nitrodiphenylamine and

Ltriacetin are incorporated. It is known that certain additives

for example, lead B—r’esorcylatel18 and basic copper salicylate

interact in the presence of water to give a double salt in

119




which the lead and copper are present in equimolar quantities
and that this compound is essential Tor full vallistic devel-
opment of the propellant. Hence in solventless incorporation
one would expect better ballistic properties than in solvent
incorporation. After incorporation the paste is dried for

24 hours at 450C in trays in a stream of air. The differ-
ences between colvent and solventless incorporated propell-

. . . } 41
ants have teen well studied and again reviewed by Miles.

In the solvent incornoration process Ayerstlgo lists three
processes occurring in the incorporator. These he calls
blending, dispersion and gelation. All three are probably
occurring together. Blending is obviousgly a mixing to a
level of homogeneity desired whereas dispersion is the break-
ing up of aggregates such as ballistic modifiers. What
Ayerstlgo hag called gelation is generally thought to include
both swelling, which involves the sorption of soclvents into
the nitrocellulose lattice and gelatinisation which involves
the break up of fthe individual fibres already swollen into
cemall units by the application of work. The main physical
changes known as bind—up* occurring during solvent incorpor-
ation has only vague explanations in the literature. It is
thought that this is a result of the formation of a sticky
cement at the surface of fibres which binds the smaller
particles together. A great deal of work needs to be done

in this area and a full discussion of the problems involved

is beyond the scope of this brief survey.

* Bind up is a dramatic change of the propellant dough
from a (riable to a plastic state which requires an extra

power iriput to the incorporator.
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1.12.2 Triple Based Propellants

Although the work in this thesis deals only

Fal

with the douible kased materials for the sake of complete-
ness a summary of the preparation of friple kased material

will now be given.

The NC/NG paste is made rrom 13.17 N anitro-
cellulose and contains about 50% by weight of nitroglycerine
this is added to 1% Times its own weight of picrite and
solvent (90% acetone, 10% water) is added at the level of
20% of the total weight of solids. After 1% hours of
mixing in the incorporator carbamite is added. Bind up

generally takes several hours.

1.12.3% Hot Rolling

The process of rolling between hot rollers is
an important one to consider since all materials used in
Chapter PFive were subjected to this technique.
Rolling is generally restrictsd to the compacting of solvent-
less pastes and it is generally thought that the rolling
breaks up the nitrocellulose matrix to a lower state of
aggregation. Due to the probability of high levels of
hydrocarigon transferred from rollers to the surface of pro-
pellants the materials used for E.S.C.A. analysis (Chapter
Tive) were prepared using specially cleaned rollers allowing

direct analyvesis.

L1.1% Summary of thie Areas of Interest

Against the necessarily brief survey of the literature
here presented one is left with a number of important questions

in all three sections. The interaction of cellulose fibres
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with reagents for example is of immense importance in
relation to a number of important reactions and ideas abount
the pogsible morphology and tibrillar structure o’ the fibres.
How reagente diffuse into fibrils and tne extent of their
reaction is a process not yet fully understood. Much of
thig ignorance arises from the lack of a_technique fo examine
the very curface of the {ibres compared to the many methods
for the investigatioh of bulk properties. A similar problem
is probably also regponsible for the gap in knowledge in

the absorbtion of plasticisers into nitrocellulose and also
the sorption of other liguids which are known not to enter
the crystalline regions of the fibre. The general dimensions
of the ultimate fibril in celluloses and particularly in
nitroceliulose remains a mystery and it is only recently that
it has been realised that the dimensions may change according
to the maturity and source of the fibre.  The problem in
past years appears to be concerned with the erroneous belief
that cellulose is a chemical which can be bottled and cate-
gorised hence authors have neglected to quote the source of
their linters or cottons rendering much of their work unre-
peatable. The whole guestion of cellulose morphology remaing
open and the various models proposed rarely fit all the data
but are modelled on a particular set of experiments. For
example the complex gquestion of accessibility to various
reagents has never been fully explained and again requires

a technigue such as X-ray electron spectroscopy (E.S.C.A.)

tc delineate petween bulk and surface properties. The
application of E.S.C.A. to analysis of cellulosic materials
promises a great deal and in the particular area of U.V,

degradation of such materials 1t has obvious advantages.



http://adva.nta.ges

K I~

The initial attack of any reagent or type of radiation is
at the surface and only E.S.C.A., (and related technicgues),
can offer any realistic means of monitoring changes at the

surface (=50A°) induced by, in particular, U.V. exposure.

In addition to the almost complete lack of information
pertaining to the surface characteristics, both physical
and chemical, of fibres, surprisingly little is known about
how substituents are distributed within a fesidue, (between

the C,, C, and C, hydroxyls), and also along a chain (i.e.
2 6

5
sequence distribution). In the case of cellulose acetates
where fully acetylated material is more common the problem
need not be addressed bul when considering the nitrate ester
these qguestions assume greater importance. Such information
may well help to resolve the anomalies encountered in
nitration/denitration equilibrium. Are nitrate groups in
particular positions resgistant to denitration for example

and does denitration take place preferentially alongside a
residue already partly denitrated? Clearly these qguestions
require a technique capable of analysing the bulk and al-
though proton n.m.r.121 has been shown to have limited
application to cellulosic systems the advent of high resol-

13

ution, proton decoupled, Cn.m.r. may well yield the
desired information. A detailed knowledge of the distrib-
ution characteristics over a variety of nitrogen contents
may allow for the first time the calculation of expected
birefringence values and the advancement of this classical
Lechnique from a purely qualitative procedure to a semi-
quantitative method backed by theoretical calculations.

109

The importance of birefringence as an analytical tool

would thus he enhanced and may then be uced to stady in depth
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the orientation of nitrate ester groups within the fibrillar
structure. In combination with X-ray diffraction (which
because of the f{ibrous nature of the samples gives data which
is difficult to interpret), significant advances could be

made in structural determinations. In addition to this the
comparison of X-ray diffraction data and in particular the
d(101) interchain spacing with distribution data may shed
light on the complex changes in microstructure which occur

in nitrated and denitrated materials and yield an explanation
of the differences in d(101) spacings encountered in materials

of the same D.0.S. prepared by different means.

Hence 1t is clear that the application of modern
spectroscopic techniques to a polymeric system whose potential
was realised in the 19th century may well allow a much fuller
understanding of the bulk and surface chemistries invelved.

It is the purpose of this thesis therefore to examine many
of' the questions raised above by the use and application of

several analytical techniques.



CHAPTER TWO

THE BASTC PRINCIPLES AND USES OF E.S.C.A.

(X-RAY PHOTOELECTRON SPECTROSCOPY ), le NUCLEAR

MAGNETIC RESONANCE AND OPTICAL MICROSCOPY
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PART I

ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (E.S.CL.A.

2.1 INTRODUCTION

1 o . )
As early as 1888 Hallwachs 29 working in Germsn,s ouserved
and recorded the effect of ultra violet light on electrically

charged sheers of zinc and this was followed in 1205 by the

. ' - s 196
in's work on the photoelectric effect. 26

140

publication of Einst

M

However it was not until much later that De Broglie and

!

Robinson 1 studied the emission of electrons by X-rays and
attempted to analyse the energies of the photoelectrons with
a magnetic analyser. Although the resolution was too poor

r fine structure correlations were made between

Lo reveal an

(

energy levels of electron orbitals and increases in emission
of photoelectrons with kinetic energy. It was not until the

1950 's, however, that Siegbahnl and co-workers revived fthe
principle of X-ray photoelectron spectroscopy and developed
arn iron-free magnetic double focussing electron sgectrometer
with high resolution properties. In 1954 attemcts were made
to record high resolution photoelectron-spectra excited by
sof't X-rays. The obsgervation of sharp lines whicn could he
distinguished from the background electron veill can be said
to have mzterially changed the course and future of the
technique, since the photoelectrons to which such lines could
be attributed did not appear to suffer energy loss and there-
Yore indicated the binding energy of the atomic level from
which they were ejected. A great step forward was the realis-
ation, from wori on copper and its oxides,143 that chemical

shifts observed in the spectra were related to the environment

of the core levels involved. The general utility of the




29

technigque was not fully realised until as late ~s 1204

however. Sieghahn has reviewed much o his casl. work in

1908 in 'E.S.C.A., Atomic Molecular aild Solid St:ve structure
144 -

studied by meang of Electron Spectroscopy'. ~ater wor::

=

(4]
jo}

vas published in 1969 in the standard text 'E.S.C.A. Appli
v 145

~ i

Lo Free Molecules Since the early 1270'z 2n enormous
rezearch eflfort has been directed at all aspescte of instru-
mentation and the application of E.S.C.A. to a variety of
industrial and acacemic problems has made the technnigque the
most important and adaptanle means of analrysing curface

characteristics. 3ince much ol the work described in this
thesies 1s directly or indirectl: related to measurements

made by E.S.C.A. a brief explanation of the principles in-

volved and application of X-ray photoelec

o

[£2}

C

C

LIT0IL Sp=ECero

will now be given.

2.2 THE E.S.C.A. EXPERIMENT

3 i

The interaction nof a monnernzreetic neam of /J-rayso aith

an atom in a molecule rezults in tne zmission o s ~lectron

- ‘ . L , . 144
whose xinetic energy 1is related to the nature of Tha atom.

M5K“l ~ and Alwal ., are the most commonly emplorzd soft X-
s &

ray sources vith photon energies of 1253,7 ev and 1435.0 =v

O

recpectively although the advent o7 electronically operated

dual anodes in modern spectrometers had led to an increased

use of harder sources such as Ti, {nhoton energ 4517 ev),
for analvtical depth nrofiling purposés. The lifetimes of
Tie core hole states are Ly picall; 10_13 - ]0~15 hecmnd:]MK
g e o Ly cxieemely chort Lime intoervals cocountoraed
in E.5.C0A experiments: compared Lo omost o obberr s s o e
ecomigie g, The total kinetic energy (K.E.) of an emitted

photoelectron including contrioutions from the vibrational




roftational and translational motions as well as clectronie
is given by

K.E. = hv - B.E. - Er (:

4}

c. 2.1

L

where hv is the energy of the incident pnhoton; (v is the
frequency of the X-ray radiation n is Plancks constant):
B.E. 1s the binding energy ol the photoeiected electron and
Er is the recolil energy oi the atom, a quantity which de-
creases with increased atomic numoer and in fact it 1s only
or the rirst few members of the veriodic table that a recoil
enerygy greater than 0.1 ev has been computed.luu With the
present resolution of typical E.S.C.A. spectra of solid

systems contributions from trancslational, vibrational and

rotational motions are seldom observed and assuming a neg-

b

ligible contribution from Er the general equation reduces to:

i
D

"

KE = hv - B.E. (Eq. 2.2)
The most convenient reference level for a conducting sample
is the Fermi level or electron chemical potential which is
generally defined as the highest occupied level wnereas the
worik function ¢s for a solid is given by the enerzy difference
between the free electron (vacuum) level ahd The Farmi level
in a solid. The vacuum levels for the solid zample and the
spectrometer may however be different and an emitted electron
will experience either a refarding or accelerating potential
equal to gs - ¢ spectrometer (work function or the spectrometer).
In £.5.C.A., it 1z the kinetic energy of tne electron as it
tiie analyser that 1is measured and taking zero ovinding
enargy tc ive the Ferml level of the sample the following
eguaition results:

B.BE. - nv - KE - dupea., (lhep. 709
The binding cnerjyy, relerred Lo Lhie PPermi lovel doco not

depend uporn Lhe worlk function of the wample but oo Lnat of
| } .
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the epectrometer and this represents a constant correction

to all binding encrgies. It 1= clear that for concucting
samples in electrical contact witn the spectrometer the Fermi
level gerves as 2 uselul reference level. Por insulating
samples however the Fermi level is not well characterised
analytically and lies between the 7Tilled valence levels and
the empty conduction band. Sample charging in such materials
is an important and much studied phenomenon and is caused Dby
the generation of large currents at the surface of the samples.
These éurrents consist of ‘clouds’ of secondary electrons
produced by the interaction of the primary photeoelectrons

with matter and play an important role in estanlishing an

electrical equilibrium at the surface of the sample.

Although, in some caseg zample charging in insulating
samples can be considered a major problem it has been shown
in thig laboratory that the measursment of charge built up
on a sample and its time dependence can pe extremely useful
in the investigation of the el=zctrical énd cnemical character-

ifi-

Q.

istics of the material. In the study of the surfzace mo
cation of an ethylene-tetrailluoroethylene copolymzr = st
for example, it has been shown that the rate of decrcase o7
sample charging in a range of these materials reflect

s
. o . , . . 176
decreazing fluorine content in the surface regions. 7

In an insulating sample the secondary electrons con-
stitute 99% of the total flux whereas in a conductinz material
loser to 20%. This is not a large problem

the figure is

ool
o

siiice standards are used to calibrate the binding energy scale
and this will be discussed in a later section. Several
processes accompany photoionisation; Auger and Y-ray fluoresc-

ence for example are relatively =lon processes and hence have
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a negliginle effect on the K.E. of the photozjected electron.
Electronic relaxation processes, on the otner hsnd. such zs

shaxe up and shake off are rapld processes resulting in a

measuracle change in K.E. of the emitted electron. Since
the wor< in tnls thesis does not utilise either the luger

or the X-ray rTluorescence technigues neither =ill ce con-

J

sidersed in d:

!

>Tail her=s although excellent revie:!s zre zvall-

170

g

acle elseunere,. The basic processes involved in Aug

v
1

[¢)]

and X-ray fluorescence however are ou-lined in Figure © and

Photoicnization Auger Emission X-ray Fluorescence

Virtual
Orbitals .
Valence o
Orbitals ——o—0—

w Ge r-fvvvvvwg
CO"? —_— —_—————
Orbitals A —_ e

Virtual

Figure Six Schematic of direct photoicnisation, Auger

and X-ray fluorescence processes

1o evident from Figure 7 that the erficiency of the Auger
procers decreases with increasim, atomic numver wliereas the
X-ray ['luorescernce yi 1 ilicreases alonyg ¢ reriodi rable.
X-ray I'tuoresc e yvield iiucreas along the periodic table

, . 4y
The development of the so-called Auger parameter by Hagnerl'/
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Figure Seven Yields of the Auger and X-ray fluorescence
processes as a function of atomic numcer

il recent years has enhanced the importance of the technizue
altnougn tiie parameter, (defined as the dirference in kinetic
energs onetween the photoelectron line and ths intense core-
tyne Augqer line from the same clament.,has yet to be applied
Fal
T

succezsiully to volymeric systems. The main advantages o

the parameter are that charging and worik function corrections

j85)

re nof needed and vacuum level data can ve comp=ared directly

To Fermi level data.

2.5 ELECTRONIC RELAXATTION

Pollovwing the photoionization ot core electirongs a sui-
stanutial rearrangement of electron levels takes place in a

148-150

process roelerred Lo as relaxation. T uch processes

Kipowin A hahe Up oand chake ol are chowne i ioure 8.
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Figure Eight Schematic of Shake-up and Shake-off Processes

Shake up involveg the simultaneous excitation of a velence
electron from an occupied to an unoccupied level -hereas
cshake of'T iz an donisation or a valence electiroil. Botu
these events result in excited states of the core ionized

specles witn a lowered K.E. of the primary ophotozlectron

hence gine

4]
)]
M
=3
C\

for wotn tnese processsz comes from
the original photo-ionisation there is a need to adiust
equation (2.2) to account for these multielectron processes

KE = hy - BE - E (Eg. 2.4

i

=it

where

i

The total energy of tins multli electron processes
&
Thaore escitations larpgely follow monopole selection rules,

and tne relative intensitieg of the shake up, shalke off and
151-15H5
photoionigation peaks are related to the relaxation energies.

This relationship wag first estaplished theoretically by Manne
0

B 192 s . . L )
and A.erg. E Mhey cnowed that the welghted averasg
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the direct photolonization and shave up and shave off peaks

corresponds to the binding energy of the unrelarsed =7stems.

This 1s shown diagrammatically in Figure 0. ?he transition
|
|
' relaxation
le— —)
: energy
shake off shake up !
7 N NN\
e 1\ / NN !
e / I \ \\ , N -.

KINETIC ENERGY. — mea

Figure 9 Relationship between relaxation energy aud relative
intensities of photoionisation, shake-up and shake-off
peaks

provaplilities l'or high energy shaxe off processes are
relativel ; small compared to the shake up processes (which
are of lower energy) and these transitions of hipher probab-
ility fall close to the weighted mean. It might ve expected
that the relaxation energy should be availavle from experi-
menftal meacurements but thiz is not generally tine cass sin-e
Lhe smaller sha<e off peaksz are often owuscured rn,; thne so-
called inelastic %ail. (This tail is caused by the direct
pnotoelectrons losing energr due to inelastic collisions

and may extend to as far as 20 ev celow the direct ionication

RIER
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2.4 CHEMICAL SHIFTS

-

The energieg of core levels are characterizic ol »

nvironment

(1

siven atom and are sensitive to the electronic
154

of that atom. Small changes in environment of an atom

' in cinding energies

give rise to measuranle changes or 'shifts
o? photoemitted electrons. The experimental chemical shifts

can be calculated using several theoretical approaches:

(1) Quantum mechanical modelsl55-157 (potential at an atom mozzl"
(2) Madelung charge potential modellu4
(%) Equivalent cores mode1158
(4) Koopmaus Theoreml6o.
A full explanation of these methods is outside the scope
of this introduction to E.S.C.A. but the ilmportance of such

calculations in confirming experimental shifts is demonstrated

in Chapter Three.

The range in shift for individual core levelg can in

some cases be very large indeed (=10 ev for the C in fluor-

ls
S.CLA, shilt
47

inated carbon gpecies) and in others where the E.

is small the utilisation of the Wagner Auger parameter (see

Fal

earlier =secticn) hag allowed furtner delineation of chemical

environments.

2.5 ENERGY REFERENCING

Three bagic situations may arize for solid samples in
the spectrometer. They may bDe =2ither in electrical contact

d

117h the spectrometer as is the case =here thin films are

)
~
o~

deposited sZtu on a conducting substrate in thes spectro-

meter source: they may be thicik insulating szamples mounted

)]

onn Scotenh tape and not in contact with the machiine or they




may be polymer films deposited on a conducting su: sirate

in which case Tthey may act avnormally and exhi:.it time de-
pendent charging. In the first case it is poszzicle to

mount tne specimens on a gold suostrate and monitor the Au
4f7/9 core levellq6 to provide a reliable reference point

(84 ev. The second case applies to most polyvmeric materials
ana the mogt convenient reference is the hvdrocarcon contam-
ination at 285 ev (B.E." . In most samples studied in this
thesgis the itinding energies are quoted with reference to tins
hydrocaroon peak. The c¢hird case is Qnusual and reguires
the application of ilas potentials to determine the corrected

e . 161
~inding energies.

2.6 TFIXED ANGLE STUDIES

For a homogeneous thick sample the total intensity T
of the elastic peak for photoemission from a core level, i,
is given by

X/ . -
Pai Ni Ki e” Mgy 102 163

i

dri (eq. 2.5)

N

where F is the X-~ray 7lux and ig dstermined by tne power and

efficiency of the X-ray gun.

ol is the cross section of photoionisation ol tne core

level 1 and is essentially a measure of the nrobainility that
e ; e ) , L 16/

a certaln core level will he ionized by the radi-tion.

(This guantity iz in principle calculable from (undamental

65

i mE 1 o . .
properties of the atom or calt pe measured Ly £as priase

=]
2

.S5.CL.A, experiments). It 1s well established that the cross
zection 1in the dipole approximation, for randcmly oriented
polyatomic moleculegs and unpolarised light is of the form

wi = a 0T/ yn 1_igi(3 cos® 1) (eq. 2.6)



where £i is the assymetry parameterl95 of the core level

and GTOTi is the total cross section of the level.

Ki is the spectrometer factor which is dependent on
the detector efficiency, the transmission gualities of the
analyser and the geometric arrangement of the sample chamuer

to the analyser.

A\i is the electron mean free path, (the distance in the
solid through which the photoemitted electrons will travel
before 1/e of them have not suffered energy loss through
inelastic collision.

Electron mean free paths may be calculated theoretioally209
210

or determined experimentally. The mean free path is a

function of kinetic energy of the photolionised electrons and

o)

ranges from “4A for electrons of about 80ev kinetic energy
o)

to = 30A for electrons of above 1500ev.

The sampling d=pth on the other hand is defined as the
depth from which 95% of the signal from a given core level
arises. In general the =zampling depth is equal o three

times the mean free path.

Ni 1s the number of atoms per unit volume on which the
core level is localised. The most significant property of
Ni 1s that the relative siznal intensitieé for the core levels
of different atoms in a homogeneous sample are directly re-
lated to the overall stoichiometry of the atoms in the sample.
this 1s due to the fact that the peak intensityv from a given

coare level is directly proportional to the number per unit

volume of tie atom in the samplc
Ti ['oal NI ki A :
i TN K A . 2.7
L] ool NJ KJ Aj (B !
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where TIi and Ij are core level intencsities. I i and J
are core levels of the same atom then %% = %%. I 1 and J

are different core levels then ki ail A # ki ai AJ and

=

Ni o Ii ki ai Al - ,
N1 T3 Ki ai Al (£q. 2.8

Kj aJ AJ

- - Y~ 1s known as the sensitivity factor which
ki ol Al

The ratio

can be determined from known samples of simple =tonichiometry.
These ratios depend on the individual spectrometer and should

not be quoted here.

The use of angular studies to delineate surface and
subsurface is a well established technique used extensively

195

in this lapboratory. However as has been previously ex-
plained, (c¢.f. Chapter One), the physical nature of cellulose
fibres which subtend a variety of angles of acceptance to

the analyser precludes the use of this technigue for these

studies.

>.7 LINE SHAPE ANALYSIS

no

The larwse inherent width of core level sgignals from
E.3.C.A. measurements has led to the need for accurate line
shape analysis, for delineation of core environments within

P 146 . X . .
a given envelope. The major contribution to broad line-

widths comes from the polychromatic X-ray photon source al-

though with efficient monochromatisation of the photon source

5

the need for such analysis may well disappear. However with

t

present instrumentation a precise method of analysis remains
a necessity to make full use of the available information

levels from E.S.C.A.

The measured linewidths for core levels may be expressed
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)2 V2

L2 N
A Qs
spec)  *+ (PECL (Eq.2.9}

(AEF.W.H.M. = (AEX)2 + (2E

where & F.W.H.M, is the measured width at half o7 the height

of the peak known as the full width half maximum F.W.H.M.)

AEX ig the inherent F.W.H.M. of the X-ray source.

is the contribution to the total 7.W.H.M. from
spec

the spectrometer, (particularly from the analyser! and Ecl
ig the natural width of the core level under investigation.
It is well substantiated that the contributions to 8E F.W.H.M.
f'’rom AEX for the more popular sources is essentially
Lorentgzian line shapes whereas the contribution from AEspeo
are known to be Gaussian and are primarily due to the analyser,
focussing and detector imperfections. The nature of the
lineshape from Ecl is dependent on the Auger and X-ray
Tluorescence processes and is essentially Gaussian. The
convolution of these shapes produces a general lineshape
L . . . 145 . . .
with Gaussian characteristics, the Lorentzian contributions
showing in the tails although it is believed that the use of

pure Gaussian shapes Introduces only small errors and this

therefore forms the basis of most analogue techniques.

The resolution of complex line shapes in the E.S.C.A.
spe ctrum can be approached mathematically in the form of
mathematical enhancement, (derivative spectroscopy)l?6_l68 or
by curve fitting either digitally or ny analogue means. Since

both methods have been adopted for analysis in this thesis

both will e congidered here.

(a} Derivative Spectroscopy

This is a technique for obtaining first and, more generally,

second derivatives of an E.53.C.A. signal with respcct to

kKinetic cnorpilcs . thus enabling o more complebLo roesolution
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of overlapping signals. For an overlap of two egual bands
(separated by one half width or more). Smith169 has shown

that second order derivative ig'surficient althoush rourth
order derivatives have been obtained. Althougn an increase
in resolution of =1.8 times the original has oeen obtained
from second derivative spectroscopy the S/ ratic is reduced
and the relative intensities of individual components cannot
be extracted. It would =eem that the major advantages are
that the number and kinetic energy of the components of a
given envelope can be fairly accurately determined. The
application of this technigue is demonstrated in Chapter Three
where the unusual binding energies of carbons obonded to

nitrate ester groupg is shown for propyl and isopropyl nitrate

ag well ag for nitrocellulose itself.

(b) Curve Fitting Procedures

Digital techniques of curve fitting have developed
rapidly with the advent of microprocessors interfaced with
larger computers and with increased automation of data
accumulation it 1s no longer ftrue to say that such methods
are less convenient than analogue methods. The advantages
of analogue methods, however, are evident in analysis of
non routine samples where 'hands on' experience of an analogue
curve regolver is extremely usgeful. To have poth methods
at one's dispogal would therefore represent the ideal situation.

i 1 . . . . (
The principles of curve fitting are well establlshed144 176

and will not be considered here butbt it is often the case that
without a high level of theoretical competence and a knowledge
of model systems complex line shapescannot be satisfactorily

fitted.
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2.8 TINSTRUMENTATION

144,145 .
many conmercial

Since the early work of Slegbahn
spectrometers have appeared on the market. The work out-
lined in the coming chapters was carried out on an A.E.T.
(Kratos) ES 200 A/B spectrometerl72 and on the E.3. 300 model
fitted with a Mg/Ti dual anode. It is appropriate here to

descripe the equipment in some detail.

(a)} X-ray Equipment

In the E.S. 200 instrument a Marconi-Elliot type GXS
hish voltage generator is used with variable voltage and
current output. Whereas the E.S. 300 is fitted with a
smaller solid state system. X-ray photoh sources of the

91

Henkel design (Ti Mg or Al) are used and for the softer

sources the flux is in the order of 0.1 rad/sec171 which is

essentially, non destructive, for mozf polymeric =ystems.

The work in this thesis utilises Mg and Ti sznodes
although the use of monochromatised Al Ka radiation can
improve resolution. Mention should also be made here of a
possible problem with the use of polvehromatic radiation.

In the case of the magnesium anode the ka satellite of an

3.4
le level corresponding to a nitrate estér group 1s coincid-
ent in binding energy with the main photoionisation peaks
for several nitrogen containing systems (e.g. amines). This
iz further discussed 1in Chapter Five.
Al ka radiation can be monochromatised by a crystal
4l

gquartz 1TIraction ecnriigue, O ellmlnace e sate eg
( tz) dirf t1 techni ! t liminate th tellit

and the continuum to produce pure kal 5 radiation.

Difficulticrs in locating a sultable crycstal with the

appropriate lattice for monochromatising Mg ko radiation
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have prevented a more widespread use of monochromatised

X-ray radiation.

Figure 10, however, illustrates the three basic systems
for Al ko monochromatisation; these arer(a) slit filtering;
(b) dispersion compensation, and (c¢) fine focussing. Method
(a) is employved in the A.E.I. system which can. in principle.

produce linewidths of 0.2 ev.

o

rotating soniple

anode
T .
[ ]
§
- z
foogf - -4
0.5 1.0

Approximote Efticiency

Figure Ten Diagram of alternative monochromation systems
employed for Alka monochromatisation

(b) Sample Chamber

The general format of an A.E.I. E.S. 300 electron
gpectrometer sample chamber is shown in Figure 11. The
window sevarating the X-ray sourceAfrom the sample ensures
that scattered electrons from the {ilament do not~enter the

chamber and i generally made of aluminium or bervlium.
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analyser
y monochromator

Mo\Ti = m ~~E3
dual anode

|
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«——gate valve

port to
prep chamber

PUMP

Figure 11 Schematic of the sample chamber in the E.S.300
(see text) ‘

The chamber in both the E.S. 200 A/B and the E.S. 300 is
accessed by many sample ports and in the case of the E.S. 300
by a pre-chamber in which a sample may be pretreated before
analysis. The sample is mounted on a probe tip, (typically
18mm x 5mm). using double sided Scotch tape and is pushed
through the incertion lock to the high vacuum chamber for
analysis. The temperature of the sample tip is variable

and may be rotated for angular studies. For polymer films
and smooth metal surfaces such measurements are an important
facet of X-ray analysis since they yield depth profile inform-
ation, (thus the depth sample is dependent on the angle sub-

tended to the X-ray beam). For fibrous samples, however



it has been shown that the fivres may lie with their axes
at all angles to the beam and this precludes the use of

angular studies of cellulose and its fibrous derivatives.
For this reason this important topic will not be further

discussed here.
(¢} Analyser

The analyser in an A.E.I. spectrometer is a hemispherical
douizle focussing electrostatic anaiyser whieh was originally
described by Purcell173 but is now enclosed within two mu-
metal shields for protection from stray magnetic influence.
The resolution of the instrument is dependent on the mean
radius of the hemispheres, R, the width of the entrance slit
and the width of the exit slit. The resolution AE/E, where
E is the energy of the electrons, is aAE/E = % where W is the
combined widths of the slits. The resolution can be enhanced
by retarding the electrons before they enter the analyser so
as to reduce their kinetic energy. Hence the electrons pass
through a lens system before entering the analyser which
(a) focusses the electrons and (b) applies a retarding potential

174

ffor resolution control. Focussing .is achieved in the
E.S. 200 A/B and the E.S. 300 by simultaneously scanning the
retarding potential applied to the lens and the hemi-spherical

potential while keeping a constant ratio between the two.

This is known as the fixed retardation ratio (F.R.R.).
Both spectrometers are also capable of being run in the fixed
analyser transmission (F.A.T.) mode in which the potential
applied to the lens system i1s scanned while the potential
between the hemispheres is held constant. This mode tends

to discriminate in favour of low kinetic enerpgy clectrons and
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in studies of high binding energy systems it is particularly

useful. However in these studies the F.R.R. mode was always
used. The absolute resolution also depends upon the natural
width of the X-ray 1line AEX—ray; the width of core level

studied. ACl: the line broadening due to solid state effects
in the sample AESS and the broadening due to spectrometer

irregularities. AES.
Hence for a solid sample,

(pBm)2 = (aEx)® + (8ECL)® + (8ESS)S + (ES)?

(d) Detector

The electrons of a given K.E. pass through the exit
gl1it of the analyser into an electron multiplier. The output
pulses are amplified and processed in a data handling system.
The data is recorded as either electron countsper second
vs. kinetic energy of the electron or in a step scan where
the field is increased by preset increments and the electrons
are counted for a fixed length of time or as. in some cases,
a certain number of counts are timed. The step scan may be
used in conjunction with a multi-channel analyser to accumu-
late data over a period of time. The signal/noise ratio

increases as the square root of the number of scans.

2.9 CHEMICAL TAGGING

When a particular functional group igs at a particularly
lrw level in a given sample or when the binding energy of a
core level in such a group is very close to that in a different
environment it may be advantageous to 'tag' the group with
an atom, (or group containing an atom), with a high cross

gection lor nhotoionisation. Thus 1t is possible to monitor
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changes in the numpers of such groups affer certain chemical
or physical treatments using E.S.C.A. The use of trifluoro-
ethanol and trifluoroacetic acid as fTagging reagents is well
known175. However a complete study has never peen made on
samples of known composition and molecular weight. In
equilicrium exchanges the problem lies in forcing the reaction
to completion but in general a reagent must -

(a) not dissolve the polymer

(b) react uniquely with the functional group.

The application of such techniques to cellulose and
nitrocellulose are readily apparent. In cellulose itself
it would be interesting to know the level of carboxyl groups
at the surface and also if fthey survive the nitration process.
A unique tag on such groups could yield significant information
in a number of important areas which at present is precluded
by the low level of carboxyl groups in natural cellulose.
It may also be possible to tag free hydrokyls in partially
nitrated materials and hence obtain information about the
reactions occurring at the surface. during nitration in mixed
acids. In Chapter Four of this thesis the value of chemical
tagging 1s shown in relation to the iodination of primary

nitrate groups in cellulose nitrate.
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PART IT

NUCLEAR MAGNETIC RESONANCE (N.M.R)

2.10 INTRCDUCTION

124

In 1924 Pauli suggested that certain nuclei poss

]
6]
n

oy
"
[£)]

anzular momentum p ana hence a magnetic moment u. T
was later confirmed by spectroscopic work which enabled
values of the angular momentum and magiietic moment to be
determined flor many unuclei. In the presence of an applied
magnetic field such magnetic moments tave up opreific orient-
ations and 1t isg possivle to owserve tranzitions occurring
cetween the nuclear eneryy levelgs associated with th.se
orientations by irradiating with energy of a suitable fre-
quency. This forms the tasis of nuclear magnetic resonance

Spectroscopyl75_178 (N.M.R.)

and in the following pages a
brief review of the principles and applications of the

technigue is presented.

2.11 NUCLEAR SPIN AND MAGNETIC MOMENT

All nuclel carry a charge and in certain cases this

cnarge sping'

on the nuclear axis generating a magnetic
dipole along this axis. The angular momentum of the spinning
charge cau woe aescribed in terms of spin numbers I which may

take values of 0, 5, 1, 3/2 and so forth (I = O denotes no

spin). The intrinsic magnitude of the generated dipole is
cxpregsed 1n terms of nuclear magnetic moment . Several
nuclei (lH 19F ¢ 5lP) have a spin number I of % and a

uniform spherical charge distritbution whereas nuclei with
I 2 1 have a non spherical distrinution of charpe piving rioc

to an electric cuadropole moment which, agz wili pe dencribed
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later , affects the relaxation times (see Section 2.15).

The spin number I determines the number of orientations a
nucleus may assume in an external maghetic field in accord-
ance with the formula 2I + 1. This introduction to n.m.r.

ig primarily concerned with protons whose spin is %,(i.e.l§C),
in which the proton may assume two orientations in the magnetic

field.

2.12 NUCLEAR PRECESSION

A nucleus gpinning in a static magnetic field behaves
somewhat like a gyroscope in a gravitational field. As
shown in Figure 12, the spin axis (which coincides with the
magnetic moment vector u) precescses about Ho. The frequency
of this precession is known as the Larmor frequency of the
ovbserved nucleus, Vo, The magnetic moments of spinning
nuclei do not align along the direction bf Ho but in fact
the Larmor precession is accelerated by increasing the

strength Ho of the field vector Ho,. Therefore vo a Ho.




o0

2.1% ENERGY LEVELS

The energy of The magnetic moment v in a given field

Ho 1s given oy

A nucleus

\

nuelei with I =

alignments relative to Ho arise, these are denoted +% and -

the product of the two

Hoe = - v 57 I Ho. (Eq. 2.12)

with total spin gquantum number I may occupy

(2T + 1) different energy levels in a magnetic field. For

lH, 13C

, 15N, 19F, 31P), tiwo epin

5 (e.g.

[N ]
B

1

The energies E + % and E - $ and the energy difference

AE between the

two levels are shown in the following equation.

E+ % = -po.Ho = -y %; .Ho
E -3 = o.Ho = o Ho
5 bo. Y o
JE = E-% - E+} = 2uoHo = v A~ Ho. (Eq. 2.13)

2.14 NUCLEAR MAGNETIC RESONANCE

AE alove

is the difference cetween the energies of

precession along and opposite to Ho. The Larmor precession

frequency vo of nuclei with I = % can be calculated since

E = hvo.

Hence vo = ¥—

dn alternating

Ho - (Eq. 2.14)

magnetic field H1 with frequency vi irrad-

iating a mul-itude of nuclear spins precessing in the static

f'ield Ho may overcome AE if it meets the followinyg requirement.

The vector of the alternating field Hl must rotate in the

plane of prece

sgion with Larmor frequency vo of the nuclei
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From the equation apove 1t is readily apparent that the
magnetic field Ho should be as large as possiole Because
not only are the energy levels more widely spacedbut also

the senesitivity ig increaced.

(b Spin Lattice Relaxation

At resonance the rf field Hl causes a spin transfer
from the lower to the upper level. The eguilibrium of the
system 1s disturoved and the nucleus spins relax in a first

order rate process with a rate constant characterising

1
T1
each kind of nuclei. Tl is called the spin-lattice relax-

ation time. It covers a range of atout 10-4 to lOAs. In
liquids Tl is a measure of the 1life time of the nucleus and is

related to the half maximum intensity of an N.M.R. =signal

1
T | (Eq. 2.16)

>

o~

AV

(c} Spin-Spin Relaxation

In solids and liquids with molecules with 'slow
tumbling' dipole-dipole interactions between nuclei become

important.

There 1e& alsc an exchange of energy between the
molecules and these tend to shorten the lifetimes of the spin
states contriputing to line broadening. This is alsoc a first

order process called spin-spin relaxation with a time consgtant

1 - . . ; .

R T2 1g known as the spin-spin relaxation time. Also

- 1 ) . .
A+ = const. TS The observed linewidth of the =signal also
depends upon the field inhomogeneity. Spin-lattice relaxation

of a nuclei may be accelerated
(i) by interaction with adjacent nuclei having T >1

el FTI . .
€. (T l'N), the electric quadrcucle moments of




such nuclei result in additional magnetic rields

in vie tumbling molecule;

(ii) Dby interaction with unpaired electrons in para-

magnetic compounds (radicals, some metal chelates).

Spin-spin relaxation of nuclel is accelerated when they

] - X . , 1 1 13

participate in a dipolar bond (0O-"H, N-"H, c-H). In
summary, therefore, all thege interactions cause congiderable

line broadening put T1 also at'fects the energy level popul-

ation.

2.16 THE MAGNETISATION VECTORS

For many identical nuclei of I:% two orientations are

possible for each nucleus. Due to the favouring of the lower
spin state (nearly parallel to Ho) more nuclei precess about
the direction Ho. The magnetisation vector along this path
is denoted by Mo. On disturbance of the equilibrium by an
rt field H1 with the frequency vl the magnetic moments u are

forced to precess in phase and the resultant magnetisation

vector M is no longer parallel to Ho and has three components
along the x v and z axes.
M = Mxi + Myi + Mzk _ (Eg. 2.17)

Mzk is the longitudinal magnetisation along the z axis, the
ofther two are transverse components. It i1s possible to des-
cribe relaxation in terms of the magnetisation vectors but
s . P o . 179 ] .
thiz ie fully presented elsewhere along with a full explan-
ation of the Bloch equations which are beyond the scope of

Lhis:o bricet inteoduction,
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2.17 CHEMICAL SHIFT

In an atom or molecule a nucleus & is shielded from
the static field Ho by its electrons. The field it actually
experiences is Ha a combination of Ho and an additional field

H,ind.a induced by the shielding electrons.
Ha = Ho - H,ind,a. (Eg.2.18"

This induced field has a strength proportional to the

strengtnh of the applied field Ho so that

H,ind,a = gaHo (Eq.2.19)

where ga ic the magnetic shielding constantl8o which

characterises the magnetic environment of that nucleus.
Since the effective field Ha experienced by the nucleus a

is given by Ha = Ho (1 - o1 ) then the huéleus a will precess
at the Larmor frequency voa = Y/27 Ho (1 - g1 ) in the field
Ho. This equation means that nucleil ih different environ-
ments precess at different frequencies which give rise to
the so called chemical shift. An absdrbtion signal will

be observed for each chemically, non-equivalent nuclei in

The system.

2.18 CALIBRATION OF THE N.M.R. SIGNAL

Generally the abgsorbtion signal of a refererice com-
pound such as T.M.S. {trimethylsilane) is assigned a zero
shift and all signals are measured from this point and their
positions characterised by a frequency difference in Hertz
(Hz . In order to get shift values which are independent
o’ the frequency or field strength used the S scale is

employed where 68 the chemical shift is given by
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68 = 15—\']—1—"3 . 107° (Eq. 2.20)

where vS - VR ig the difference in freguency between the
abgoroing nuclei and the position of the reference compound
and V1 is the radiofrequency used. The 10—6 term is used
pecause the frequency differences are often very small
indeed. Signals with small 838 relative to T.M.S. are said
to appear at high field and the nuclel are strongly shielded

whereas the cignal with large 65 values are =aid to be at

low field due to deshielding where o0l is particularly large.

2.19 SPIN-SPIN COUPLING

If a le n.m.r. spectrum is not proton decoupled a

complex proton coupled set of signals is ovtained so that

in a system AmXn (where Am is the number of equivalent nuclei
A having a total spin quantum number Ia and Xn is the number
of equivalent nuclei X having spin a quantum number Ix), the
number of lines in the spectra will be equal to 2nIx + 1 for

nucleus A and 2mlIa + 1 for nucleus X.

This 1s true for so called first order systems only.

Hence for example the le n.m.r. spectra of a methyl group

S

is a quartet according to the above equation, (since Ta =

and n = 3).

2.20 SENSITIVITY OF 13C N.M.R.

. . . 1 .
The main problem in observing 3C n.m.r. is concerned
withh the low natural abundance of this nucleus and its low
gyromagnetic ratio vy which yields a much smaller Boltzmann

exponent 2YpoHo/kT than that of protons and give rise to low
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sengitivity.

le abundance

It is possible to artificially enhance the
in selected csamples or o use concentrated samples if
solupbility allows. In keeping with the Boltzmann equation
it is tneoretically possible to enhance the sensitivity by
decreasing the temperature. Similarly the Boltzmann expon-
ent can be increased by increasing the magnetic rield strength
or raising the ratio frequency power if relaxation is suffic-
iently quiclt to prevent saturation. Fortunately the accum-
ulation of spectra is feasible by computef which averages the

noise, (Computer averaged transients, C.A.T.). The signal/

noise ratio increases with the number of scans n.

S:N (S:N), Vn

1
The most efficient method of sensitivity enhancement in
15

C n.m.r. of organic molecules is Pulse Fourier Transform

(P.F.T.) in combination with the various decoupling methods.

2.21 CONTINUOUS WAVE N.M.R. SPECTROSCOPY AND PULSED N.M.R.

Generally a continuous radiofrequency field is applied
to a sample in a magnetic field, (continuous wave n.m.r.),176
and the Larmor frequency of the nucleus is matchned with that
of the field to give the signal. In pulsed n.m.r. the
csample ig irradiated by short intense r.f. pulzes which rotates
the vector of magnetisation so that a transverse magnetisation
vector results. This vector decays exponentially following
the pulse due to spin-spin relaxation. If the r.f. differs
from the Larmor frequency of the nuclei to be investigated
(off resonance) the interference of the rotating transverse
component with the r.f. field gives rise to the effect shown

in Figure 13%e. The spacing oetween two beats iz the reciprocal
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of the difference between the frequency of the pulse and the
~ 1 . . - .
Larmor frequency TV w0 This is lnown as a rree Induction
TVl-
Decay (F.I.D.) signal and is due to freely relaxiag spins

after an r.f. pulse.

input t lal

sample
magnetization

output

Vy-¥,= 0

14}

Free induction decay.
(a) r1 pulse as input signal; (b) sample magnetization during the rf pulse; (c) free induction decay foliowing
the rf pulse; (d) output signal for rf at resonance; (¢) output signal for rf off resonance.

Figuﬁe Thirteen

2.22 PULSE FOURIER TRANSFORM (P.F.T.) N.M.R. SPECTROSCOPY

F.I.D. signals are converted from analogue to digital
form for Fourier transformationlSl in a computer with a
memory size of 4-20K. The details of the transformation
nave been presenfted elsewhere but using the Fast Fourier
Transform (F.F.T.) the computation can take as little as 1
minute for transforming an interferogram. P.F.T. techniqgues

generally require less measuring time and are more sensitive

than C.W. n.m.r.
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2.23 SPIN DECOUPLING IN C N.M.R.

lBC C-"H spin coupling effects will vanish when proton
proad pand decoupling is applied which simplifies the ljC—'H
multiplet system. Spin decoupling is achieved by irrad-
lating nuclel not only with a radiofrequency field H1l at
resonance with the nuclei to be observed but also with a
secend alternating field H2 at resonance with those nuclei to

t

pe decoupled (e.g. 'H).
2.24 PROTON BROAD BAND DECQUPLING
1% 13

In a C experiment

C-'H multiplets can be selectively
decoupled although in most experiments ail ljC--'H multiplets
are decoupled for sensitivity and simplicity reasons. This
is achieved when the decoupling fielid H2 covers a range of
all proton Larmor frequencies and this is known as broad band
decoupling. Decoupling fields are generally modulated using
an audiofrequency to give the large range of frequencies

required.

2.25 THE NUCLEAR OVERHAUSER EFFECT 1IN 13C-’H N.M.R.

The increase in sensitivity of N.M.R. experiments in-
volving decoupling is due to The Nuclear (Overhauser Effect.l82
Multiplet signals are accumulated into sgingle lines and thies
can be traced back to an intramolecular dipole—dipole relax-
ation mechanigem. The signal enhancement depends upon the
gyro-magnetic ratio of the two atoms concerned (i.e. the
observed nucleus and the decoupled nucleus). Quaternary
carbons can often be recognised in decoupled spectra since

they lack Overhauser effects but primary secondary and tertiary

carponz are sometimes indistinguishable. Proton off resonance
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decoupling can restore the multiplicity to some extent and

allow identification of such carbon species. Thie Overhauser

stances such as tert-butyl nitroxide or copalt II acetate.
These accelerate relaxation by way of dipole-dipole inter-
action between unpaired electrons and mégnetic nuclei reducing
the Overhauser effect and allowing integration of peaks due

to carpcons in different environments.

2.26 THE MAGNET

Commercially available instruments include magnets
of about 10 kilogauss to 100 kilogauss. The stronger the
magnetic field Ho the better the line separation of chemically
shifted nuciel in the frequency scale and the higher is the
sensitivity because of increased population of the lower spin
levels. High field N.M.R. i1s achieved using superconducting

solenoids giving rise to magnetic fields of 50-100 kilogauss.

2.27 THE SAMPLE

The sample solution is generally placed in a glass tube
of diameter 5, 10 or 15mm which is rotated perpendicularly

183 n 13

to the magnetic field Ho. C experiments the sample

is usually prepared by dissolving in the compound a deuterated
solvent used for field/frequency stabilicsation. For reference
a small amount of a reference compound is added to the sample.
A Tull account of N.M.R. instrumentation cén pe Tound else-
where but 1t is appropriate at this point to consider the

application of the technique in areas related to nitrocellulose

and cellulose materials in general.
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2.28 2¢ N.M.R. OF CARBOHYDRATES

N.M.R. is particularly useful for configurational and
conformational investigations in carbohjdrate chemistry.l79
Primary, secondary and tertiary carbons in carbohydrate
systems can pe distinguished by proton off resonance de-
coupling and a number of rules have been developed for the
assignment of peaks in carbohydrate spectra. One of the
interesting points to arise from these is that ring carbons
with equatorially oriented hydroxyl groups on a saturated
six membered ring absorb at lower field than corresponding
carbons with equatorially oriented hydroxyl groups. The
identification of anomers and mixtures of anomers is there-

fore possible.l84

A recent review by Perlin197 has outlined the use of
le n.m.r. in the ildentification and characterisation of
carbohydrate polymers. The applicationvof le fechniques
fo polysaccharides is remarkably limited although

185

glycogen and cellulose acetate have been studied.
Wu135 has recently published le n.m.r. spectra of cellulose
nitrates which, although poorly resolved. allow the estimation
of degree of substitution. Potential information on dist-
ribution of nitrate groups in nitrated and denitrated materials

should also be available and this is more fully discussed in

Chapter Four.

2.29 S0LID STATE MAGIC ANGLE SPINNING N.M.R.

Im the last few years the study of polymeric materials
in the solid state by n.m.r. has become feasible. Fyfe and

Marchessault198 have used solid state cross polarisation.
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magic angle n.m.r. to distinguish between the various forms
of cellulose, 1l.e. crystalline and amorphous and it may be
that significant information may be available from similar

studies of cellulose nitrates.
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PART TITITI

OPTICAL MICROSCOPY

2.50 INTRODUCTION

Optical microscopy as a classical technique for the
determination of microscopic features and elucidation of
crystal structure had its origins long before the develop-
ment of X-ray diffraction by Braggl86 in the early part of
this century. The application of the method in chemistry,
however, was largely confined to the study of inorganic
crystals and metallic salts and for this reason was largely
superseded as a structural technique by the advent of X-ray
analysis which was able to determine with considerable accur-
acy The positions of atoms within the unit cell. Although
still widely used in the geological sciencesl87 for the
'fingerprint' identification of minerals its application in
chemistry is now largely limited to substances which, because
of their physical nature have not been fully investigated by
X-ray methods. One area where the use of polarisable micro-
scopes has been very productive is that of. fibre chemistry188
and in particular the study of cellulose and its nitrated

82,189

derivativesg. A full discussion of this work will be
presented in a later section but it is first necessary to
explain the principles and discuss the complex optics involved

in the use of polarisable microscopes for analytical purposes.




73

2.3%1 POLARISATION OF LIGHT

If we congider light as a wave motion then. in general,
it is true To say that vibrations will take place in all
directions around the lines of transmigsion of that light.
In many cases, however, the tendency to vibrate in all
directions is modified and the waves become restricted for
the most part to a single plane of vibration. This is known
as polarisation. The production of polarised light can
take place through several causes; (1) by reflection from
polished surfaces. (2) by repeated refraction at an angle
through several plates of thin glass, (3) by absorbtion by
certain crystals such as tourmaline. (4) by cleavages or

prisms of optical calcite. Polarisation by absorbtion is

)

the process most widely used in microscopy and will be further
considered here. When light strikes a crystalline material
such as tourmaline the vibrations in every plane except one
are strongly absorbed giving rise to polarised light. The
crystallographic axis ¢ (often the long direction of the

crystal) lies parallel to the plane of the vibration.

2. %2 DOUBLE REFRACTION

When light passes through a large number of transparent
materials 1t is often doubly refracted into two beams vibrat-

199

ing at right angles to one another. One vibrates at
right angles to the optic axis and is called the ordinary
ray and the other vibrates parallel to the same axis and ig
knsewn as the extraordinary ray. The ordinary ray has an
index of refraction w and has a velocity CX% and the extra-
ordinary ray has an index € and a velocity proportional

1

to —=.
€




T4

2.55 THE NICOL PRISMS

Many polarising microscopes operate using the crossed
nicol system which utilise the prinoiplé of double refraction
to produce plane polarised light. Optically clear calcite
is used in nicols and the prism is constructed from two halves
cemented together using Canada Balsam. Light entering the
base of the prism is gplit into the ordinary and extraordinary
rays. The extraordinary ray has a refractive index n=1.516
at the angle of incidence of the prism whereas the ordinary
ray has a refractive index n=1.658. The index of the extra-
ordinary ray is close to that of the cementing balsam n=1.537
but that of the ordinary ray is substantially larger. Hence
at the balsam boundary the ordinary ray exeeeds the critical
angle between itselfl and the balsam and ié consequently re-

flected to the side of the prism. (Figure 14). The extra-

extmordin»ary
n=1-516

ordinary

n={-658 CANADA

BALSAM
in=|-537

Figure Fourteen Diagram of a nicol prism showing refractive
indices at phase boundaries
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ordinary ray however does not exceed the critical angle
and is hence ftransmitted without further deviation. Hence
the light passing through the lower nicol in a microscope
is plane polarised and entirely composed of the extra-
ordinary ray. When two nicols are superimposed with their
planes of vibration at right angles the nicols are said to
be 'crossed'. In a polarisable microscope the lower nicol
knownt as the polariser is fixed whereas the upper nicol can
be moved in and out of the crossed position and is known as
fhe analyser. Crossed nicols will produce darkness on the
stage if it 1s unoccupied or if it holds optically aniso-
ftropic materials such as glass. Although calcite nicols
are still to be found in many of the older microscopes it
should be noted that the modern nicols are generally con-

structed from polaroid.

2.34 OBSERVATION OF SAMPLES BETWEEN CROSSED NICOLS

The polarised light from the lower nicol strikes the
anisotropic sample vibrating in one plané. On entering
the sample it is split into ordinary and extraordinary rays.
Both sets are polarised but at right angles and the light is
travelling at different velocities in each plane. As a
result when the light emerges one set has travelled further
through the material than the other but they continue in a
straight line to the analyser continuing to vibrate at right

angles. In the upper nicol the rays are resolved to vibrate

in a single plane but the initial phase difference is retained.

As a result they are 1n a position to interfere and colours
are observed in the microscope image. The colour depends

upon the nature of the light and the amount of retardation




70

of one set to another. The retardation (1) is given by

4 = d(ng—nl) where d is the thickness of the sample, n, is

the greater index of refraction and Iy the lesser. The
difference is in fact the effective birefringence for a
particular orientation. The phase difference is the retard-
ation divided by the wavelength plz\}. When the retardation
is some whole multiple of a wavelength ni the waves emerging
from the upper nicol become egqual and opposite in phase.

The resultant is then equal to zero and the field produced

is dark. Maximum intensity will occur midway between ex-
tinction points, here the retardation is (2n + 1/2)A and the

components of the waves in the plane of the upper nicol are

equal and on the same side of the line of transmission. The

]

re

¢

ultant wave is the sum of the two components. If the
anisotropic material lies with the plane of vibration parallel
and perpendicular to the planes of the poiarisable devices

no light passes through the analyser and the material is in

a position of extinction.

2.35 MECHANISM OF COMPENSATION

Most polarisable microscopes in common use have an
accessory slot located below the analyser into which a range
of compensators can be fitted, (a full description of the
various types is given in the next section). for the purpose
of determining the path difference of the ordinary and extra-

ordinary rays as they emerge from the upper nicol.

The general mechanism of compencsation is as follows:
suppoge that a crystal plate is inserted in the accessory
slot so that the rast and slow components oppose those of
The original sample. The result will be a reduction in the

fotal path dif“erences produced by the plate and the sample.
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total or partial compensation. Tnis is nicely demnonstrated

oy the use of a quartz wedge (see Szction VIt' zud the

(W

general mechanism 1s illustrated in Figure 1%3.

Resuitant wave _\;

AN
Resultant wave >
not shown

not shown

] A

Two-dimensional diagram showing corapensation by
a quartz wedge. Path difference produced by crystal plate has
been nullified by quartz wedge in position C.

Figure Fifteen

Monochromatic plane-polarised waves vibrating in a
plane 45 degrees from the vibration plahes for the crystal
are incident on a crystalline sample and are resolved into
ftwo sets of waves, one set vibrating in the plane of the
diagram, (solid line) and the other vibrating in a plane
normal to the first, (dashed line). The.crystalline sample
illustrated has an orientation,birefringence and thickness

such that a path difference of one-half wavelength is produced.
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between the emergent waves. The waves resulting from the
combination of the emergent waves are not shown for the sake
of clarity. Compensation of the waves results when the
thickness of the wedge is such that the path difference pro-
duced by the crystalline sample is nullified as in Figure 15c.
The resultant wave, (indicated as a solid line in Figure 15c¢),
vibrates in the same plane as the wave incident on the crys-
talline sample and in a plane normal to the plane of vibration

of the light waves transmitted by the upper polar.

A number of compensators are available which will measure
a certain range of path differences and these will be dis-

cussed in the following section.

2.36 OPTICAL ACCESSORIES

(A) Quarter Wave Plate

The quarter wave)(%),plate is made of colourless
mica or birefringent plastic mounted in a metal holder suitable
for insertion in the accessory slot of the microscope.
Usually the direction of the fast component is oriented
parallel to the long direction of the holder. If mica 1is
usged 1t is prepared by cleaving it into a sheet of a thick-
ness that produces a path difference of a quarter wavelength.
The guarter wave plate is used to determine optical sign (rom
interference figures and to identify fast and slow directions

in birefringent plates or fragmente.

(B) Graduated Quartz Compensator

This compensator has an etched scale graduated in
path difference, millimetres or arbitary units. Graduation

therefore generally requires calibration. Compensation
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produces a dark line across the wedge and the position of
this line gives the path difference directly or by calcul-
ation. The theory behind such determinations has been pre-

sented in the previous section.

() Tilting Compensators

These are inserted in the accessory slot above the
objective lens and below the upper polar (ahalyser) and con-
tain birefringent plates that can be rotated about a horiz-
ontal axis so as to vary the effective birefringence between
the two components of transmitted light. The Berek compen-
sator, used in much of the work described in Chapter Seven,
is particularly popular. It contains a pilece of calcite
that at the zero position produces no path difference.
Rotation will increase the path difference in a controlled
manner. To obtain compensation it is first necessary to
rotate the stage 45 degrees, (or 135OL from the position of
extinction. This is to ensure the fast direction of the
vibration of the sample is opposed to the slow direction of
the compensator. The compensator is then rotated to produce
extinction in the birefringent asample, that is, until the
compensator cancels out the path difference produced by the
sample. The path difference is read directly from a scale
or is calculated by multiplication of angular scale readings
by instrumental constants.

(D) Senarmontgoo Method of Measurement of Path Difference

The Senarmont method is widely used for highly
accurate measurement of path differences less than a wave-
length and requires a specially constructed quarter-wave plate
and an upper nicol which can be rotated with precise measure-

ment of the angle of rotation. A birefringent disc
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in the quarter wave plate is designed to produce a quarter
wavelength path difference for monochromatic light of 540

or 589 Mu wavelength., The quarter wave plate is placed in
the accessory slot of the microscope and in such a position

is designed so that its slow direction of vibration is parallel
to the vibration direction of the polariser. (It is possible
fto obtain rotating quarter wave plates which can be set in

the required position). The analyser is rotated until it

is crossed with respect to the polariser and the sample is
rotated to the 450 position. The light from the polariser,
(ideally monochromatic light should be used), is resolved into
the two components, (slow and fast), by the sample and these
combine to give an eliptical vibration. On entering the A/4
plate this vibration is resolved along the vibration directions
of the plate. If the phase difference between the components
on entry is 900 then passage through the plate increases the
difference by a further 900, a total of &/2, and they will
interfere to give linearly polarised light. If the analyser
is then turned to produce extinction the required phase
difference can be shown to be equal to twice the angle of

rotation of the analyser.

(E) The Elliptical Compensatorgol

This compensator 1s used in cases where the path;
difference is less than A/10. It consists of a rotatable
piece of mica (whose position in relation to the polariser
and analyser can be accurately measured) which produces a
kriown path difference. The polariser and analy:zer are crossed,
the compensator is set at extinction and the sample is turned

into either of its 450 positions. The compensator is then
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rotated until extinction is obtained and if ¥ is the angle

of rotation it can be shown that

R = Ro sin 2 ¥ where R is the relative retardation for

the crystal and Ro that for the compensator.

The theory behind this compensator is complex
but is a general case of two crystal plates superimposed
upon each other (a condition we shall meét'in a later section
relating to fibres). The intensity of the light transmitted

by the analyser 1s given by the complex equation:

, . .2 T
I = sin? (wg-wl). sin 2w1 cos 2w2 sin” 5 Rl
. . .. 2 W
+ sin 2 (wg—wl) cos le sin 2w2 sin® < R2
2 « . . , 2 m
+ cos (wg-wl) sin 241 sin 2y, sin® < (Rl + R2)

. 2 . , .2
- sin (wg—wl) sin le sin 2¢2 sin® < (Rl - Rg).

where wg and wl are the angles made by the slow directions
of the sample and compensator plates respectively with the

slow direction of the polarised and R, and R, are their

2 1

relative retardations.

Fortunately the sin® % (x) terms where x = R, R,

Rl-R2 or R1+R2 can be simplified if Rl and R2 are small since

the sine of a small angle is almost equal to the value of

the angle expressed in radians. Thus for sin2 % Rl we can
substitute (7")2 (Rl)2 and so on. The equation then simplifies
to
_ (32 i D . 2
I = (A> (Rl sin 2y, + R, sin 2u@) .

In the extinct position I = 0 and
Rl sin qu + R2 sin 2q2 =0
In the situation where 2“@ = 90O the equation becomes

R, = -R_. -
R 1 sin ‘¢l
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2.57 LOCATION OF EXTINCTION POSITIONS

The location of the exact position of extinction is
often a subjective procedure resulting in errors in final
determinations. To assist the human eye in such observat-
ions a number of devices have been developed. The biquartz
wedge, for example, 1s used with a specilal ocular and cap
analycser and is constructed of two plates over which are
placed two wedges. The pleces are cut at right angles to
the optic axis and zero rotation of the plane of the vibration
of light is produced when each half wedge has the same thick-
ness as the underlying plate. A black band across the wedge
marks this condition and when a birefringent substanée is on
the stage extinction can be determined when the illumination
of the two halves of the wedge are equal. '~ More often.
however, the Lapilnay or the Nakamura half shadow plate is
used for this purpose. These plates have two segments which
are grey colour at extinction but unequally illuminated to
either side of extinction. Thus the ease of use of such

devices makes them particularly useful.

2.38 APPLICATION OF OPTICAL MICROSCOPY TO CELLULOSE FIBRES

Most natural and artificial fibres are anisotropic to
a greater or lesser degree and this arises from the fact that
they consist of long chain molecules which tend to be arranged

201 This arrange-

more or less parallel to the fibre axis.
ment labels cellulose as a positive uniaxial medium, in other
words 1t has a maximum refractive index for light vibrating
parallel to the length of the fibre and a minimum for dir-

ections normal to the length. This gives rise to a positive

birefringence however for highly acetylated cellulose the-
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birefringence is negative and this presumably is because
the highly polarisable substituents greatly increase the

vibrations or polarisability normal to the length.

Cellulose fibres, however, are intricate structures
built up in the maturing plant with a spiral wall structure
outlined in Chapter One. Depending on the pretreatment and
drying procedures the fibre may also have a hollow circular
lumen which must affect how we consider a fibre in the path
of polarisable light. One could argue for instance, that
every individual fibril will act as a tihy crystalline plate
but taking the fipre as a whole we can see from Figure 16
that we have a system where the front and back walls of the

fibre will act as individual crystal plates separated by the

my = n,

n, (see text)

no 1

Figure 16 Draw@ng of a cellulose fibre with a hollow lumen
sbnw1ng front and back walls acting ss separate
birel'ringent plates ]




()
lumen.LOl It has also been shown that the refractive

index along the length of cotton differs from that of

ramie and flax,188 and this can be explained by the relative
positions of the spiral structures relative to the fibre
axis. In ramie and flax the molecules are wound in a

very steep spiral almost parallel to thelfibre axis whereas
in cotton the spiral 1s much shallower making an angle of
:BOO with the axis. Hence when a cotton fibre is examined
under crossed nicols it does not extinguish completely in

any position but the light transmittedvhas a minimum intensity
vhen the fibre is in certain positions. This is thought

to result from the spiral arrangement. Congider Figure 16,
the light passes through the front and back walls of the
fibre and the vibration directions for these two walls are

at an angle which, for a perfectly cylindrical fibre, reaches
a maximum of 26 between the slow directions. It can be
further demonstrated using similar arguments f£o those pre-
sented in Sect.2.36 () that the intensityio‘f light transmitted
is a function of © and also that the phase difference may
also be a function of 8. Hence the actual physical state

of the f{ibre may contribute to the birefringence. The work
of Meradithfl88 (using the Becke Line method far determin-
ation of refractive indices in cellulose fibres), suggests

that the nature of the convolutions is indeed related to the

birefringence and this aspect is further discussed in

Chapter Six. In Figure 16 n, - the index is tnat corrcs-
poending to the major axis 07 of the section X07Z'. n i
not affected by the inclination of this indicatrix. Thus

this index 1s the same in cotton ramie and flux whereas the

index n., changes witn the spiral angle.

2
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2.259 GLOSSARY OF TERMS

BIAXTAL CRYSTAL - Crystals of the orthorhombic monoclinic
and triclinic systems are biaxial. When light passes
through such crystals it is split into two rays neither of
which obey the laws of refraction, i.e. two extraordinary

rayvs.

BIREFRINGENCE - The difference between the maximum and
minimum refractive indices in an anisotropic sukstance.
(ng-nl).

CIRCULAR POLARISATION - The light emerging from anisotropic
media is generally elliptically polarised except where the

phase difference is equal to 900 or 2700 and the amplitudes
of the component vibrations are egual; in such casesg the

light is circularly polarised.

COMPENSATION - Compensation is the equalisation of paths
of the ordinary and extraordinary rays to produce darkness

or a specific colour in the field of view.

COMPENSATORS - Plastic or mineral discs with gspecifically
kinown optical properties to produce compensation of the rays

emerging from the sample.

DOUBLE REFRACTION - The splitting of plane polarised light

into ordinary and extraordinary rays.

ELLIPTICAL POLARISATION - Polarised light which is the

resultant of the rays emerging from an anisotropic medium.,

EXTRAORDINARY RAY (AND ORDINARY) - This ray is that which
does not obey the laws of refractfion and its velocity will
depend on whether the crystal is positively or negatively
birefringent. Ordinary rays are those that follow the

astandard laws of refraction.
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FAST DIRECTIONS (AND SLOW) - This refers_to the trace of

the plane of fibration of the component for which tle crystal
plate in the accessory has a relatively lower refractive
index. The trace of the plane of vibration is the inter-
section of the plane with a surface such as a crystal plate.

Slow directions are the reverse of the above.

On the other hand, the fast component generally refers to
the fast ray in a crystalline material and is a measure of
the velocity of the ray, generally the fast ray is that with

the lowest refractive index and vice versq.

ISOTROPIC AND ANISOTROPIC - An isotropic material (e.g.
glasses) will not give colours and will femain dark in the
polarisable microscope image. AnisotrQbic materials will

extinguish at four angles separated by 9OQ.

(VECTORS) ELECTRIC - Simple oscillatory wave motion consists
of a combination of uniform forward movement and simple
harmonic oscillation at right angles to'the direction of
movement. Iﬁ some cases 1t is convenient'to refer to this

as a forward movement of the electric vector oscillation.




CHAPTER THREE

E.S.C.A. STUDIES OF NITRATED AND DENITRATED

CELLULOSIC MATERIALS
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5.1 Introduction

Many of the important properties of nitrocellulose
based formulations may be expected to depend on surface
phenomena and it is perhaps surprising that so little
attention has previously been directed at this aspect of
the chemistry of nitrocelluloses. Since the initial re-
action of any nitrating medium with cellulose fibrils is
at the surface and since it is the surface which interfaces
with the surroundings, the question of the mechanism of
synthesis, of initial burn rate and of denitration are
circumscribed by details of structure and bonding in not
only the bulk but also in the outermost few tens of
Angstroms of the surface. The paucity of data on details
of structure and bonding in the surface regions of nitro-
celliuloses can be traced to a lack of any convenient
technique for monitoring surface chemistry and the changes
therein consequent upon chemical reactions initiated at the

surface.

The advent of E.S.C.A. over the past decade as a
powerful tool for elaborating details of structure and
bonding in polymeric system8202 means the direct investig-
ation of surface nitration and denitration of cellulosic

materials is a realistic possibility.

In this chapter detailed studies of the kinetiecs and
mechanism of the surface nitration and denitration of
celluloses using the wide range of information levels
available from E.S.C.A., (which have been outlined in Chapter

Three), are presented.
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The dual anode capability of the AEI E.S. 300
spectrometer is used for depth profiling and with com-
parison to bulk data this provides considerable new in-

sight into this important area.

5.2 The Nitration of Cellulose, Background Information

The main point of interest in technical nitration in
mixed acid is the question of the degree of substitution

and how this relates to the acid mix composition.

In theory it is possible to obtain any degree of
substitution from mixed acids by varying the acid-water
ratios.41 However although the theoretical maximum degree
of substitution 1s 3, in practice this is'not attained and
the maximum degree of substitution is =2{8. This is partic-

ularly so with respect to the surface D.0.S. (see section3.4.2.)

A definitive answer as to why this should be has not
thus far been given since in a heterogeneous process the
delineation between the possible explanations requires a
technique which can clearly distinguish surface from bulk

phenomena.

The question of limiting degree of substitution
(usually established by a micro Kjeldahl bulk determination)
in nitrocelluloses could a priori be rationalised in terms

of two extreme models.

The first can be attributed to the micro and microscopic
structure of the cellulose. Thus inhomogeneities in the
bulk structure could conceivably give rise to accessible
and inaccessible regions. Since nitration must depend on

the diffusion of reagent throughout the bulk structure a
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further consideration is that there may well be a concen-

tration profile throughout the structure (Figure 17). On

(o) Inhomogeneties

Older Theory

e

/:"

4’ . . . . .
(i) 1\ (ii) Nitrating Mix

‘tl as Nitration proceeds
Amorphous
Crystalline rng)ions HNO3! HzO?
Accessible and .'.'tendency to lower nitration

level and denitration of

Inaccessible regions. '
first formed nitrote.

Figure Seventeen Diagram showing (a) possible inhomogeneities
in a cellulose fibre and (b) the possibility
of a concentration profile throughout the
structure o

fhis basis the less than maximum degree of substitution is
attributable to an inhomogeneous bulk structure corres-
ponding to regions of completely nitrated regions of material

and unreacted inaccessible regions.

There are fundamental objections to this theory however

which are described fully in a later chapter.

An alternative and somewhat more plausible explanation
is that since nitration is generally considered a reversible
esterification process then the = 2.8 degree of substitution

typically observed represents an equilibrium situation.
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A full discussion of the fringe micellar model of
structure and the more recent microfibrillar theory has
already been pregdented in Chapter One and it is plain that

an intermediate model would be more realistic.

The main feature of the model being that amorphous
regions between crystallites run in continuous veins through-
out the polymer and are not randomly distributed as in the

fringed micelle theory.

In any heterogeneous process 1t is thé surface which \
provides a window on the reaction however as has been pre-
viously noted the studies to date have been focussed on the
bulk chemistry. Therefore presented here is a detailed
comparison of the surface and bulk nitration and denitration
of cellulosic materials in terms of degree of substitution

and relative rates of reactions.

3.5 Experimental

It is important to specify both the source of raw
cellulose and the methods used to nitrate since both can
be a major source of Variability.ql In this section the
basic procedures for preparation of nitrated and denitrated

material used throughout the work presented in this thesis

are outlined.

The general procedures are indicated schematically
in Figure 18. Commercially produced, (Hercules Powder Co.),
linters which had been pressed into paper form were used.
The original cotton of American origin was dewaxed and de-
pectinised. A Shirley fluidity of 8.8 and approximate
degree of polymerisation 1100 was recorded for the linters

which were vacuum dried at 60° for 2 hours and stored over
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NITRATION « DENITRATION PROCEEDURES

Cellulose paper type t
Ex MOD. dried ot 60°
in vocuum oven, 2hrs,

NITRANON Stored over Py0g DENITRATION

4xtcm glrips immeorsed As for Nitration olways
in Nitroting ocid by Mitchell method

frome or Mitchell method.

After spectic time, strips

are removed from mix, Nitrocethdiose {Ngh N
squeezed free of ocid confont ) placed in spent
on g Buchner funnel and ocld of mix ugsed lo
‘quenched in litre of Nitrate Cellulose o o
woter ot 5°C. low DO.S.
Nitrocellulose is woshed l

in 32500 mis. of cold Saxhlet woshing hos Wkw-m

waler ond further oiso been fried. for Witration

boitad for 2-3 hours.

Orying proceedure os
obove, ESCA ond Kjoldat
onolysis corried ouf.

Figure Eighteen Schematic of the preparative methods
of nitration and denitration

PQO for several days before use. This provides a starting

5

cellulose sample with< 2% water content.

Nitrations and denitrations were accomplished by
immersion in the appropriate acilid mix of sample strips
(4em x 4em) for a given period of time using an apparatus

such as that depicted in Figure 19.

Bulk nitrogen determinations have been carried out

using a modified micro-Kjeldahl technique.
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CLAMP

STIRRER —__

CONSTANT TEMP L -
BATH D

[} —Acip BATH

Figure Nineteen Apparatus used for the nitration of
cellulose

3.4 Results and Discussion

3.4.1 Preliminary Analysis

In order to carry out a thorough analysis of
core level binding energiés of characteristic components
in nitrocellulose spectra it 1s first necessary to study
a range of model compounds. For this purpose the following
samples were studied as thin films deposited in situ by a.
cold probe and reservoir shaft method on a gold substrate:
propyl nitrate, N-butyl nitrate, isopropyl nitrate, butyl
nitrite and nitromethane. All samples were commercially
available and of purity >97%. They were therefore used

without further purification. Spectra were recorded on an
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A.E.I. E.S.200B spectrometer and deconvoluted using a Du

Pont 310 curve resolver, Core level binding energies were

referenced to the Fermi level by monitoring the Au 4F

7/2

signal in the early stages of deposition. The core level

s’ Ols) of the samples are presented

in Figure 20, together with binding energies of comparable

binding energies (le, C

aystems obtained from non empirical L.C.A.C., M.0., S.C.F.

calculations.

COMPARLSON OF THEORETICAL MOBLL COMPOUNDS WITH ENPLRINENT
Molecule -~ Solid Phase Experimental G.E. (eV) Thecietical P.E. ety {Corverted)
s Mis %1s Qs s
EII,JCN 286.8 287.5 400. 4
¢
(E'i)n 285.0 286.4 399.5
N
(E—(.J)“ 285.0 286.3  399.3
C
N
CMJNO2 286.8 406.8 534.3 286.8 406.8 534.1
CHJSJ_NO ) 286.8 404.9 £34.9  535.3
‘ . L .o
EH}(_Illzgi'.z(ZIleNO 285.0 286.7 405.0 534.2 535.2
C!I302392 287.4 407.7 536.2 534.5
_(_3_H3CH20N92 285.0 2B7.0 408.1 535.0 534.2
SI_II}(_IHZC!I:(JHQ,2 285.0 287.1 408.0 535.5 9341
Ell:‘CH2 (O?EQZ)EH] 285,0 187.0 408.1 535.3 534.1
9'}9“29”2(:”20“92 285.0 286.5 408.0 535.5 534.3
7
_C_H3 284,86 288.4 399.5 533.1
lHZ
Q
-< 288.1  399.8 532.8
N
EHJ-O—C--.P\’II2 266.8 290.2 400.3 $34.4 532.6
—O-ﬁ-?- 289.8 400 .4 534.1 532.5
H

Fig. 20 Diagram of theoretical binding ernergies, (actual and corrected for
charging), of selected nitrogen containing species

The le core levels show distinct shifts which facilitate

identification of nitrate nitrite and nitro functionalities

which could conceivably arise in spectra of nitrocelluloses,
e.g. a 3ev shift 1s observed between an aliphatic nitrate and

its nitrite. The nitro group has an NlS binding energy at
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406.8, equispaced between the nitrate and nitrite.

Of great interest also is the large primary shift on
the carbon bonded to the nitrate ester 2.lev from hydro-

carbon referenced to 285ev.

Previous to this work studies of prototype systems for
oxidative functionalisation of polymers have revealed that

the additivity of oxygen as a substituent effect is typically

1.5 ¥ 0.4 ev; hence C-C = 285 ev; C-0 = 286.5; C<8 = 288 ev;
/O
C(O = 289.5. However it is evident from both practical

0

determination of Cls binding energies in organic nitrates
and from theoretical calculations on the methyl nitrate

systemgo3 that the shift in

w

Cls C-0-X group where X = NO2
is about 2.2 ev,. This is nicely shown in the double deriv-
ative spectra, cf Chapter Two, for propyl and isopropyl nitrate
and also of cellulose and cellulose nitraté,(presented in

Figure 21).

The data confirms that a nitrate ester functionality
has a substantially greater shift than might be anticipated
on the basis of a simple additivity modelland that this in-
creased shift at a carbon associated with the conversion of

an alcohol into its nitrate ester (>C-0OH —3> C-0NO endows

5)
E.S.C.A, with considerable potential for monitoring changes

in surface chemistry associated with nitrate ester formation.

203

Recent investigations arising from this initial work
have confirmed the anomalous effect of the nitrate ester and
other nitrogen functionalities in particular with reference

fo the cyano group on adjacent C S binding energies.

1
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ISOPROPYL NITRATE PROPYL NITRATE
16
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42 ~i2 |
16 2850 Rl
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Fig. 21 Double derivative C1q spectra of isopropyl and proprl

nitrate and cellulose and cellulose nitrate showing
the distinetive Cis shift of the c-o0 - N:iO group
0
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The core level,(Clq, Oygs N spectra for a typical

S

lsL

nitrocellulose sample which has been commercially produced

is shown in Figure 22. The C spectrum shows 3 distinctive

1s

Nitrocelluiose (ex MOD)
319% HNO3 © 45:8% P;05 : 203% H20
DOS 23 |

536 53 532 40 408 406 203 201 289 287 285

Fig. 22 Typical E.S.C.A. spectrum of a mitrated cellulose

components)(once a standard line shape analysis has been
carried out). Thus the central component at 287.4 ev
C

arises predominantly from the carbons C % and C6 bearing

5
the nitrate ester functionality with contributions from C4
and C5. Cl uniquely attached to 2 oxygens in the cyclic
hemiacetal formulation of the 8-D-glucopyranose rings is

at the highest binding energy. The component at 285 ev
arises from extraneous hydrocarbon which we will show later

is confined to the very surface of the sample. In cellulose

samples irrespective of source and type (e.g. linters or
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paper type) the hydrocarbon signal observed is variable

but inevitably present. The le signal consists of an
intense high binding energy component and (c¢.f. Figure 20)
comparison with model systems unambiguously identifies this
as originating from the nitrate ester groups —O-NOQ. In
industrial scale nitrations a low binding.energy component

is often observed at ~ 405 ev and thus is associated with
nitrite ester groups. In the laboratory scale nitrations
where conditions are perhaps more precisely controlled such
structural features are at a much lower level. Conventional
nitrite traps (urea, ascorbic acid) dissolved in the nitrating
mix to obviate the possibility of formation of nitrite esters
have no effect (it is also interesting that doseing acid

mixes with excess NO2 does not increaseAthe low levels of
such structural features and it could be that they arise as

a result of reactions occurring during stabilisation and
storage) The effect of such esters on the surface chemistry
and other factors concerned with initial burn rate of pro-

pellant has still to be investigated.

The O levels are essentially composed of three peaks:

1s
the first at low binding energy 533%.4 ev is comparable to the

Ols levels in cellulose itself and due to unitrated C-0H

groups, ring and hemiacetal link oxygens. The central peak

Ve
located at 534.5 ev is assigned to the -N

0
N oxygens while

0
the highest binding energy constituent at 535.5 ev arises

from the C-0-N functionality.

The binding energies are confirmed by theoretical studies

on simple model nitrogen compoundsao3 (Figure 20).




99

With a knowledge of sensitivity factors for the various
core levels it is possible to straightforwardly work out
the degree of substitution D.0.S. (average number of nitro-
ester functionalities per glucose residue). Thus the inte-
grated Cls/le area ratios (excluding the extraneous hydro-
carbon component) yields a D.0.S. of 2.3 for the phosphoric/
nitric nitrating mix; identical with that determined from

micro-Kjeldahl bulk analysis. The total ClS/O ratio

1ls
indicates that there is little residual water in the nitrated

sample.

With fibrillar samples such as linters papers any
information on vertical inhomogeneities into the sample may
only be inferred by looking at different 1evels corresponding
to different escape depths (c.f. Chapter Two). The use of

Ols
0O2s
profiling has been fully described elsewhere

core level area ratios, for example, as a means of depth

170 but essent-

ially utilises the fact that O photo emitted electrons

25S

originate from much deeper in the sample than O electrons.

1ls
The 0ls/02s area ratio is thus a measure of oxygen content

as a function of depth. Ols/02s area ratios have been measured
for a series of cellulose nitrates and Figure 25 illustrates

. Ols . . . .
the decrease in ==— ratiog and hence increase in nitration

0Z2s
levels with time for a variety of acid mixes. This method
however suffers from several inaccuracies and a full depth
profile analysis requires a more sensitive method. Such a
method is now available with the advent of the dual Mg/Ti anode
facility. Consider, for example, the problem of the extra-
neous hydrocarbon observed in the E.S.C.A. Mg kaspectra of

cellulosges. Clearly the good agreement between bulk and

surface analyses of material nitrated for 2 hours suggests
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Fig. 23 Graph of 015/025 core level area ratios agailnst

time for a series of cellulose nitrations

that the sample is uniformally nitrated and the extraneous
hydrocarbon must therefore be localised at the surface perhaps
in the form of a patched overlayer since in most cases there
may well be significantly less than a monolayer present.

One way of establishing the purely surface nature of this
hydrocarbon, (since the usual angular dependent studies are
not feasible, c.f. Chapter One), is to compare D.0.S. averaged
over different sampling depths. Whefeas for Mgka the

typical sampling depth will be ~BOX for Ti ka with photon
energy 4510 ev a figure of ~EOOX would be more appropriate.
and C

Figure 24 shows N spectra for cellulose linters

1ls 1ls
paper nitrated for 300 seconds in a low nitrating mix.
Whereas the Mg ka for the ClS levels show a significant

contribution from the extraneous hydrocarbon the corresponding
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line shape analysis for the Tika spectra is described

with no contribution from hydrocarbon since even monolayer
o} .

coverage ("5A) would contribute a negligible contribution

to the C levels for electrons having a mean free path at

1ls
0

least an order of magnitude greater (-904). This shows

the great value of having a variable photon source routinely

available. The use of Mg and Ti anodes for examining depth

profiles in nitrocelluloses as a function of time is des-

cribed later.

The relative sensitivity of nitrocelluloses to photo-
chemical decompositions is khown and it is therefore necessary
fo investigate the sensitivity to interrogation by means of
E.3.C.A. of nitrated and denitrated cellulose samples. It
may readily be shown that on a typical time scale for the
E.S3.C.A. investigations photochemical degradation is neglig-
ible. At the typical dose rates involved, (typical X-ray
power ~150 watts), significant signs of decomposition require
irradiation periods of >2 hours. The main reaction appears
to be a photoreduction. Thus the high binding energy com-
ponent 1in the le spectrum appropriate to —O—NO2 structural
features 1s accompanied in the case of material subjected
to irradiation for extended periods by a small’ peak at low
binding energy possibly attributable to —éiNH functionallty

(ef. Chapter Five). Figure 25 shows the change in N levels

ls
with time of irradiation and it can be seen that even after
5 hours the low binding energy functionality still only re-

presents a small fraction of the total N spectrum. We may

1ls
conclude from that that X-ray degradation is negligible during
the time scale of a typical E.S.C.A. investigation but that

the appearance of a low binding energy component is an
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Fig. 25 Diagram showing the le core level of a typical

nitrocellulose on continuous X-ray irradiation with
a Mgka soft X-ray source

important photochemical feature which will be investigated

further in Chapter Five.

A.4,2 Detailled Studies of Nitration and Denitration

For a nitrating mix of a given composition one
of the most important features of interest is the gquestion
as to how rapidly an eguilibrium D.0.S. 1s established in
the surface regions accessible to E.S.C.A. As an example
Fipgure 26 shows core level spectra for samples of the same
batech of linters papers nitrated for different periods in a

nitrating mix consisting of 75% H580y; 22.2% HNO§; 2.8% H,0.
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NITRATION N
75% HS0;

222% HNO3 i
28% M0 ¢

Fig. 26 Diagram showing C, and N, core levels as a

function of time for nitration in a given acid mix

The le levels which provide a ready means of following

the nitration remain constant in intensity from reaction
times of 1 sec. to 1 hr. This indicates that on the E.S.C.A.
depth scale, equilibrium is very rapidly established. This
is not entirely unexpected since the diffusion of nitrating
mix into the outermost 502 or so of the cellulose fibrils

is expected to occur rapidly. A similar comparison is

shown in Figure 27 for samples studied by means of the harder
Tik o X-ray source. Here the sampling depth will be several
hundred Angstroms yet the spectra recorded after reaction
times of 1 sec. and 300 secs. are closely similar. It is
clear therefore that the equilibrium D.0.S. is rapidly estab-

lished in the surface regions.
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Figure Twenty-~Seven

The gross features of the equililibria which are involved
in determining the overall D.0.S. in the surface regions of
cobton fibrils is outlined schematically in Figure 28. For
mixed acid nitrating mixes it has been préposed that the
sulphuric acid component does not diffuse into the crystalline
microfibrils but acts purely as an intra-fibrillar swelling

41,3

agent and this could obviously lead to differences in
D.0.3. for the surface and bulk regions of samples since only
in the surface regions is sulphonation truly competitive with
nitration. An important question which E.S.C.A. is potent-
ially capable of answering is whether sulphate esters may be
detected in the surface regions of nitrated material Mg]rconl,2

spectra for the le. S2p and ClS regions of cotton linters
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Ky '
(i) ~~ 0-H + 2HNO3 = -~~~ 0-NOz + HNO3.H20

HNO3. Hy0 =52 HNO3 + Hp0
A 0-H + HNO3 =K ~~ 0-NOy + Hp0

K = K& Nitration - denitration equlibrium
K2 rapidly established ?

(ii) Competitive sulphonation |
~ 0-H + HyS0, == ~~ 0-S503H + HZ0

{iii} Work up procedure
Hydrolysis
~~ 0-NOp + HH0 — ~~ 0-H + HNOj3

Figure 28 Schematic of nitration-denitration equilibria
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for nitrated material are shown in Figure 29. A low level
S2p signal is detected and the high binding energy of ~169ev
identifies this as arising from sulphate ester groups. It
is clear therefore that sulphate esters are formed in the

surface regions.

Comparable studies with the Tike X-ray source with a
larger sampling depth shows virtually no evidence for sulphate
esters and E.S.C.A. therefore uniquely demonstrates the sur-

face nature of such groups.

The final D.0.S. for a nitrocellulose. at least as far
as the surface is concerned depends on niﬁration - denitration -
sulphonation equilibria. The fact that the D.0.S. is
rapidly established suggests that denitration is competitive
with nitration whilst the fact that even in high sulphuric
mixes the D.0.S. 1s still appreciable illustrates that nitrate
ester formation is morefacile than sulphate ester formation.
The rapidity with which the nitration-denitration equilibria
are established in the surface regions is nicely illustrated
by the data displayed in Figure 30. Thus for starting material,
D.0.S. 2.7 denitration of the outermost few tens of Angstroms
is rapid and dependent on acid mix. In 79.1% HNO3 denitration
in 1 sec. is to D.0.S. 2.3 since this mix is close to the
minimum necessary for nitration to be effected without dis-
solution in the acid, while for 84.4% HNO, denitration is
to a D.0.S. of 2.5 in a 1 second time scale,. Corresponding

Tika spectra indicate that the degree of denitration is

slightly lower than for the Mgka X-ray source.

The extreme sensitivity of E.S.C.A. in the detection of
the initial stages of reactions 1s nicely displayed by the

comparative data given in Figure 31.
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This shows the nitration and denitration of cellulosic
samples. The substantial secondary shift of the nitrate
ester group (c.f. introduction) is shown by the shift to
high binding energy compared with the extraneous hydrocarbon

peak. (AE 2.3 ev for the C - O - NO, component compared

2
with 4E 1.7 ev for cellulose itself).
Systematic studies have been made of nitrations in both
nitric-phosphoric and nitric sulphuric mixes, bofth from a
surface and bulk point of view. For nitric-phosphoric mixes
the D.0.S. depends on the composition and there is little
evidence for formation of phosphate esters.(E.S.C.A studies
reveal no trace of phosphate ester groups in washed nitro-

celluloses prepared by this method).

The D.0.3. in the surface region therefore represents
the equilibrium between nitration and denitration. Since
equilibrium in the bulk requires diffusion of reagents then
naturally establishment of this equilibrium occurs on a longer
time scale plan for the surface. The important feature
however is that the D.0.S. obtained from bulk analyses is

essentially the same as for the surface regions (Figure 32).

The situation with regard to nitrations in mixed acid
is considerably more complex and representative data for

bulk and surface nitrations are given in Figure 33.

Considering firstly the data for the 64% sulphuric mix
the surface D.0.S. as assessed by E.S.C,A. utilising the Mgka
source 1s esse.itially established aftfter 1 second exposure and
remains constant thereafter. The diffusion of nitrating mix
into the bulk leads to a time dependent D.0.3. which tends

fo approach that of the surface. As the sulphuric acid
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content is increased and water content decreased the surface
D.0.S. decreases. In terms of competitive equilibria we
might anticipate that as the sulphuric acid content increases
the formation of sulphate esters becomes more likely. The
suggestion has been made that in mixed acid nitrations the
sulphuric acid does not penetrate the bulk or that & least
fthe nitric acid precedes the sulphuric acid into the crys-

41,3 and on this basis we might anticipate

talline structure
significant differences in surface and bulk chemistry irres-
pective of time scale. E.S.C.A. has demonstrated this in
detail for the first time. Thus for both the 70% mix and
the 75% sulphuric mixes the D.0.S. of the surface is actually

lower than for the bulk.

Examination of Tika spectra of such material however

'

reveals a D.0.S. higher than that recorded using a Mgka

source. The measurement of D.0.S. using Tika source and using

the appropriate line shape analysis appears to reflect much

more closely the nitrogen content of the bulk (Figure 33).

The rate of denitration and nitration has been a matter
of considerable debate in the past and some workers have
recorded that the rate of nitration appears considerably

83, 41,205 This has often

greater than that of denitration.
been ascribed to a difference in the rate of diffusion of
acids in and out of the crystalline material. This is an
important question which E.S.C.A. i1s potentially capable of
answering. Figure 34 displays time dependent data for a
series of denitrations of 2.8 D.0.S. material in nitric acid/
water mixes of various strengths. In comparison with the

instantaneous nitration studies presented in Figure 31 it is

plain that differences do exist in the outermost few tens of
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angstroms when considering denitration in this media.

The D.0.S. finally attained is dependent on the acid com-
position and it would appear that the greater the difference
in D.0.S. between starting material and final D.0.S. achieved
in a given mix the faster the initial rate of denitration
(c.f. Chapter One). The denitration of 2.8 D.0.S. material
in mixed acids (nitric/sulphuric) is shown in Figure 35 and
it can immediately be seen that the initial rate of denitration
is very fast indeed and comparable to that in nitration. It
may be that the slower second stage of the denitration may

be explained in terms of a different reactivity of primary
nitrate groups towards denitrating acids. This possibility

is further explored in Chapter Four.

Important observations were also made in this study
regarding the degradation of nitrocelluloses in the acid mixes
over extended periods of time. Tromme1205’8§ first observed
in a denitration with time experiment in a nitric acid/water
mix a continuous drop in nitrogen content over a period of
one year. Miles41 has reported similar behaviour over shorter
time periods. It is obvious that both the equilibrium and
accessibility schools of thought find this inconsistent with
eifther theory. An equilibrium should be established within
minutes and it is unclear how a cellulose will become more

accessible to a given mix the longer it is immersed.

However 1t is clear from examinatién of carbon-oxygen
ratios that denitrations in acid mixes for longer than 12 hours
given oxygen levels 1n excess of that required by the measured
nitrogen content. (This has been supported to some extent
by 13Cnmr spectra of such material). To conclude this pre-
sentation of the application of E.S.C.A., in this important area

mention will now be made of experiments carried out to determine
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the extent of reaction of various reagents with cellulose
itself. It has long been realised that methods of measuring
the crystallinity of cellulose by the extent of reaction

(c.f. Chapter One) of sodium metaperiodate, for instance,

is an inaccurate procedure, the result of which will depend,
to a large degree, on the type of cellulose used and the
nature of the reagent. Of primary concern is whether the
reagent 1is truly penetrating the so-called amorphous regions
leaving the crystalline parts unscathed or whether the re-
action is confined to the surface regions of individual fibrils
and the degree of crystallinity obtained is in fact only a
measure of the available surface area. In this work dry type
1 cellulose was treated with 0.1m sodium periodate for 24
hours in the dark, with sodium hypochlorite for 24 hours or
with a combination of both with a washing procedure between
the two treatments. The oxidation of cellulose by periodate
solutions in the dark is known to proceed, (without side re-

actions), by the following mechanism:

CH,OH ~ NaIo,
.*
H 0 o CH,,OH
OH
H ? H Lg,
H OH NG
¥ HoH
NaIOa C C H
i
0 0

According to this equation the oxygen consumption of a
periodate oxycellulose is equal to the percentage of the
chain units that have been oxidised. The uptake of oxygen
can thus be calculated using the titration methods of Muller
and Fr’iedberger44 and the amount of oxygen consumed per 100

glucose units can be estimated. The oxidation of cellulose
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by hypochlorite solutions has been studied by Clibbens43

and has been shown to depend on the pH of the solution. In
this work the oxidation was carried out at pH 7.4 which
according to Nevell44 gives rise to increased aldehydic and
carboxyl content. The consumption of oXygen was again
calculated by titration methods,44 and compared to Cls/ols
ratios obtained from E.S.C.A. analysls of the dry oxidised
materials. The results of this study are shown in Figure 36
where it is clear that the reaction is confined almost entirely

o
to the surface of fibrils (50A or less) and must cast further

doubts on crystallinity measurements using such reagents.

24 Ivs in sodium h hiorite 24 hrs in sodium periodate 23 hrs in NalO4 .
pos . followed by 24 hrs in

NaOCl

100

4 esca pata
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of oxygen
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Fig. 36 Graphical representation of the inhomogeneous
oxidation of cellulose _
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It is clear therefore that E.S.C.A. provides a new
dimension to this complex problem of the nitration-
denitration of cellulosic materials as well as information
on cellulose itself and the work described here provides
a strong basis for the study of even more complex systems
represented by double based propellant formations (c.f.

Chapter Five).
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CHAPTER FOUR

THE APPLICATION OF CARBON-13 MAGNETIC RESOHNAIICE

TO THE DETERMINATION OF PARTIAL DEGREES OF

SUBSTITUTION IN CELLULOSE NITRATES




4,1 Introduction

A considerable volume of literature has appeared over

the last eighty years concerned with the technical nitration

}

Fal

of cellulogic materials. Both the displacenie.at and
'technical' processes have been thoroughly investigated
although surprisingly a number of fundamental questions
remain unanswered. However although there are still some
arguments in favour of the 'accessibility' theory, (see
Chapter One), it is now generally accepted that under the
conditions and media employed in most technical nitrations
the final D.0.S. of the bulk material 1s under thermodynamic
control. In Chapter Three we have shown that tThis is true
in the outermost few tens of Angstroms although the convol-
ution of factors which determine the overall stoichiometry

are such that the surface is often distinctively different

from the bulk.

Some of the most intriguing aspects of the nitration
and denitration of cellulosic materials are related to the

anomalous changes in interchain spacing as a function of degree

b

T

of substitution. These results recorded by Miles and

TrommelSj’EOS’213 are more thoroughly discussed in an earlier
chapter. The fact that such spacings differ for materials

of the same D,0.S. produced by nitration and denitration and
the apparent differences in solubility in alcohol-ether of
such samples must reflect the detailed differences in chemical
microstructure and substitution patterns in individual and
sequences of B-D-glucopyranose residues (c.f. Chapter Six).

It is not inconceivable that nitrocelluloses of the same

degree of substitution prepared by displacement or technical
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processes may be structurally different according to the
nitrating and quenching procedures employed. This has,
in fact, recently been suggested by results obtained by

Lewis from optical path difference measur‘ements.214

It is clear however that a knowledge of substitution
patterns in materials produced by nitration and denitration
is essential for a full understanding of thils interesting
problem but although extensive 1investigations have now been
made of overall D.0.S. over a varilety of nitrating and de-
nitrating conditions very little information has been avall-

able on the partial D.0.S. at the 06 primary and C. and C

2 >
secondary sites in individual glucose residues. The first
indication that equilibrium degree of substitution at different
sites in the glucose rings were not the same came {rom the
iodination experiments of Murray and Purves.206 By specific-
ally displacing primary nitrate esters by iodide,(typically
Nal in acetylacetone at a temperature of.115oc),it was shown
that in partially substituted nitro celluloses the partial
D.0.38. ror the primary site was always greater than that for
the secondary sites. Unfortunately with materials of D.O.S,
>2 which includes all those of technical importance consider-
able degradation occurs during the reaction. This is nicely
shown by electron micrographs of material of 2.7 D.0.S. and
<2.0 D.0.S. treated for identical time periods, (6 hours),

by the reagent. The fibrous structure which is maintained
throughout nitration and denitration reactions is completely

destroyed by the reaction on 2.7 D.0.3. nitrocellulose whereas

the low degree of substitution is structurally unaffected.

Attempts to use E.S.C.A. to follow iodine replacement

and hence C6 substitution patterns have been made but the
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results are not conclusive. Figure 37, for example,
illustrates the ClS and I3%d core levels for a nitrocellulose
denitrated for 40 mins. in 79.1% nitric acid and subsequently

with the Nal/acetylacetone reagent for a period of 12 hours.

| 3d

—
} 1

632 620

Fig. 37 Core level I}d and C1S spectrum of a denitrated

celluloge nitrate treated with Nal in acetyl
acetone for 12 hours

This nitrocellulose which is fibrous in character, (re,
electron micrograph studies), and apparently unaffected
by side reactiong gives a total D.0.S. of iodine, (in the
form of —CHQI), of =0.5. Comparison with PFigure 35 in
Chapter Three reveals an expected D.0.S. of nitrate ester
groups of "1.1 for such a material denitrated in this mix
for 40 mins.

It is readily apparent from this that there is far more

iodinated material in the primary position than would he
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expected on the basis of three equivalent equililbrium

constants for denitration at the C, C, and Cé positions

23

and it would appear that the primary position is less sus-
ceptible to denitration than nitrate groups at tne other
positions. However the problems assoclated witn this method
are apparent from electron micrographs and it is ky no means
certain that the almost guantitative conversion of the

—CH20N02 —> -CH.,I observed in glucose derivatives applies

2

Lo high molecular weight celluloses. As we have already
observed in certain cases in Chapter Two the surface is not
always representative of the bulk and as a window on bulk
behaviour and for establishment of rate information this
chemical tagging method has limited application. It becomes
apparent that a method of determining distribution of nitrate
groups and partial degrees of substitution in a range of
nitrocelluloses from very low to very high D.0.S. is essential

for elucidation of this complex problem. Thus we turn our

attention to the data pertaining to n.m.r. studies.

A possible methoed of obtaining high resolution n.m.r.

spectra of cellulosic material has recently arisen following

15

the work of Leader2 who has used hexafluorocacetone in ethvil
aceftate solution to react with organic compounds containing
active. hydrogen groﬁps fo form adducts containing the probe

19

group _C—(CFB)E-OH' F n.m.r. spectra can thus be obtained
with high sensitivity since six fluorine atoms are placed in
close proximity to the functional group tagged. Hydrogen

bonding abilities of the unusual ~C(CF -0H probe group also

3)2
enable it to interact with the solvent and all groups in the
compound which are likely to be involved in hydrogen bonding.

For instance when intramolecular H-bonding is possible as in
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the adduct of Ci—I3 0 CH2 CH2 OH it may exist as a rapidly

exchanging mixture of the solvent bonded and intramolecular

H-bonded forms as shown below and hence gives an averaged

chemical shift for the flucrine-containing species involved.

CHB— 0—CHs-CHx- O-C—(CF3)2

CHz 9~CH2——CH; 0-C—~(CF + EtAc

3 32
t |

In some cacses these equilibria may be shifted far to the right |
resulting in a stable intramolecularly bonded adduct. In

other cases however the solvenf bhonded and intramolecular
H-bonded forms may be of comparable stabiiity and coexist
giving an averaged adduct line position. Sinoe the reactions
affecting adduct chemical shifts are, (under the conditions
normally used), controlled only by temperature and the chemical
properties of the solvent and compound tested theyv result in
definite chemical shifts independent of minor variations in
concentration. In order to investigate the feasibility of
studying polyols and eventually cellulosic materials using

this method both d-gluoésé and g -methyl-D-glucoside have been

19

tagged with the probe group and the F n.m.r. spectra obtained
are shown in Figure 38. These complex spectra reveal detailed
differences presumably due not only to direct chemical shifts
tut also the change in H-bonding systems brought zbout by the
presence or absence of a methyl group at the Cl position.

The technique clearly shows promise but the applicability of

the method to cellulosic materials is likely to be restricted

by solubility problems. Hence the problem of obtaining
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d-glucose B-methyl
glucoside.

19F n.m.r. spectra of glucose and B-methyl
glucoside treated with hexafluoroacetone reagent

Fig. 38

information on the partial degrees of substifution in
cellulose nitrates remains.

An important advance in this area has-recently ceen
reported by WU.gl6 By careful examination of the noise
decoupled le n.m.r. spectra of model systems he has shown
fLhat it is possible to assign components in the region
“100 p.p.m. to the low field of T.M.S. to the anomeric (Cl)
carbon in the variously substituted glucose residues. This
has demonstrated unambiguously that the equilibrium partial
D.0.5. is in the order C6>C2>Cj' An analysis based solely
on the anomeric Cl carbon, however, has certain inherent
weaknesses which can be largely eliminated by using the

remainder of the 13C n.m.r. data from CP—Cé ohce appropriate
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assignments have been confirmed. The problems associated
with complete analveis of signals arising rrom anomeric
carbons are presented in Section 4.3 but are essentially
concerned with signal to ncise ratios which are uniliikely
to be resolved with present instrumentation.

13,

In this chapter therefore a detailed C n.m.r. analysis
of the substiltution patterns in ktoth nitrated and denitrated
cellulcosic materials is presented. A complete assignment
of peaks allows a considerable amount of information Lo be

extracted over a range of degree of substitutions and a survey

good eignal/

o’ anomeric signals in spectra of particularly
noise ratio yields some hitherto unsuspected results pertaining

¢ seguernice distribution.

The prime objectives of this study, which refers to
the bulk and which complements the work on surface chemistry
presented in Chapter Three, may be summarised as follows:
to investigate -
(a) nitration in different acid mixes for fixed periods

of time;

—~
(o)
~—

denlitration in different acid mixes for fixed periods
of time:

(¢) denitration in a given mix as a function of time.

4,2 Experimental

Nitrated material for analysis in this work was prepared

by methnods described in Chapter Three and from cellulose of

identical type and source. Nitrations were carried out for
2 hours - a period which it has been shown gives rise to
homogencouys material., 10% hy weipht solutions of the polyimer

. . . (I
viore made Up in dmmethylsulphox1de—d6. The (" ... proton
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noise decoupled (75.5 MHz) spectra were recorded on a Varian
Associates S.C.300 spectrometer at 75-8OOC with typical
acquisition times of 12 hours corregponding to the accumul-
ation of NlOB transients. The carbon chemical shifts are
reported with respect to the internal tetramethylsilane,
(MeMSi) reference. Peak areas were determined iy spectral
integration. Low temperature (25—29OC\ n.m.r. spectra were
also recorded but were found to be broad and poorly resolved
due to high viscosity whereas high temperature conditions
=9OOC as used by WU216 give discoloured solutions and addit-
ional small peaks on long acguisition times (c.f. data in
ref.216). These phenomena have also been observed in this
work but to a lesser extent and the nitrogen content of certain
csamples have been determined by a modified Kjeldahl method,
(e.f. Appendix), and found to be comparable with the D.0.S.
calculated from analysis of the n.m.r. data and the percentage
nitrogen expected from standard tables for nitration in the

particular acid mixes used.

The iodinations described in the introduction were

carried out by methods outlined in the work of Murray and

Purves.dl7 E.S.C.A. analysis was carfied out on an E.S.200B

spectrometer and Cls/IEd ratios calculated from sensitivity

factors obtained from model compound analysis.

4.3 Results and Discussion

4.%.1 Introduction

The analysis of partial D.0.S. based solely on
the anomeric region is extremely difficult and this 1s evident
from the spectra in Figure 39. (The spectrum is for a nitrated

material D.0.S. initially 2.83% denitrated in 82% HNO5 for a




03 100 95 90 85 8 75 70 65 €0
PPM
Fig. 39 150 n.m.r., (75.5 MHz proton decoupled), spectrum
of a 2.8 D.0.S. NC denitrated for 20 seconds in
B2% HNO,/18% H,0
period of 20 seconds). Whilst the components at 99.7 p.p.m.

and 98.4 p.p.m. assigned to the anomeric

stituted and 2,6,-disubstituted are well

carbon in trisub-

resolved the higner

field region arising from 3,6 disubstituted and 6-monosubstit-

uted glucose residues is largely unresolved. Comparison of

the whole series of zpectra for nitrated

énd denitrated mater-

ials does allow however an unambiguous assignment of the lower

region of the 15C n.m.r. spectra arising

the component at 83%.2 p.p.m. corresponds

stituted glucose residues and that at 85

C., in 3,6-disubstituted glucose residues.

5

Overhauser enhancements, (N.0.E.), cf. Chapter Two, for Cl—G

Al _(‘Q Bl
from 62 Cee Thus
to CE in 2,6 disub-

.2 p.p.m. arises from

Since the Nuclear

5
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are essentially the same (see later) a direct ratio or peals
areas allows an accurate ratio of the disubstituted products.
This, taken in conjunction with a total integral {ior the
highest field region for the anomeric carbons and the area
ratios for the two lower field components allows a partition-
ing of substitution patterns into tri, di and mono-substituted
glucose residues. (A full assignment of peaks is given in

Table 4.1).

Table 4.1
Peak No. Assignment
1 C1 in 3, 6-disubstituted
2 Cl in 6-monosubstituted
3 Cl in Crisubstituted
U ¢l in 2,6-disubstituted
5 C3 in %,6-disubstituted
6 c2 in 2,6-disubstituted
7 C’ in trisubstituted
, . . . (remains
~ )
8 Cl4 in trisubstitubted constant )
9 C2 in trisubstituted
10 c2 in %.6-disubstituted
11 C6 and C5 (coincident in frequency

and shift insensitive
fo remaining substitution

pattern)

It can be seen that the minor component at 74.5 p.p.m. arising
f'rom 02 in the 3,6-disubstituted residues has the same intensity
as that of the component at 85.2 p.p.m. due to Cj in the 3,6-

disubstituted residue as required by the assignment. It

should also he noted that the intensity of the component at
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83.2 p.p.m.. (C, in the 2,6-disubstituted residues), is

2
again equal to that of the lowest field component in the
anomeric region as required once more by this assignment.

The intense components at 80.2 p.p.m., 79.1 p.p.m. and 76.9
p.p.m. are assigned to CB’ C4 and C2 respectively in the tri-
substituted residues while the largest peak at 71.6 p.p.m.
corresponds to C6 nitrated material, (shift insensitive to

remaining substitution patterns), and also to C5 which 1is

fortuitously coincident in frequency.

Since we would anticipate that C. would have a compar-

5
able N.O.E. to CQ—C4 we may subtract the ratioed intensity

for the component at C5 from the total integrated intensity
for the component at 81.6 p.p.m. and thus provide an estimate

of the correcting factor to account for differences in N.O.E.

for the methylene group at C6.

The factor of 1.5, (accounting for decoupling effects

15

in the C experiment), derived from this analysis has then
been used to estimate the extent of uninitrated material in
appropriate cases from an analysis of the component at 60.5

p.p.m. assigned to Cg, (CHQ-OH).

With respect to the problem of anomalous lattice spacings
it may be interesting to examine the available data for in-
formation pertaining to sequence distribution before consider-
ing in detail our limited objective of determining partial
degrees of substitution. Trommelgj’glj.has suggested that
material prepared by denitration of high D.0.S. material is
likely to consist of large chain sections of fully nitrated
material adjacent to segments of unnitrated glucose residues.
Thig, it is postulated, is due to the fact that denitration

is more likely in residues adjacent to those already of low




D.0.S. Sequence information is therefore o orent interest

and it is evident from the zapectrum in Tigure -0 thav auon

data 1s potentiall: available esyecially Zrom Tie nign Tield
b

anomeric carbon region wnicin is varticularly suscentible to

subtle changes 1in magnetic environment. .The spectrum which

g d v

05 10 9 90 85 80 75 7 65 60

PPM
Figure 40 13C n.m.r. spectrum of a 2.8 D.0.S. NC denitrated
for 5 mins. in 82% HNOB,lBA% HEO

is of a denitrated sample (82 % HNOB, 5 mins. reaction time),
however, gives some indication of the likely difficulties in
extracting such information since the considerable fine
structure apparent in the anomeric region is complicated by
a pobr signal to noise ratio. The n.m.r. analysis gives ani

overall D.0.S. of 2.31 with ~ 50% of the g,D-glucopyranose

residues being trisubstituted and ~20% being 6-monosubstituted,
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the partitioning between the disbustituted derivatives being
2:1 in favour of the 2,6 compared with the 3,6 derivative.
Since Wu216 has shown that substitution at C6 largely leaves
the anomeric region unaffected, sequence distribution will be
manifest from the effect of substitution at the Ca7 position
in adjacent rings. On this basis we might anticipate that
fthe highest field component assigned to the anomeric carbon
in the 3,6-dinitro substituted 8,D-glucopyranose residues
would be essentially a doublet structure since the B8,D-gluco-
pyranose units linked to Cl will have either a nitrate ester
functionality present (trinitro) or absent (2,6-dinitro,
mononitro) at Cj'. It is interesting that the splitting
between the doublet at high field is 0.8 p.p.m. compared to the
shift in the anomeric region, 1.3 p.p.m., éttributable to a

nitrate ester at C (taken as the average splitting between

3}
both the first 2 and the second 2 components of the anomeric
region). However it is possible to explain this by the fact
that 03' is one bond further removed in the system. Since

the shift at the anomeric carbon for a C6 nitrate ester
functionality is known to be small this provides a consistent

overall description of the effect of long range substituents.

Consider now the derived substitution pattern for this
particular sample. In an octad segquence of units we may
expect approximately four trinitrate, 3-dinitrate, (1 of which
would be 3,6-disubstituted), and 1 mononitrate ester 8,D-
glucopyranose residue. On a random basis of substitution
of nitrate groups along a sequence of units we might expect
a 3:2 (trinitrate vs. 2,6 dinitrate plus mononitrate) intensity
ratio for the high field region. Even with the relatively

poor S/N ratio for the spectra in Figure 40 it iz clear that
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the intensity ratio is more nearly 3:4 and this seems to
indicate non-random substitution. The broadened nature of
the components also indicates that although longer range
effects are small they are none the less significant and this
becomes even more apparent in the analysis of the component
centred at 104.7 p.p.m. attributable to the anomeric carbon

in B,D-glucopyranose residues with unsubstituted 02 and C3
positions. On an ectad basis this signal originating from
the anomeric carbon should primarily show splitting originating
from the presence or absence of a nitrate ester group in the
Cj' position at the adjacent ring (attached to the anomeric
carbon). On a statistical basis there is a 5:2 probability
that a nitrate ester group is present in the Cj' position
however the two outside components of the triplet, (separated
by 0.8 p.p.m.), are of roughly equal intensity. This indicates
that the cumulative effect of longer range shift effects,
(from Cg), are probably important since a third component is
also observed in an intermediate shift position. It is
tempting to assign these three components in decreasing shift
to high field as arising from adjacent B8,D-glucopyranose
residues which are elther the trinitrate, 3,6-dinitrate or
2,6-dinitrate derivatives; the indication being again that the

substitution is non-random.

The more intense components at lower field, (99.7 p.p.m.
and 98.4 p.p.m.), attributed to trinitrate and 2,6-dinitrate
substituted B,D=glucopyranose residues also exhibit fine
structure. Thus the latter shows a 3 component structure
which might be due to the lack or presence of nitrate ester
functionalities at either or both of C,' and C,.'. The

3 2

dominant component arising from the trinitrate at 99.7 p.p.m.
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again suggests a rather specific sequence arrangement. In
summary therefore it appears that sequence information might
be accessible from detailed analysis of the anomeric carbon
region which is especially sensitive to substitution pattern
in the adjacent glucose residue. Ma jor problems, however

can be expected in investigating this in any great detaill
since the S/N ratio for the spectrum in Figure 39 is not
suificiently good and improvement with current iunstrumentation

would not be feasible on a realistic time scale.

4.3.2 Partial D.0.S. for Nitration in
Different Acid Mixes

Having considered the basis of the assignments

sion

w

cu

&)

and

w

ubject analysis of data we may now proceed to a di
of the data for the partial D.0.S. for nitration in the three
different acid mixes described in the previous section. The
data is shown in Table 4.2. Considering firstly the material
of highest total D.0.S.. (2.83), no evidence has been detected
for any monosubstituted residues and a pértitioning between
83% trinitrate, 11% 2 6-dinitrate and 6% 3,6-dinitrate yields
and C., carbons.

2 5

The corresponding data for the nitrated material of lower

partial D.0.S. of 1, 0.94 and 0.89 for Cgs ©

D.0.S. reveals that only for the material of 2.3%7 D.0.3. is
there any significant contribution from unsubstituted
B,D-glycopyranose residues.

From the limited number of nitrocelluloses studied in
detail by Wu216 a general treatment of equilibrium partial
D.0.S. was suggested, the central feature of which is that
the reactivity of a given hydroxyl group is independent of

the substitution pattern. In the light of the crude examin-

ation of sequence distributions described above the implication
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of such a model that reactivities and positions in adjacent
B.,D-glucopyranose residues does not depend on substitution
pattern does not seem to be tenable and this raises doubts
about the validity of a simplistic description of a series
of complex equilibria in terms of only 3 parameters, namely
the ratios of equilibrium constants for substitution at the
3 sites, (2,3, and 6), in a given g ,Dh-glucopyranose residue.
Since the nitrated materials described here fall in a D.O.S.
range not explicitly examined in detail by Wu216 but none-
theless covered by this distributioh model it is of interest
fo compare the 130 n.m.r. derived substitution pattern with
those predicted by the simple equilibrium model. The data

is shown in brackets in the relevant columns in Table 4.2

and reveal tolerable agreement . the main discrepancy being

the overestimate of the model of the extent of unsubstituted
and monosubstituted B,D-glucopyranose residues. Since a
large number of samples have been investigated in this work

in the total D.0.S. range 2.0-2.8% we will postpone a detailed

comparison with the preductions based on Wu's model until a

later section.

4.3,3 Denitration in Different Acid Mixes for
Fixed Periods of Time

15

Table 4.3 displays the data provided from C n.m.r.
spectra of denitrated nitrocelluloses obtained from 2.83% D.0.S.
starting material immersed in the 4 acid mixes described in

the experimental section. The first important point to note

is that denitration to a total D.0.8. of 2.0 provides no
evidence for unsubstituted B8,D-glucopyranose residues. The

equal distribution of tri and mono nitrate substituted residues

is fortuitously in agreement with Wu's simple model however
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the latter predicts a substantially larger proportion of
disubstituted products than are actually observed. Since

fthe simple model essentially ignores medium effects material

of the same D.0.S. produced either by nitration and denitration
under different conditions should appear with the same dist-
ribution pattern. A comparison of the data in Table 4.2 for
D.0.S. 2.37 with that in Table 4.3 D.0.S. 2.43% again reveals

a tolerable agreement; the only major disbrepancy being the
partitioning between monosubstituted and unsubstituted residues.
The denitration process is seen to be in the order 05>Cé»C6
and the equilibrium D.0.S. decreases rapidly on going from

fuming nitric acid to 79.1% nitric acid.

4.%2.4 Denitration in a Given Acid Mix as a
Function of Time

Starting from a material of D.0.S. 2.83 samples
have been examined by le n.m.r. afterAperiods of 1,5,20,300
and 400 secs. denitration in 82% nitric acid and the data
are displayed in Table 4.4, In Chapter Two it has been shown
by E.3.C.A., that denitration to a depth of ~lOOX is at the
equilibrium value for a given acid mix in a reaction time of
1 second and the fact that '°C n.m.r. detects no difference
with respect to the initial starting matérial merely reflects
the small fraction of the total volume sampled by E.S.C.A.
Within 5 seconds the reaction has penetrated well into the
macrofibrils and significant differences ére observed. The
D.0.S. therefore drops mainly due to loss of nitrate ester

at the C, and C, positions.

2 5
The D.0.S. at 40 mins. reaction time of 2.195 is essent-
ially the equilibrium value and the data for samples studied

after longer reaction periods, (up to 12 hours), provide
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identical data. The D.0.S. 1s marginally lower than for the
sample denitrated in 83% nitric acid; the data for which are
displayed in Table 4.3, The distribution of substitution
patterns are similar, the main differernice being the higher
percentage contribution of monosubstituted B8,D-glucopyranose
residues for the lower acid strength. The trend is maintained
since Tor 79.1% acid strength the D.0.S. has dropped further

to 2.0.

4,%.5 Comparison of Data

It would be expected from the simplified asnalysis

presented by Wudl6

that material of a given D.0.S. would show
the same partitioning irrespective of the equilibrium condit-
ions under wnhich it 1s produced. However 1t 1is readily
apparent from a comparison of a series of denitrated and
nitrated materials in the range 2.0-2.83% where the major

proportion of f.D-glucopyranose residues are either di or

tri substituted that this is not so.

This can ke readily appreciated from the histogram plot
shown in Figure L. The striking feature of this data is
that the ratio o the 2,& to 3,5 -disubstituted products does

indeed appear to be largely independent of the medium as
216

proposed by Wu . It has been previously noted that the

distribution of mono and unsubstituted residues is different
for nitrated and denitrated masterials, (2.37 and 2.43 D.0.S.),
and in fact for the denitrated material there is no evidence
ffor unsubstituted residues down o a D.0.S. of 2.0. Reference
to Wu's distribution curves shows that if a simple model

pased on three squilibrium constants was applicable a material

of D.0.S. 2.0 should have several per cent ot unsubstituted
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-2,36 TRINITRATE
E -26 DINITRATE
}- 36 DINITRATE

B2- 6 MONONITRATE
(] - uNsuBSTITUTED
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NITRATION
26
DENITRATION
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zom

Fig. 41 Block histograms of nitrate ester distribution
for given D.0.S. cellulose nitrates prepared by
nitration and denitration -

residues whilst for material of D.0.S. 2.37 there should be
no unsubstituted residues. Figure 40 therefore illustrates
in a graphical way that the situation is considerably more
complex than implied by Wu's elegant but simplistic analysis.
The implication from the analysis in the introduction
that substitution and sequence distribution is non random also
suggests that reactions at a given site in a glucose residue
are influenced by the substitution patterns in adjacent rings
and this again casts doubt on the validity of a simple model
which assumes that within a given ring substitution at one
site is independent of the substitution pattern in the same
ring. It is also interesting to note the available literature

data218 which also casts serious doubts on this assumption
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since studies of denitration of simple model systems have
indicated that rates are greatly influenced by structure and
although these exXperiments were carried out under different

13

conditions it would appear that the results from the C n.m.r.

are indeed analogous.

This denitration of ethylene glycol dinitrate, (e.g. as
a model for 2,3% dinitrosubstituted B8,D-glucopyvranose residue)
is an order of magnitude faster than for 1,4 butylene glycol
dinitrate (e.g. as a model for 3,6-dinitrosubstituted B8,D-
glucopyranose residue). The relative rates of nitration
and denitration at a given position in a substituted 8,D-
glucopyranose residue is therefore likely to be grossly rather
than subtly dependent on substitution pattern. Published

data208

on relative rates of denitration of simple model
systems shows that a primary nitrate ester is particularly
stable and on the basis of this the observed behaviour in
denitration of the 6-monosubstituted residue being present
without any evidence for the unsubstituted 8,D-glucopyranose
residues is readily understandable. Although it is not
possible on the data collected to gquantify the situation
further sufficient data is available to assess the likely
ordering of relative rate and equilibrium constants and to

this end we may consider the partial reaction sequences shown

in Figure 42.

No evidence has been presented in the literature on
rate data for the initial formation of monosubstituted deriv-
atives other than the 6-substituted B8,D-glucopyranose residues.
However the fact that a significant proportion of the glucose
residues are unsubstituted in nitrated material of D.0.S. 2.37

strongly suggests that the rate constants for nitration in
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Mono Di Tri

—_— . 6 S 2,3,6

Fig. 42 Schematic showing partial reaction pathways in
the nitration/denitration equilibria

fhe 2 and % sites in a given glucose residue increases with
fthe partial D.0.S. in the particular residue in question.
This is supported by literature data on model systems which
indicates that the rate of a denitration step increases the
more highly substituted the derivative. In terms of the
partial scheme outlined in Figure 41 the rate constants for
denitration of monosubstituted derivatives is certainly in
the order 6k_m<<2k_m, jk_m. There is no available literature
data on rates of nitration at primary and secondary sites in
model systems, however, the equlilibrium constants for form-
ation of the mononitrate esters are undoubtedly in the order

6km>2km, 3km. Since the order of rate constants for de-

nitration are likely to be:




6 2.6 3,6

< L
k_m k_gq -4 -d

the order of rate constants for nitration must be

6, 2.6,

Kk 3;61{ <2,5,6kt(2)’ 2’},61'{46(3)

-m a’ d

The constancy of the 2,6 to 3 6 disubstituted residues

implies that 2’6kd/3’6kd=2'3’6Kt(5)/2’3’6kt(2) and this is
consistent with a greater reactivity of the 2 position relative
to the 3 position for a given partial D.0.S. in the residue

in question. In summary therefore the nitration-denitration
reactions are considerably more complex than has been implied
in the past and at best a simplified model based on 3 equil-
ibrium constants can only provide a crude Qualitative picture
of the partial D.0.8. in nitrated or denitrated cellulose
samples. However the modifications outlined in this chapter
allow a direct comparison of substitution patterns with lattice
spacing data, (which will be more fully discussed in Chapter
Six) and the inference that substitution is non-random is
important in investigating the relationship between the D.O.S.
in sequences of g,D-glucopyranose residues and the differences
in 'd' spacing for nitrated and denitrated materials of the
same D,0.S. prepared in different ways. It is also clearly
evident from the data that the le n,m.r.'spectra provide an
accurate determination of D.O.S. and if the instrument time

is available provides a realistic replacement for the time-

consuming Kjeldahl nitrogen analysis.




CHAPTER FIVE

E.S.C.A. STUDIES OF THE SURFACE CHEMISTRY OF

CELLULOSE NITRATES AND DOUBLE BASED PROPELLANTS,

WITH PARTICULAR REFERENCE TO THEIR DEGRADATION

IN ULTRA VIOLET LIGHT




144

5.1 Introduction

The stability of cellulose nitrate and doukle based

propellants to a number of environmental conditions is of

220,221 over

great interest to the munitions industry.
extended periods of time factors such as humidity changes
and exposure to solar radiation may profoundly affect the
burn rate of these materials by initiating degradation of
the parent nitrocellulose or through loss of plasticiser

and nitroglycerin by volatilisation from the surface.zgl

In the past the degradation of cellulosic materials
has been measured by monitoring changes in viscosity or

222 226 - ) i
? brought about by a chain scission

tensile strength
reaction which in cellulose itself 1is considered the main
photolytic reaction. However the typical quantum yields

for chain scission in cellulose (0.001) and cellulose nitrate
(0.01) are substantially smaller by at least an order of
magnitude than that reported for the photolysis of nitrate
227

ester groups and can be expected that the loss of nitrogen
oxides from the photolysis of such groups will be the main

reaction in cellulose nitrate. Very little worik has in fact
been published in the photolysis of the simple alkyl nitrates

but in the wavelengths of interest to this work (i > 2900)

there is evidence for three primary proéesses:225
hv
R-CHs-0-NO, ——) R-CH_-0- + NO, (1)
——» R-CHO + HONO (2)
_— R-CHQ—ONO + O (3)

Quantum yields for these reactions are in the order
(1) >(3) >(2). Phillips et aZ223 have studied the thermal

degradation of alkyl nitrates and reported that the initial
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cleavage (1) was followed by

R-CH,-0*+ RCH —ON02 — RCHQ-OH + RCH — ONO2 (4)

0 2
RCHO + NO, (5)

In view of what is known about possible degradation pathways
it is not surprising that recent studies of the thermal
degradation of cellulose nitrate and double based propellant
have concentrated on monitoring the rate of evolution of
nitrogen oxides at elevated temperatures as determined by

224,225 In such

chemiluminescence NOX analyser techniques.
measurements the loss of nitrogen oxides is monitored contin-
uwously giving direct information on rates but no information
is available on the reaction of degradation products with
other constituents of the propellant or indeed on any chemical
changes which may occur on the photolysis of a nitrate ester
group. In order to fully understand tﬂe mechanism such
information is essential and since it is the very surface of
these materials which interacts initially with solar rays

and humidity of the environment 1t would be of great interest
to study the nature and rate of accumulation of degradation
products in the outermost few tens of Angstroms of cellulose
nitrate fibres and double based propellants on exposure to
controlled environmental conditions. The lack of information
avallable in the literature in the past in this area can be
traced directly to the lack of a suitablé.technique and 1t

is only with the advent of E.S.C.A. (X-ray photoelectron
spectroscopy) in the last few years that such information

is now potentially available. Recent E.S.C.A. =tudies (c.fl.
Chapter Three) of simple model systems and detailed investig-
ations of the surface nitration and denitration of cellulosic

materials has ylelded important information not only on
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relative rates of reaction but also on the nature and
environment of functional groups. Clearly with the extensive
information now available on the surface chemistry of the
cellulose nitrates it is possible, using this data as a basis
for analysis, to study the degradation of such materials on
exposure to U.V. light. This is not true however for the
double based propellant since very little is known of the
surface chemistry of such materials or indeed how the com-
ponents of the propellant, (nitroglycerin, nitrocellulose and
various stabilisers and additives), may interact in the bulk.
It is the purpose of the work, outlined in the following pages.
therefore, to carry out a detaliled analysis of the surfaces
of double based propellants for a range of compositions in
order to establish a data base similar to that already avail-
able for the cellulose nitrates and to study the degradation
occurring in the outermost few tens of Angstroms in these
materials on exposure to U.V. light. In order to limit the
many variables in such an investigation the photodegradation
of cellulose nitrates and double based propellant (60/40
nitroglycerin(NG)/nitrocellulose (NC) composition only) has
been monitored in dry atmospheres of oxygen and nitrogen for

given periods of time.

5.2 Experimental

The double based propellants examined in this work
were supplied by the Ministry of Defence, Waltham Abbey, in
various wt/% ratios of NG/NC. Approximately 1% by weight
of diethyl-diphenyl-urea stabiliser, (carbamite), was incorpor-
ated in all samples and before analysis the propellants had

been stored for at least one year. The propellants in sheet
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form, ( 3mm in thickness), were cut to probe tip size,

(18 x 8mm), and mounted on a special cooling probe, the
ftemperature of which can be accurately controlled by pumping
liquid nitrogen to the probe tip. Samples considered in
this work were pre-cooled to -110°C in a dry nitrogen atmos-
phere by the use of a glove bag attached directly to the
insertion lock of the spectrometer. (In the U.V. degradation
studies it was found sufficient to purge the insertion lock
with nitrogen before cooling the sample in the lock). This
procedure precludes the deposition of water vapour onto the
propellant surface. The samples were then pumped down in
the insertion lock,,(=lO_5 torr), before introduction to the
sample chamber, (=5 x 10—8 torr). It was found that the
pressure of the chamber was maintained during this procedure
and there was no evidence for loss of NG from the surface
under normal operating conditions, (viz the spectra were inde-
pendent of the typical time scale of the measurements).
However 1t should be noted that it is possible to instigate
a steady loss of NG to the chamber by increasing the temper-
ature of the probe tip (c¢.f. Section 5.3.1). The spectra
were run on an A.E.I. E.S.200A/B electron spectrometer using

a Mgk g X-ray source operated in a fixed retardation ratio

1,2

mode. Under the conditions of these experiments the Au 4f7/
2

level used for energy calibration had a f.w.h.m. of 1.1bev.

Spectra were analysed using a Du Pont 310 curve resolver.

All cellulose nitrates irradiated by U.V. light were
prepared by standard laboratory procedures outlined in Chapter
Three from dewaxed, depectinised cotton linters. 60% NG/

40% NC propellants were used for the irradiation experiments
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which were carried out in a specially designed rig described
elsewhere228 using a 500W Hanovia lamp cut off i = 2900nm.
the photon flux of the lamp is =30 watt hours per metr‘es2

and the most intense lines occur at 366, 546, 436, 405 and
303nm with less intense components at 254 and 265nm, in a
flow or static atmosphere of dry oxygen or dry nitrogen.

The sample was kept at a fixed distance from the lamp, (16 cms),
and the temperature of the sample over prolonged exposure did
not rise above 2800. The exposed material was transferred
directly to an A.E.I. E.S.200 A/B spectrometer, (c.f. Chapter
Two), and analysed by the cold probe technique described

earlier.

5.3 Results and Discussion

5.3.1 Surface Chemistry of the Double Based Propellants

Previous studies of both simple model systems
and of nitrated and denitrated cellulosic materials has shown
1s and le levels for struct-
ural features likely to be present in double based propellants

the distinctive nature of the C

(¢c.f. Chapter Three). With a knowledge of relative photo-
ionisation cross sections and instrumental response functions
it is possible to establish stoichiometries on the E.S.C.A.
depth sampling scale, (~502 using a Mggkql,2 X-ray source).

In the particular case of the double based propellants the
surface chemistry could conceivably involve not only the
nitrocellulose (NC) and nitroglycerin (NG) components but also
the stabilising component diethyl-diphenyl urea which although
only present at low levels could conceivably segregate at the
surface. The surface composition is therefore defined in

terms of two parameters representing the relative proportions
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of the three components. The Cls/ols and Cls/le intensity
ratios provide the two measurable parameters which allow the

surface compaition to be determined.

Before considering the data for the double based propell-
ants it is of interest to note the E.S.C.A. spectrum of N.G.
itsolf since this has not previously been reported. The
sensitivity to detonation of N.G. implies that especial
caution is necessary in measuring the core level spectra.
To this end a cooled sample (c.f. Section 5.2) of the 60/40
NG/NC material was slowly allowed to warm whilst the sample

8

was maintained in high vacuum (5 x 10 - ) in the spectrometer
chamber. By monitoring the pressure in the chamber it was
found possible to determine when appreciable amounts of NG/NC
started to desorb from the surface. By recording the samples
to -110°C at this stage 1t has proven possible to obtain the
C and O

N 5 levels of an N.G. overléyer on N.C. and a

1ls’ “'1s 1
typical spectrum is shown in Figure 43, For comparison pur-
poses we also include core level spectra for the 35/65 formul-
ation and distinctive differences in intensity ratio and in
binding energies of the component of the ClS levels are
readily apparent. The surface compositions of the four
double based propellant systems studied in this work are

shown with error limits in Table 5.1 where comparison is

drawn with the bulk compositions. It is clear from this

that there is a close correspondence between the surface and
bulk chemistries and this is best illustroted by means of

the comparison in Figure 44, Several distinctive features
are of note. Firstly the correspondence between surface and

bulk composition is closest for the two samples which are

close to 50 mole% in the two major components. For the
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O
x0-33
?eSi 291 289 287 265 M 409 407 405 “537 535 58 S
35/65 NG/NC

DOUBLE BASED PROPELLANT

FPig. 43 ClS and le core level spectra of nitroglycerin
and 65/25 NC/NG double based propellant

Table 5.1

Wt. /% Mole %
NG /NC
Ratio NG NC DEDPU
35/65 Calculated 38 62

E.S.C.A. 31 £ 1 68T 1 1.07% 0.2
40 /60 Calculated 45 55 .

E.S.C.A. 49 9 f1 2,07 0.2
50,/50 Calculated 5 46

~ E.S.C.A. 5% T 1 6 1 1.0%0.2

60/40 Calculated 63 27

E.S.C.A. g2 = ¢ 5+2 13.0-1
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Fig. 44 Graph of Bulk mole & of NC/NG in double based pro-
pellants versus mole % NC/NG determined by E.S.C.A.
(The dashed curves link the NC(0O) and NG(@) data
points whilst the dotted lines represent the correl-
ations expected if surface and -bulk are identical

samples with a low bulk composition in N.G. there is a

tendency for the surface to be somewhat lower in this com-
ponent than for the bulk. By contrast‘fdf the sample with

a larger composition in N.G. there is a_fendency for the
surface to become comparatively enriched'ih this component

and this is accompanied by significant surface segregation

of the stabiliser. This migration in 60/40 N.G./N.C. may

well influence the subsequent reactions at the surface occurring
on photo irradiation in U.V. light and this important topic

will now be addressed.
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h.3.2 U.V. Degradation of Cellulose Nitrate and
Double Based Propellant

During an early study of the surface chemistry
of nitrocellulose fibres it was noticed that a degradation
reaction took place in the surface regions as a result of

exposure to a Mgka X-ray source for prolonged periods

1,2

(-5 hrs.). This degradation was characterised by a re-

duction in intensity of the le core level corresponding to

a nitrate ester group at 408.3 ev and the growth of a peak

at =400 ev presumably corresponding to the products of this

degradative process (¢.f. Figure 25). In fhe following dis-

cussion of the irradiation of nitrocellulose and double based:

propellant in ultra violet light the importance of this low

binding energy component will become apparent and special

reference will be made to it in the next four sections which

discuss the following irradiations:

(a) Irradiation of nitrocelluloses (2.6»énd 1.9 D.0.8S.)
in N2,

(b) Irradiation of nitrocelluloses (2.6 D.0.S. only) in Os;

(¢) Irradiation of 60/40 N.G./N.C. propellant in Ny;

(d) Irradiation of 60/40 N.G./N.C. propellant in 0,.

5.3.3 Irradiation of Nitrocelluloses (2.6 and 1.9
D.0.S.)in N,

The degradation of 1.9 D.0.S. material in a
nitrogen atmosphere is shown schematically in Figure 45 which
depicts the C, ., N and O core levels of irradiated materials.
ls ls 1ls
The degradation 1is considerably more rapid than that observed
in the X-ray degradation studies previously referred to. Refer-

ence to Figure 46 shows that the Cls/le ratios for this material,

(excluding in this case the hydrocarbon peak at 285.0 ev and
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Fig. 45 Core level spectra of a 1.9 D.0,S. NC as a function

of time on irradiation in U.V. light in a nitrogen
atmosphere

sensitivity factors), rises sharply corresponding to a rapid
loss of nitrogen from the surface region55, Surprisingly
this is not associated with a similar decrease in -oxygen
levels, (c.f. C, /0,  ratio. Figure 46), although there is
some evidence from the ClS profiles for increased C-0 or

aldehydic groups.

However the increase in intensity of the le peak at
=400 ev is also rapid and after 2 hrs. exbosure has an in-
tensity equivalent to that of the main peak at 408 ev corres-
ponding to the nitrate ester. It is»nbt inconceivable that
this low binding energy nitrogen containing functionality is

associated with an oxygen atom perhaps in the form of an oxime
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Fig. 46 Cls/ols and ClS/NlS core level area ratios, (for a

series of irradiations in U.V. light), of 1.9 and -
2.6 D.0.S. NC and double based propellant in nitrogen
and oxygen atmospheres o
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229 which may account for the slow decrease

(B.E. = 400 ev)
in oxygen levels. It is also worth noting that throughout
these irradiations the amount of nitrite ester. (appearing
as a peak at =406 ev), which is known to be formed in similar
irradiations on simple alkyl nitrates, (c.f. introduction),

remains at a relatively constant ratio of 5% of the main

nitrate ester peak.

Turning now to the data pertaining to 2.6 D.0.S.
material (Figure 46) it is clear that the rate of decompos-
ition under identical conditions is considerably reduced with
a much slower loss of nitrogen and comparable decline in
oxygen lévels. The nitfate ester to low B.E. component area
ratib, for example, falls from 6.45 to 2.0 in 2 hrs. for
2.6 D.0.S. material and from 4 to 0.5 in 2 hrs. for 1.9 D.0O.S.
nitro-cellulose. This difference in rate is interesting
and may be explained in terms of the difference in preparation
of the two nitrocelluloses. The low D.0.S. material prepared
by nitration in a high sulphuric acid content acid mix is
known to have a small level or residual>Sulphate ester group
which have resisted hydrolysis, (c.f. Chapter Three), whereas
the high D.0.8. nitrocellulose prepared in a low sulphuric
acid content mix is essentially free of such groups. It
is not inconceivable that such groups_may act as a photo-
‘initiator and promote the degradation. This is supported
fo some extent by the induction period of =20 mins. observ-
able in the irradiation of 1.9 D.0.S. material before the
rapid rise in Cls/le ratios. Another interesting observ-
ation is that nitrocelluloses prepared in mixes with a high
percentage of sulphuric acid are particularly difficult to
stabilise and without prolonged boiling and washing procedures

will rapidly yellow and decompose.41
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5.3.4 Irradiation of 2.6 D.0.S. Nitrocellulose in 0,

Consideration of the spectra in Figure 47 and
the Cls/le and Cls/ols area ratios for this irradiation
reveals a rapid loss of nitrogen characterised by a rapid
increase in Cls/le ratios (Figure 46).  Again there is a
relatively slow loss of oxygen but examinétion oI the Cls
profile for such materials reveals a substantial increase

in carboxyl and aldehylic groups with time. For example,

Cis Nis

Fig. 47 Core level spectra of a 2.6 D.0.S. NC irradiated
for increasing periods of time in U.V. light in
an oxygen atmosphere,
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the peak at 290.4 ev corresponding to é carboxyl function-
ality inereases in intensity by a factor qf 5 during the
first three hours of irradiation whereas the other C-0
functionalities (aldehydes. C<:8, C-0, peroxides) increase
by an overall factor of 1.5. An important point to note

is the lack of a low B.E. nitrogen and it may be possible to
conclude that in the presence of oxygen fhe free radical
sites which would in a nitrogen atmosphere react to produce
the low B.E. nitrogen are quickly attachéd by free oxygen

1,229

to form peroxides or other oxidised. species.

5.3.5 Irradiation of 60/40 N.G./N.C. in N,

The results of this irradiatian at first glance
may appear somewhat anomalous since tﬁe'Cls/le and Cls/ols
ratios indicate a constant or even a slight gain in nitrogen
and oxygen with irradliation time. A possible explanation
would be that a significant proportion of stabiliser has
migrated to the surface during the courée of the experiment
pbut this posslibility is excluded by exteﬁsive time dependent
studies carried out on such propellant“deécribed in a pre-
vious section. The low B.E. component in the le spectrum
is again much in evidence and after 2 hrs. irradiation has
an intensity greater than that of the nitrate ester group.
Tnat some =f this peak is due to the D.E.D.P.U. component
is shown by the broadened nature of this peak. However it

should be noted that the purpose of this stabiliser is two-

fold; firstly it acts as a plasticiser and secondly 1s present

as a stabiliser acting as a scavenger of nitrogen dioxide

which is liberated. It is known to prevent autocatalytic
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breakdown of nitroglycerin although 1little is known of the

mechanisms involved.

The uptake of NO2 in the surface regions by the emhanced
levels of D.E.D.P.U. (carbamite), may tend to explain the

anomalous ratios.

5.%.6 1Irradiation of 60/40 N.G./N.C. Propellant in 0,

The loss of nitrogen on irradiation is not as

rapid as in the 2.6 D.0.S. nitrocellulose in O (e.f. Figure

o
47), although there 1s some evidence for the low binding
energy component at 400 ev. The nitrate ester/low B.E.
component area ratio falls from 2.95 to'l,33 during the
course of the irradiation. Examination of the Cls profiles
of this material reveals a rise in intensity of the peak at
- 290.4, (corresponding to a carboxyl functionality). The
area ratio of all the other Cls species at. lower B.E.,
(excluding hydrocarbon), to the carboxyl group falls from

25 to 2.6 during the irradiation indicating extensive oxid-

ation in the surface regions.

In conclusion then to this initial study of the U5V.
degradation of cellulose nitrates and double based propell-~
ants it has become apparent that the lower D.0.S. nitro-
cellulose has an increased rate of degradation compared with
the more highly substituted residues perhaps as a result of
the increased levels of sulphate esters in the surface regions.
The nature of the low B.E, nitrogen component observed in
most of these irradiations has not been fully elucidated
since not only is it coincident in binding energy with the

Mgk a

54 satellite peaks but in the case of the double based
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propellantboccurs in a similar position on the binding energy
scale to the D.E.D.P.U. component (see Section 5.3.1). It
is evident however that in order to explain the high levels
of oxygen observed in the surface regions this low binding
energy component must be associated with at least one atom
of oXygen perhaps in the form of an oxime; The level of
nitrite ester throughout these irradiations has remained
constant although one would expect from early studies of
prototype systems for the level of such eéters to increase
on irradiation in U.V. light. It is pOSsiblé that such
esters ohce formed are continuously convérted to the low B.E.

component.

A photolytic mechanism for the convePSion of a nitrite
group to an oxime in the solid state has not been reported

in the lifterature although in solution such conversions are

well known under the name of the Barton Reaction,230’231’232
which is known to have the following mechanism:

H H

O”N =0 hv 0"
\\//J e 4 + NO* —
OH
o » |
OH NO NO OH }} - OH

GRS
An analogue of such a reaction could occur in the surface
regions of the materials studied in this work although it

is clear from examination of the data presented and in partic-

ular the high level of oxygen present that the true situation

is probably a complex combination of several reaction pathways.

An interesting comparison can be drawn between these studies

and 13C n.m.r. investigations of nitrocelluloses extracted
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from aged samples of double based propellants using methylene
chloride. These propellants had been stored for periods of
up to 21 years and although the poor signal/noise ratio of
this particular set of spectra preventértﬁe accurate deter-
mination of partial degrees of substitution at given positions
on the glucopyranose residue it 1s possible to estimate the

D.0.S. of the materials and this information is given in

Table 5.2.
Table 5.2
Storage Time DfO S.
<6 months 2.2k
124 years 2.08
21 years 1.96

There 1s a steady decline in nitrogen content of the ex-
tracted material with time although there is little evidence
13

for additional features in the C n.m.r. spectra which may
correspond to degradation products. It is probable that
E.S.C.A. is detecting changes occurring in the surface
chemistry of cellulose nitrates and double based propellants

which may affect initial burn rates that cannot be detected

by other techniques.

It is obvious that E.S.C.A. has potential in the study
of the degradation of cellulose nitrates and double based
propellants and that this work is a fundamental basis for
further work on the important topic of thermal degradation

of such materials.
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CHAPTER SIX

A 12 N.M.R. AND X-RAY DIFFRACTION STUDY OF THE RELATION-

SHIP BETWEEN THE DISTRIBUTION OF NITRATE ESTER GROUPS AND

INTERCHAIN d.(101) SPACING IN A SERIES OF CELLULOSE NITRATES
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6.1 Introduction

Soon after the discovery of the diffraction of X-rays
by crystalline materials the technique was applied to cellu-
losic materials and in particular to cellulose nitrates.
Much of the early work on cellulose and céllulose nitrates
has been reviewed in Chapter One and it is clear that in
the case of cellulose nitrates, much emphasis was placed on
the measurement of the mean interchain spacing (4(101)) which
is a particularly strong reflection in the X-ray powder
diagram of cellulose nitrates. Miles,4lvfor example, has
reported that if cellulose 1s nitrated then, in general,
the interchain distance increases with dégree of substitution
(D.0.S.) with the possibility of a plateau occurring between
12-13% nitrogen content, (corresponding to 2.26-2.58 D.0.S.)
up to a limiting value of =7.32 for the so-called "trinitrate".
On denitration however the spacing is maintained over a
significant D.0.S. range down to a nitrogen content of 11%,
(D.0.8. 1.97). Hence cellulose nitrates of the same degree
of substitution (D.0.S.) may have quite different mean inter-

chain spacings depending on the method of preparation.

This phenomenon has been further investigated by
Trommelglj’Sj(c.f. Chapter One) whose résﬁits from an ident-
ical investigation are recorded in Figure 5. He came to the
conclusion that this difference in mean interchain spacing
could be explained in terms of a different distribution of
nitrate groups in nitrated and denitrated material although
sufficiently sensitive techniques at that time had not been
developed to allow this hypothesis to be subjected to detailed

scrutiny. Nitrated cellulose according to the Trommel213’83
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argument had uniform distributionsvof nitrate ester groups
along the cellulose chains due to the nitrating acid pene-
trating most parts of the cellulose. On denitration however
it was assumed that the acid did not readily penetrate the
highly crystalline trinitrated areas of the chain and de-
nitration waé far more likely at sites adjacent to lower
nitrated residues. The final product therefore in this
model would have large areas of relatively unsubstituted
residues alongside regions of trinitrated material which were
assumed to hold the chains apart despitélloss of nitrate
groups from other regions. This extreme model however has
been shown to be untenable by the 130 n.m.r. distribution
data, (presented in Chapter Four), for a range of denitrated
materials prepared in nitric acid-watef mixes identical in

213 In this work we

composition to those used by Trommel.
have shown that no unsubstituted residues were present even
down to a D.0.S. of 2.0. However limited sequence dist-
ribution data available from this work also suggested that
there is a greater tendency for the 3,6 disubstituted residues,
for example, in a denitrated sample, (D.0.S. 2.31), to be
adjacent to a lower nitrate rather than_a trinitrated residue.

In other words the distribution of groups sequentially along

a given chain is non-random.

Clearly, the mean interchain spacing in cellulose nitrates
must reflect the detailed differences in microstructure in
terms of distribution of nitrate groups both around a single
residue and along a chain, (sequence distribution), and it
is only recently, (with our full assignment of the 130 n.m.r.
spéctra of cellulose nitrates) c¢.f. Chapter Four, that a

comparison of mean interchain spacing and distribution of
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nitrate groups has become feasible. In this chapter such

a comparison is presented for a range of celluloses nitrated
in nitric-sulphuric mixes and for a high D.0.S. (2.8)
material denitrated in a series of nitric-acid water mixes.
Improved S/N ratio for this series of 130 n.m.r. spectra

also allows further investigation of sequence distribution.

In the final section of this chapter the important
question of the equilibrium situation in the nitration of
cellulose 1s also addressed in the light of the new data

presented in the coming pages.

6.2 Experimental

The nitrated material used in this study was prepared
in mixed acids by methods described in Chapter Three. The
denitrated material was prepared from 2.8 D.0.S. cellulose
nitrate denitrated in nitric acid/water mixes similar to

those used by Trommel.213’83

The X-ray diffractometer used was a Phillips P.W. 1130
2kW, X-ray generator incorporating a P.W. 1050 diffractometer
assembly, (Cu tube operating at approximatély 40 kV, 25ma).
The recordings span from %° in 26 to 30° in 26 and the mean
'd' spacing is taken as the centre of the peak occurring at

around 120 in 26.

The samples which had been pressed into paper form,
(c.f. Chapter Three ), were mounted into a glass holder. The
error in such measurements 1s estimated at <Z 0.05 on the
final reading. The 13C n.m.r. spectra were obtained on a
Varian Associates S.C.300 spectrometer and the distribution

data calculated by methods described in Chapter Four.
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6.3 Results and Discussion

The distributions of nitrate groups in the various
nitrocelluloses studied are best represented in the form
of block histograms set on an X-ray spacihg vs. degree of
substitution graph as in Figure 48, The X-ray d(101)
spacings of the denitrated material acrOss a large range
of D.0.S. are shown to be consistently higher, (particularly
for low D.0.S.) than those of cellulose nitrates prepared
by nitration for comparable D.O.S. It 1is only in the high
- D.0.S. region that the spacings are comparable and it is
interesting to note that in this area the nitrated and de-
nitrated products have similar distribution patterns. Indeed
the distribution patterns of the lower DlO.S. materials also
reflect the difference in spacings; for example. the differ-
ence between 2.37 nitrated and 2;43 denitrated products is
0.22 and between 2.14 nitrated and 2.2 denitrated is 0.352.
These changes can only be due to differences in distribution
of nitrate groups and in particular to‘the proportion of un-
substituted residues in the samples. The denitrated nitro-
celluloses have no unsubstituted residﬁés and have a corres-
pondingly higher X-ray spacing than their nitrated counter-
parts. However it would be naive to consider the problem
‘in terms of substitutions at individual residues since the
mean spacing is likely to be determined by substitutions and
hydrogen bonding interactions along chains of cellulose residues.

13

Fortunately the improved signal/noilse ratios for the C n.m.r.
spectra. (compared with the work reported in Chapter Four, for
nitrated material allows a detailed study of the splitting
of peaks in the anomeric region which reveals sequence dist-

ribution information and it is this data, Figure 49, which we
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shall now consider.

The 75.5 MHz 15C n.m.r; spectrum is for a low D.O.S.
(1.9) cellulose nitrate prepared'by nitration in 53%% HNO3
20% H,80, and 27% H,0. Taking first the lowest field peak
at 104 p.p.m. due to an anomeric carbon (CI) in a 3.6
disubstituted ring it has been previously reported, (Chapter
Four), that for denitrated material the splitting of 0.8
p.p.m. observed in this peak is due to the presence dr ab-
sence of a nitrate group at Cj"in an adjécent* ring and
that the distribution of nitrate groups along a chain is
non-random. In other words the 3,6 disubstituted residues
are more likely to be adjacent to other 3,6 disubstituted
or 2.3%,6 trisubstituted B-d-glucopyraﬁose rings. This is
again apparent for the spectra for nitrated material shown
in Figure 49 and from consideration ofvthe distribution data
obtained from the 130 analyses listed in Table 6.1 which,
for the 1.9 D.0.S. material, can be simpiified approximately
in terms of a decad sequence; (viz. thé-ratio of tri: 2,6 di;
3.6 di: 6 mono: unsubstituted residues is partiﬁioned approx-
imately 4:2:1:1:2). On the basis of a fandom substitution
pattern one would predict a probability of 0.5, (5/10), that
a 3,6 disubstituted residue in this matefial would be adjacent
to another 3,6 or trisubstituted residue. The integrated
area ratios available for the spectrum'in-Figure 49, however,
reveal a probability closer to 0.25. Repeating the calcul-
ation for the peak at highest field in the anomeric region
(=98 p.p.m.) due to Cl in 2,6 disubstituted residues we would

expect a probability of = 0.5, (on the basis of a random

* Footnote: for definition of the term 'adjacent' the reader

is referred to Figure 49 where the adjacent ring is defined as

that linked through the Cq' position to the ring in question.




169

TABLE 6.1 | NITRATED MATERIAL 
D oS TRI 2,6 3,6  MONO  UNSUBST d%lgéfSPACING

1.9 38 19 14 12 18 6.81
1.9 36 23 14 10 17 6.66
2.1 50 18 10 5 17 -

2.14 53 17 8 6 16 6.7
2.37 55 22 11 6 6 6.90
2.50 58 14 9 4 5 6.93
2,62 62 25 13 - - 7.25
2.53 65 16 11 4 4 7.08
2.67 71 16 9 y - 7.13
2.83 83 11 6 - - 7.28

substitution pattern), that a 2,6 disubstituted residue would

>
It is difficult to quantify the data from this region of the

have a C,' substituted ring, (3,6 or 2,3,6), adjacent to it.

spectrum;however, it is clear that there is a very much higher
probability, (=0.8), that a 2,6 disubstituted residue has a

C.' substituted residue adjacent to it.

5

Considering also the major component of the anomeric
region at =99.7 p.p.m. a random model woﬁid give an equal
probability of a 2,3,6 trisubstituted residue having a 3'
substituted residue adjacent to it and iﬁ this case the spectrum
does indeed suggest two components of foughly equal intensity.
We have previously noted the possibility of longer range
effects influencing splitting patterns for the remaining
component associated with unsubstituted and 6 mono-substituted

residues and the probability that such residues are more




170

likely to be adjacent to residues which have no nitrate ester

group at the C,' position, (2,6 unsub dr other mono substituted

3

residues).

The foregoing analysis based on experimental data allows
a rough model to be constructed of a likely structure for
octad sequence of residues in a nitroceliulose of D.0.S, 1.9
prepared by nitration and this is indicated schematically
in Figure 50. A similar analysis has been made of a sample
corresponding to a higher D.0.S., (2.6), and the results are-
also displayed in Figure 50. The conclusions to be drawn
from this is that far from being random the nitrate ester
equilibrium favours short blocks of fully substituted rings
with short blocks of lower D.0O.S. residues. This is not
unreasonable since it has been previously argued that the
rate constants for nitrate ester formaéibn at a given site
in a glucose residue must increase as the D.0.S. increases
in that residue. By the same token substitution in adJjacent
residues may well therefore increase the rate of nitration
such that a block structure develops. In Chapter Four the
partial D.0.S. for denitrated material,Wés considered and the
striking difference with respect to nitrated materials of
the same D.0.S. (»2) is reflected in the absence of unsub-
stituted residues. For comparison purpbses a sequence
analysis has been carried out on 2.14 nitrated and 2.2 de-
nitrated material and the most probable models are recorded
in Figure 51. Despite the small difference in nitrogen
content the most probable decads reveal considerable differ-
ences in sequence patterns for nitrated and denitrated
materials along a given chain. This is reflected in a large
difference, (=O.353), in the mean interchain spacing, (c.f.

Figure 48), whereas similar analyses of sequence patterns
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Fig. 50 Models of the most probable octad seguences in a

nitrated and 2.0 and

chain of 1.9 and 2.6 D,O.S.

2.7 D.0.S. denitrated materials
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2,6 Mono Tri Tri 3,6 Unsub Unsub Mono 2,6 Tri

DOS 2K  NITRATION

CH,OX oM CH20X
e s
ol

DOS 22  DENITRATION

2,6 Tri 2,6 Tri 3,6 Mono 2,6 Tri Mono 2)6

Fig. 51 Models of most probable decads for 2.14 D,O.S.
nitrated and 2.2 D.0.S. denitrated cellulose nitrates

drawn between materials of relatively high D.O.S.;((2,62)
nitrated and (2.74) denitrated), and vefy'low D.0.S.; ((1.9)
nitrated and (2.0) denitrated), shown in Figure 50 where the
difference in spacings is small (c.f. Figure 48), show
strong similarities; the only changes being in the number of
mono and unsubstituted residues present.- To conclude this
discussion on the sequence information it should be stressed
that the models presented in Figures 50 and 51 are very much
simplified and ideally require computer modelling similar to
that presented by Atkins to determine nearest neighbour dist-
ances between chains, although it is clear that the large

differences in sequence patterns between nitrated and denitrated
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materials (Figure 51) must give rise to local differences

in hydrogen bonding systemsband indirecfly to interchain
spacings. The work consildered here, hbwever, has essentially
dealt with nitration and denitration in different media.

With respect to the important question of equilibria it

would be extremely interesting to investigate materials

prepared by nitration and denitration in the same medium.

Figure 52 shows the 130 n.m.r. spectra of a cellulose
nitrate prepared by nitration in 53.5% HQSOA, 20.8% HNOB,
25.7% H,0 and denitration of a 2.8 D.O.ngmaterial in the
>same mix, The striking feature of the spectra is that the
final D.0.S. attained in this case is net the same for nit-
ration and denitratioh. At first glance this may seem in-
consistent with a pure equilibrium nitréﬁibn reaction and
may seem to support an accessibility argﬁment (e.f. Chapter
One). It is appropriate here therefore to review the data

presented in this thesis with respect to this important

question,

Clearly, the theory of accessibiliﬁy; (see Chapter One),
which argues for a rate controlled nitfatién where the final
D.0.8. 1s dependent only on the relative aCceséibility of the
cellulose is untenable. It is obvious, for example, that
inaccessible regions in this argument should be totally unsub-
stituted since the nitrating acids cannoﬁvpenetrate these
regions and also that the degree of accessibility may be
altered according to the swelling power of the nitrating
acids (ec.f. Chapter One). However the 13C n.m.r. data dis-
cussed in Chapters Four, Six and Seven reveal that over a
large D.0.S. range of denitrated materials and above a D.O.S.

of =2.5 in nitrated materials no unsubstituted residues are
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a
DENITRATED
b
NITRATED
1o 100 %) 80 70 6

Fig. 52 le n.m.r. (75.5 MHz, proton decoupled) spectra of
cellulose nitrates prepared by (a) nitration and
(b) denitration in the same mix.
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present indicating that in all probability acids of some
composition reach all parts of the fibre in a standard

nitration time of two hours.

The E.S.C.A. data has also revealed that at the very
surface of fibrils even in mixes where the sulphate ester
effect, (c.f. Chapter Three), is negligible or absent,
(nitric-phosphoric mixes) total substitution is not attained
and the final D.0.S. at the surface is dependent on equilibria
established at the surface the final position of equilibrium
depending on the acid mix employed. If the top 20-502 is
to be considered totally accessible at least in comparison
to the remaining several microns of a typical macroscopic
fibre then the fact the reaction never goes to completion in
the surface regions is impossible to explaih on the basis of
an extreme accessibility theory. In other reactions of
cellulose, however, as has been shown in_the oxidation experi-
ments, (c.f. Chapter Three), the accessibility does play an

important part.

Reference to Chapter Seven reveals alsoc that the final
D.0.S. seems unrelated to the swelling power of the reagent,
(according to the Miles diagram)?l in fact it is generally
true that mixes which produce a highly sWollen cellulose,
nitrate to particularly low levels. Whereas according to
an accesslbility theory increased swelling should be related
to increased D.O.S. Again we must assume that under all
normal conditions of nitration the acid islable to rapidly
penetrate all areas of the fibrils perhaps initially by passing
through voids between fibrils reacting rapidly at the surface
(within 1 sec.) and diffusing more slowly into the bulk of the

ffibrils.
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However the other extreme of a pure equilibrium theory
also has some anomalies for example one wbuld expect in an
equilibrium that a cellulose nitrated in a given mix should
have the same D.0.S. as a high D.0.3. cellulose nitrate de-
nitrated in the same mix. In one case 130 n.m.r. data has
shown that this is clearly not the case. Figure 52 shows
such experiments and the difference in 1BC spectra for such
material is clearly evident where the denitrated material
has clearly the higher D.O.S. The explanation appears to
lie in the data discussed in this chapter. If has been
shown, for example. that the rate constants for nitration
at a given site in a g-d-glucopyranose residue increése with
the D.0.S. of the ring. Also the nitfation of a given
residue is dependent to a large extent on the D.0.S. of the
adjacent residue and in particular on whether there is a

nitrate group at the-Cj' position in an adjacent ring.

Clearly, on a microscopic scale the equilibrium situation
is rapidly established at individual sites along a chain but
the many factors which determine the final D.0.S. on a macro-
scopic level are such that materials nitrated and denitfated
in the same mix need not have the same D;O;S. Indeed as has
already been demonstrated in this chapter nitration and de-
nitration at a given residue will proceed according to the
influence of its immediate neighbour giving rise to differences
in sequence distribution and ultimately to a difference in
average D.O.S. It is worth pointing out that a similar exper-
iment carried out at high D.0.S. revealed no difference in
D.0.S. between materials nitrated and denitrated in the same
mix. This is consistent with the theory presented here and
inconsistent with an accessibility argument which would suggest

a similar difference in D.O.S.
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CHAPTER SEVEN

BIREFRINGENCE AS AN ANALYTICAL TOQOOL

FOR ESTIMATION OF DEGREE OF SUBSTITUTION

IN CELLULOSE NITRATES
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7.1 1Introduction

The birefringence of cellulose and cellulose nitrates
has been the subject of intense investigation almost since

41,201 It has

the development of this classical technique.
long been known, for example, that cellulose itself is
positively birefringent, (in other words the refractive

index for light vibrating parallel to the length of the axis
of the fibre, (ni11), is greater than the refractive index

for light vibrating perpendicular to this axis, (nl)).201

Upon nitration however there is a gradual change and the
fibres become negatively birefringent presumably due to a
large increase in the number of the highly polarisable nitrate
groups contributing to n. (c.f. Chapter Two and reference 187
for explanation of the phenomena in tefms»of electric vectors).
Miles41 has adequately reviewed the literature on the study

of birefringence in cellulose nitrates up to 1955 and it is
clear that the work up to and including this period was
essentially qualitative with the emphaeis being placed upon
determination of polarisation colours of fibres between
crossed nicols rather than on direct detefhination of path
difference using optical accessories,(i.e. compensators).

Table 7.1, for example, gives the expected polarisation
colours for a range of nitrocelluloses as a function of

nitrogen content as reported by Kohlbeck.217

A full understanding of the origin of such colours in
fibrous materials requires a detailed knowledge of the com-
plex optics involved, (c.f. Chapter Two), but it is sufficient
to note that the path difference t of the ordinary and extra-
ordinary rays in the analyser of the microscope which indirectly

gives rise to such colours is given by:
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Table 7.1

Polarization colour Order %N

Grey white 1st 11.0
White 1st 11.5
Yellow white lst 11.7
Yellow lst 12.0
Orange 1st 12.2
Red orange 1st ' 12.3
Red 1st | 12.4
Violet 2nd 12.5
Blue 2nd 12.6
Blue white 2nd - 12.8
Pale grey 1lst 13.1
Grey 1lst 13.2
White 1st o 13.4
Intense white 1st 13.5

T = d(ni1 - n1) : (7.1)

where d is the thickness of the fibre and (n11-n1) is the
effective birefringence. The measuremehﬁ of path difference
is possible using various compensation techniques (c.f.
Chapter Two), (the choice of compensator depending upon the
fraction of a wavelength path differences to be measured),
but the direct determination of birefringence of individual
fibres has not been considered feasible due to difficulties
in measuring the width of the fibre iﬁ the direction of the
light. Lewis,218 however, has recently suggested a method

for such a determination of fibre thickness which depdnds

upon the measurement of the temperature coefficient of path
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difference by a hot stage microscope metho&. The method
however is tedious and not well characterised. Perhaps
the best way of representing path difference data for a
given batch of cellulose nitrate fibres is in the form of
block histograms of the distribution of path difference as
reported originally by Lewis?14 The data reproduced in

Figure 53 shows such data as a function of D.0.S. for cellulose

nitrates prepared by the mechanical and displacement processes.
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Fig. 53 3lock histograms of the path difference distributions
for a series of cellulose nitrates (reproduced from
reference 2114)

The broad distribution is primarily due to the known dist-

ribution of fibre thicknesses within a given batech of cotton
linters but by calibrating against known D.0.S. material and
dividing through by an average value for fibre thickness, an

estimation of D.0.3. can be made.214
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How such measurements are dependent on the crystallinity
of the original cellulose is a matter of great interest to
cellulose chemistry since for semicrystalline polymers the

birefringence is given as
An = Xec sanc + (1 - Xe) 4Ana + anf (7.2)

where Xc is the degree of crystallinity determined by X-ray
diffraction data; Anc is the crystalline phase birefringence;
ANa 1s the amorphous phase birefringence and anf is a part
of the birefringence which arises from the distortion of ﬁhe
electric field of the light wave at the phase boundaries.217

The value of aAnf is generally small and sometimes considered

200 %88

negligible although the Becke line method used by Meredit

in the work, reported in Chapter Two, measures similar pro-

perties of the fibre. In the work of MeredithiSC and that

discussed in Hartshone and Stuarthl the spiral angle of
the fibre is said to influence the birefringence (c.f.

Chapter Two).

The correlation of molecular orientétion-with bire-
fringence data however requires an understanding of the
origin of inherent molecular anisotropy. As early as 1924
Bragg216 showed that the birefringence nffoalcite and aragon-
ite could be calculated using classical formulae for dipole-
dipole interaction. Such calculations have not been reported
for cellulose nitrates althongh they are particularly suit-
able for such studies. The highly polarisable nitrate
group, for example, can be substituted infa controlled manner
by a suitable choice of acid mix, (c.f. Figure 7). The
X, ¥, 2z coordinates of the nitrate groups around a residue

have been established by Atkins,56 (c.f. Chapter One), and

the distribution of nitrate groups around the residue for a
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given D.0.S. have been determined in Chapter Four. Lew15218

has recently attempted such calculations using the 130 n.m.r.
data reported in this thesis. Since these calculations are
of relevance to the work described in this chapter they will

be discussed in some detail here.

The polarisability of an atom in the presence of a

polarisable neighbour is given by

H

al= o/(1 - F o) (7.3)

where o is the polarisability of the same atom for random
arrangement by neighbours; @" is the polarisability of the

influencing neighbour and is given by
B8 = 3x2.-p%p? (7.4)

where r is the distance between the dipoles and x is the
component of this distance in the direction of the electric

veector.

Thus to obtain the polarisabilityfof,’for_instance, a
particular oxygen atom in the presence of polarisable neigh-
bours a value of g 1s calculated for each neighbouring atom

from equation 7.4.

The refractive index n corresponding to the particular
direction of the electric vector is then obtained from the

Lorentz-Lorentz equation
(n,-1/(n2 +2) = (p/M) ¥ ai Ri (7.5)

where al is the number of atoms or ions of refractivity

Ri which is itself given by
Ri = 47 Nal/3

N being Avogadros number. D the crystal density and M

the molecular weight. The steps then of the calculation
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are as follows:

(1)

(2)

(3)

The total refractivity of the nitric ester group is
calculated from the refractive indices and the densities
of nitroglycerin nitrocellulose and‘diethylene glycol
dinitrate. The value of Rm the molecular refractivity
can be calculated from equation 7.5. These molecular
refractivities may be split into their component atomic
refractivities, thus, |

RNG = 3*RC + 5RH + BRNO3 ete.

The total molecular refractivity can be calculated and

‘.

estimations made of the atomic refractivities.

Values of B, (equation 7.4), for the three coordinate
directions for all the oxygen-oxygén interactions
affecting the refractivity of the nitric ester group

in the (2) (3) and (6) positions can thus be calculated
and used to estimate the refractivity in 3 directions
of each individual oxygen atom. |

The total refractivity of the nitric ester groups in

(a) the average x/y direction and (b) the z direction calcul-

ated by Lewis are shown in Table 7.2,

Table 7.2

The Refractivities of the Nitrate Ester Groups

X/y z
N03(2) 8.81 ' 9.92
No3(5> 10.48 ' 7.85
N03(6) gg 8.91 9.99
N4 (6) gt 10.87 . 7.75

NOL(6) te 10.85 7.78
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Lewisgl8 has continued by calculating the effect of
degree of substitution on total birefringence using the
data in Chapter Four:for a full account of these calculations
the reader is referred to the original paper218 but for the
purposes of this chapter it is sufficient to consider Table
7.2 only, which shows the refractivities of the nitrate
groups in the x/y and z directions, from which it is immed-
iately clear that it is only the (3), 6(gt) or 6(tg) which
can contribute to the observed negative.birefringence of
the cellulose nitrate fibre. The important conclusion to
" be drawn is that the 6(gg) conformer of the primary nitrate
group (c.f. Chapter One), (Figure 4), previously thought to
be a possible orientation of the group is ruled out by bire-
fringence data. |
As can be seen however the calculations rely upon many
assumptions which are described succinctly by Lewis.218
The most important assumptions are perhaps that the oxygen
atoms on one ring do not interact with thoée in a neighbouring
ring and that substitution at a given site does not alter

the orientation of neighbouring nitrate gfoups;

Reference to the literature reveals, for instance, that
the nearest interchain and interatomic distances in cellulose
trinitrate may occur between the primary nitrate group and
the 3 nitrate group in adjoining rings or in rings of a
parallel chain,218 (Also using glycerol and its nitrated
derivatives as model systems unpublished M.N.D.O. L.C.A.O.
S.C.F., full optimisation calculationsggl.carried out in this
laboratory have indicated that substitution of a nitrate
position in 'CH,0NO,,

H2C-0H

group at the 02

3
CHEOH
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alters the orientation of the nitrate group already present
although there is little evidence in the literature to sub-

stantiate this.

Clearly there 1s a need for independent experimental
verification of the calculated results since the conclusion
that the 6(gg) conformer does not occur is of some importance
to cellulose chemistry. Lewi3218 himself has offered somé
experimental support for calculated birefﬁingences for a
range of cellulose nitrates of D.0.S. 2.37-2.62 but there is
some doubt (c.f. Chapter Two) as to whether the method is |
reliable across a range of D.0.S. and between individual
batches of fibres of different gources. TIn this chapter
therefore a series of cellulose nitratés'which were well
characterised by many of the methods oﬁtlined in this thesis
were analysed at theMO.D. Waltham Abbey, and the accuracy

of the degree of substitution estimation assessed.

7.2 Experimental

The cellulose nitrates used in this work were nitrated

in linters form by the Mitchell method.=%'

Stabilisation
was carried out by the procedures outlined in Chapter Three
but the drying procedures were adapted to avoid hot oven
drying. Samples were initially ailr dried, then vacuum dried
at BOOC for several hours before storagevover P205 for 24

hours. (It is hoped that this mild procedure tends to pre-

serve the lumen).

The dried fibres were immersed in glycerol on glass slides

and cover slips sealed with Canada Balsam.

The higher D.0.S. materials prepared in this work were

analysed using a Berek compensator, Model No. 17#0, ingerted
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into a Swift polarising microscope. All samples were

also analysed at the M.0.D. Waltham Abbey using a rotary
mica compensator and for low D.0.S. materials an elliptical
compensator was employed (c.f. Chapter Two). Distributors
of path differences were plotted and estimations of the

D.0.S8. made using the method of Lewis.214

The 13C n.m.r. distribution data, X—ray diffraction
'101' spacings and E.S.C.A. D.0.S. were determined by methods
reported in previous chapters. The Kjeldahl nitrogen deter-
minations were carried out by methods described in the

Appendix.

7.5 Results and Discussion

The distribution of path differences for three high
D.0.S8. cellulose nitrates, (determined using a Berek compen-
sator). are shown as block histograms in Figure 54. The
number of fibres analysed and the actual degree of substitution
of the samples 1s also given. Reference to the data repro-
duced in Figure 53 reveals a comparable distribution range
to that reported by Lewis214 and tolerabie agreement with
the predicted D.O.S. At low D.0O.S., hdwever, the Berek
compensator is inaccurate and no distribution data was recorded
in this range in this laboratory. All”samples however were
analysed at the M.0.D. Waltham Abbey and fhe estimated D.O.S.
of the samples as measured from path difference data is
recorded in Table 7.3 for comparison with the well character-

ised cellulose nitrates prepared in this laboratory.

Before considering the accuracy of these determinations

it is worth discussing Table 7.3 in some detail.
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Fig. 54 Block histo g rams of the path difference distributions
of some cellulose nitrates (measured by Berek
compensator) .

The Kjeldahl results are recorded as % Nitrogen with
the approximate D.(Q.S. reported in brackets alongside. The
E.S.C.A. data for each sample is also listed although the
"sulphate ester effect' referred to in Chapter Three clearly
alters the surface D.O.S. In cases-Where this effect is
particularly pronounced the sample numbér.is marked with an

asterisk.

The acid mix composition used to nitrate the sample
is also shown and it is of interest to compare the actual
D.0.8. of the sample with that predicted by the Miles diagram
(c.f. Figure 3).
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The acid mix composition was not preéisely measured
(i.e. by nitrometer), but»the approximate composition Was
based on the careful mixing of acids, (sometimes using 1-1
acids to prevent excessive heating on mixing). Where the
Miles diagram does not agree with the D.0.S. attained this
could be either due to inaccuracy of the composition or
inaccuracy of the diagram. Those mixeSAWHich lie within
the swelling regions of the Miles diagram (Figure 3) are

marked with an ‘'s’.

The 13C n.m.r. data is given as total D.0.S. and as
percentage compecnents of tri, di, mono énd unsubstituted
residues., It should be noted that those samples marked
with a (1) were run on a 90 MHz n.m.r. spectrometer housed
at Waltham Abbey and the final distribution data may be less
accurate due to the poorly resolved spectra obtained. It
can readily be seen however that, in genéral, the Kjeldahl
determinations are in good agreement with'the n.m.r. results.
In cases where this is not so it is thought that this is
probably due to incomplete digestion, (c¢.f. Appendix), in the
KJjeldahl determination due to the ineorreét choice of

digestion method.

Turning now to the birefringence dété recorded in

Table 7.3 as % nitrogen, (with approximate D.0.S. in brackets
alongside), it is clear from the graph in Figure 55, which
shows the actual D.0.S. of the sample against that estimated
from the birefringence), that in the high D.0.S. range the
correlation is very good indeed. At low D.0O.S. however the
nitrogen content is grossly overestimated and although this
may be due to inaccurate calibration at low D.0.S. it may be

that in regions close to the n=utral point where the value
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28

27

D.OS.
FROM 29|

BIRE-
FRINGENCE

24

ACTUAL
23 0

EXPECTED

—
—
——
L. -

16 8 20 22 24 26 28
ACTUAL D.O.S.

Fig. 55 Graph of the D.0.S. of cellulose nitrates
estimated by a birefringence technique against
the known D.O.S. :

of (n11~ n1) is very small factors such as the form of

201 (discussed in Chapter Two), may become important.

the fibre,

It is evident, however, that birefringence measurements
on fibres of high D.0.S., (2.4-2.8), are particularly useful
for D.0.S. estimations and represent a reliable alternative
fo the time consuming Kjeldahl analysis. This work also
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supports the experimental data presented by Lewis in

verifiication of his calculated values.

It would be interesting to compare birefringence data
for materials of the same D.0.S. but differing in distribution

of nitrate groups (e.g. nitrated and denitrated samples used
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in the work presented in Chapter Four) since reference to
Table 7.2 indicates they should differ in birefringence.
At the time of writing, however, this work has not yet been

completed.
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APPENDIX ONE

A.1 KJjeldahl Analysis for Nitrogen211’212

The Kjeldahl nitrogen determinations reported in this
fthesis were carried out according to a procedure developed
at P.E.R.M.E., Waltham Abbey. As in all distillation
methods the sample is first digested in alkaline or acid
conditions to yield inorganic nitrates. This is then made
alkaline, if necessary, and Devardas Alley is added to reduce
the nitrate to nitrite and finally ammonia which is distilled
into Boric acid solution for titration with standard acid,
(0.1 N HC1). The digestion stage is extremely important
especially in the analysis if nitrocelluloses sinee some
samples, (>12.7% N), may not be fully digested by standard
alkaline methods. Hence two procedures designated A and B
are adopted, depending on the estimated nitrogen content of

the nitrocellulose. These methods are fully described below.

A.2 Method A. Alkaline Digestion for Samples
less than 12.7% N

50-120mg of NC were weighed into e'glass ampoule and
then deposited into the base of a semi-micro flask. The
ampoule was broken and 2.0mls of HQO, 0.lmls of 30% H202 and
8mls of 20% NaOH were then added. The flask was then heated
to =100°C and maintained at this temperature for about 20 mins.
to dissolve the sample. 20mls of water were then added and
the solution was heated to 100°C again to destroy the remaining
hvdrogen peroxide. After the mixture had cooled to ZBOOC.
1.00 £ 0.01 gme of Devardas Alloy. (weighed into a glass
ampoule ). were deposited into the flask. The steam inlet
tube was attached toLthe neck of the flask, as shown in the

diagram), and the condenser outlet tube was allowed to dip
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porcelain
beads
steam [ =~ L
' ——condenser
{ L
digestion | . |
mm‘ure ~| ' ——Boric
A acid

Fig. 56 Apparatus used in the Kjeldahl determination

*]0mm below the surface of the boric acid in the receiver
flask. (25 mls of 4% Boric Acid). The héating of the flask
was controlled to prevent excessive foamihg (although it is
possible to add an antifoaming agent before heating). The
ammonia liberated was steam distilled over with = 50 mls of
H,0 and then titrated, (using bromocresocl green as indicétor)
with 0.1 N HC1L. The volume of solution in the flask should

remain constant during the distillation.




A.3 Method B. Samples over 12.7% N Acid Digestion

50-120mg of NC were welghed into the reaction flask and
cooled in an ice-water bath. 2 mls. of concentrated H2804
were added dropwise te the flask and left to dissolve the
sample for 30-60 minutes. The solution was then carefully
diluted by adding 10g of crushed ice and 15-17 mls of 30%

NaOH. Continue as in A.

Since Devardas Alloy has its own niﬁrogen content it
is necessary to carry out a blank determination using all
reagents except the NC for each determination. The method
is generally calibrated using Potassium Nitrate; The |
nitrogen content using this procedure is generally quoted
Lo two decimal places although the choice of the wrong

digestion method can give inaccurate results.
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CELLULOSE NSTRATE
OEGREE OF SUBSTITUTION
VS PERCENTAGE NITROGEM

Filgure 57 Graph of percentage nitrogen against degree
of substitution
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APPENDIX TWO

LECTURES AND SEMINARS ATTENDED DURING THE PERIOD 1978-81

15 September 1978

Professor W. Siebert (University of Marburg, West
Germany ), "Boron Heterocycles as Ligands in Transition

Metal Chemistry".

22 September 1978

Professor T. Fehlner (University of Notre Dame, U.S.A.),

"Ferraboranes: Syntheses and Photochemistry".

12 December 1978

Professor C.J.M. Stirling (University of Bangor),
'Parting is Such Sweet Sorrow' - the Leaving Group in

Organic Reactions.

14 February 1979

Professor B. Dunnell (University of British Columbia)

'The Application of N.M.R. to the Study of Motions in Molecules".

16 February 1979

Dr. J. Tomkinson (Institute of Laue-Langevin, Grenoble),

"Properties of Adsorbed Species".

4 March 1979

Dr. J.C. Walton (University of St. Andrews), "Penta-

o

dienyl Radicals".

20 March 1979

Dr. A. Reiser (Kodak Ltd.), "Polymer Photography and

Mechanism of Cross-Link Formation in Solid Polymer".
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25 March 1979

Dr. S. Larsson (University of Uppsala), "Some ASpects

of Photoionisation Phenomena in Inorganié_Systems".

25 April 1979

Dr. C.R. Patrick (University of Birmingham), "Chloro-
fluorocarbons and Stratospheric Ozone: An Appraisal of the

Environmental Problem".

1 May 1979

Dr. G. Wyman (European Research Office. U.S. Army ).

"Excited State Chemistry in Indigoid Dyes".

2 May 1979

Dr. J.D. Hobson (University of Birmingham), "Nitrogen-

centred Reactive Intermediates".

8 May 1979

Professor A. Schmidpeter (Institute of Inorganic
Chemistry, University of Munich), "Five-membered Phosphorus

Heterocycles Containing Dicoordinate Phosphorus'.

9 May 1979

Dr. A.J. Kirby (University of Cambridge), "Structure

and Reactivity in Intramolecular and Enzymic Catalysis".

9 May 1979

Professor G. Maier (Lahn-Giessen), "Tetra-tert-

butyltetrahedrane'.

10 May 1979

Professor G. Allen, F,R.S. (Science Research Council),

"Neutron Scattering Studies of Polymers".
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16 May 1979

Dr. J.F. Nixon (University of Sussex), "Spectroscopic

Studies on Phosphines and their Coordination Complexes".

23 May 1979

Dr. B. Wakefield (University of Salford), "Electron
Transfer in Reactions of Metals and Orgahometallio Compounds

with Polychloropyridine Derivatives".

13 June 1979

Dr. G. Heath (University of Edinburgh) "Putting
electrochemistry into Mothballs - (Redox Processes of metal

Porphyrins and Phthalocynanines".

14 June 1979

Professor T. Ugi (University of Munich), "Synthetic

Uses of Super Nucleophiles".

20 June 1979

Professor J.D. Corbett (Iowa State University, Ames,
Iowa, U.S.A.). "zintl Tons: Synthesis and Structure of Homo-

polyatomic Anions of the Post-Transition Elements".

27 June 1979

Dr. H. Fuess (University of Frankfurt), "Study of
Electron Distribution in Crystalline Solids by X-ray and

Neutron Diffraction”.

21 November 1979

Dr. J. Muller (University of Bergen), "Photochemical

Reactions of Ammonia.
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28 November 1979

Dr. B. Cox (University of Stirling), "Maerobicyclic

Cryptate Complexes, Dynamics and Selectivity".

5 December 1979

Dr. G.C. Eastmond (University of Liverpool). "Synthesis

and Properties of Some Multicomponent Polymers".

12 December 1979

Dr. C.I. Ratcliffe (University of:LOndon),'"Rotor

Motions in Solids".

19 December 1979

Dr. K.E. Newman (University of Lausanne), "High Pressure
Multinuclear NMR in the Elucidation of the Mechanisms of

Fast, Simple Inorganic Reactions".

30 January 1980

Dr. M.J. Barrow (University of Edinburgh) "The Structures
of some Simple Inorganic Compounds of Silicon and Germanium -

Pointers to Structural Trends in Group IV".

6 February 1980

Dr. J.M.E. Quirke (University of Dufham), "Degradation

of Chlorophyll-a in Sediments".

2% April 1980

B. Grierson B.Sc., {University of Durham), "Halogen

Radiopharmaceuticals".

14 May 1980

Dr. R. Hutton (Waters Associates, U.S.A.), "Recent
Developments in Multi-milligram and Mult- gram Scale

Preparative High Performance Liquid Chromatography".
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21 May 1980

Dr. T.W. Bentley (University of Swansea), "Medium and

Structural Effects in Solvolytic Reactions".

7 October 1980

Professor T. Tehlner, "Metallohoranes Cages or

Coordination Compounds?"

16 October 1980

Dr. D. Maas (Salford University) "Reactions a Go-Go".

30 October 1980

t

Professor N. Gassie, (Glasgow University), "Inflammability

Hazards in Commercial Polymers".

6 November. 1980

Professor A.G. Sykes (Newcastle University), "Metallo-

proteins: An Inorganic Chemists Approach".

12 November 1980

Dr. M. Gerloch (University of Cambridge), "Magnetochemistry

is about Chemistry".

1% November 1980

Professor N.N. Greenwood (Leeds University). "Metall-

borane Chemistry".

19 November 1980

Dr. T. Gilchrist (University of Liverpool) "Nitroso-

olefins as Synthetic Intermediates'.

4 December 1980

Reverend R. Lancaster "Fireworks".
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18 December 1980

Dr. R. Evans (University of Brisbane. Australia). "Some
Recent Communications to the Editor of the Australian Journal

of Failed Chemistry".

22 January 1981

Professor E. Dawes (Hull University), "Magilc and

Mystery through the Ages".

29 January 1981

Mr. H. Maclean, (I.C.I. Ltd.), "Managing in the

Chemical Industry in the 1980's".

5 February 1981

Professor F. Stone (Bristol University), "Chemistry

of Carbon to Metal Triple Bonds".

18 February 1981

Professor S. Kettle (University of East Anglia) ,

"Variations in the Molecular Dance at the Crystal Ball'".

25 February 1981

Dr. K. Bowden (University of Essex), "The Transmission

of Polar Effects of Substituents".

11 March 1981

Dr. J.F. Stoddart (I.C.I. Ltd.), "Stereochemical
Principles in the Design and Function of Synthetic Molecular

Receptors".

17 March 1981

Professor W. Jencks (Brandeis University, Massachusetts),

"When is an Intermediate not an Intermediate?".




202

7 May 1981

Professor M. Gordon (Essex University), "Do Scientists

Have to Count?".

10 June 1981

Dr. J. Rose (I.C.I. Plastics), New Engineering Plastics.
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CONFERENCES ATTENDED DURING THE PERIOD 1978-1981

1. Quantitative Surface Analysis Conference at the

National Physical Laboratory, October 1979.

Royal Institute of Chemistry/Chemical Society

no

Annual Congress, Durham, April 1980°

3. Nitrocellulcose and Double Based Propellants

Conference, Waltham Abbey, Essex, 1980.

4, Polymer Characterisation Symposia, Durham, July 1981.

*  Paper presented 1980.
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