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ABSTRACT

Modern analytical techniques have been employed to
investigate the nitration reaction of cellulose.

The nitronium ion, NOz*, is shown to be the
important nitrating species of cellulose in the nitrating me
employed. In mixes of high nitronium ion
concentration, nitration at the cellulose surface is
observed, by ESCA, to be extremely rapid, while in mixes
of low nitronium ion concentration it is observed to be
comparatively slow.

It is shown that the degree of substitution (DOS)
achieved at the fibre surface 1is equilibrium
controlled. However, 1t i1s also shown that cellulose
morphology plays an important role in determining the
final bulk DOS achieved by nitration.

The surface and bulk nitration of cellulose in
dichloromethane/nitric acid mixes has been investigated
by a variety of techniques. '#C solution state nmr has
been employed to monitor the partial DOS established at
the individual sites of the anhydroglucose residues.

The substitution distribution patterns observed for
materials in the DOS range 1.8 » 2.4 are very dependent
on the nitrating media employed. Further, the
differences in the substitution distribution pattern are
reflected in the d(101) mean interchain spacing. A
possible explanation for these differences is forwarded.

The plasma etching of cellulose nitrate has been
investigated as a function of DOS. The influence of

sulphate ester residues on etch rate is also considered.
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CHAPTER OFE — A REVIEVY OF THE °"OLDER’ LITERATURE

PERTAIFNIRG TO THE NITRATIOFN OF CELLULOSE
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Cellulose nitrate i1s the oldest cellulose
derivative, first prepared in 1833 when cellulose fibres
in the form of sawdust, linen and paper were treated with
nitric acid’. It 1s also the most important inorganic
ester of cellulose having a range of industrial
applications in diverse areas such as :-

(a) lacquer coatings for protection and decoration

¢ automobile refinish, wooden furniture )=,

(b> 1inks ( photogravure ink coatings )=,

(c)> plastics and films e.g. celluloid, the first
synthetic plastic=,

(d> plasticizers and films=,

(e) the nuclear industry e.g. in personnel nuclear-
radiation monitoring devices or as track detectors®:4,
£ micro—-electronics as a resist material®,

and perhaps most important,

(g> the munitions industry whe;e it 1s employed in
explosives and propellents. Generally cellulose nitrate
is combined with nitroglycerin to form double based
explosives/propellents®.

This is not an exhaustive list but it does give some idea
of the variety of uses to which celluloée nitrate can be
put. The commercial value of cellulose nitrate has led
to considerable interest in its chemical and physical
properties.

In many of the above listed applications the
usefulness of a cellulose nitrate is determined by its
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degree of substitution ( DOS >* and it is the conditiomns
under which cellulose nitrates are prepared that
ultimately control DOS as well as the other important
properties of nitrated materials which include:- degree
of polymerization, fibre structure, homogeneity of
nitration, stability and the extent to which undesirable
side reactions proceed. A complete understanding of the
nitration mechanism is yet to be established despite the
considerable attention nitration has received. The
purpose of this part of the chapter 1s to provide an
overview of the ‘classical' literature (pre 1978)
pertaining to the preparation of cellulose nitrate.

The nitration of cellulose is, in nearly all cases,
heterogeneous and it is therefore important to understand
how fibre structure influences the diffusion of the
nitrating medium in and out of the cellulose,. In the
second part of this chapter the structure of the cellulose

and cellulose nitrate fibres is considered.

* DOS. There are three hydroxyl groups per glucose unit
that can be potentially nitrated (the hydroxyl group is
replaced by a nitrate functionality i.e. substituted).
Therefore complete nitration at every glucose unit ring
will give a trisubstituted cellulose nitrate (i.e. a DOS

of 3). However, it is more typical that only a few
glucose rings are trisubstituted, whilst others are
disubstituted, monosubstituted or unsubstituted. Hence

it is more common that the DOS of a cellulose fibre 1s of
an intermediate value, say 2.1 1i.e. the averaged DOS of
all the glucose units. This idea is expanded in section

1.2.1.



Over the last six years ( 1978 - 1984 ) the
application of new spectroscopic teohniques in particular
72C nmr and ESCA to cellulose nitrate chemistry has led to
a rapid expansion in the understanding of the nitration
mechanism and it is this work that forms the subject

matter of Chapter 2.



ntroductio

The earliest attempts to prepare cellulose nitrate
were by the immersion of cellulose in liquid nitric acid -
water mixes, however this resulted in an unstable and
highly degraded material®. To improve the quality of
the nitrated product chemists have put considerable effort
into developing an understanding of the nitration
process. In 1882 Vieille first reported the
relationship that exists between the concentration of the
nitrating acid and the nitrogen content ( DOS > of the

cellulose” .9, gee Table 1.1.

Table 1

% HNO-. 77.3 80.8 83.5 87.0 89.6 92.1 95.1
- % B 6.85 8.07 8.78 10.33 11.53 12.23 12.68
The relationship that exists between the % nitrogen
and DOS i=s presented graphically in the appendix. The
highest nitrogen content obtained was 12.7 %, well short
of the theoretical maximum 14.14 %*. Below 77 % HNO=
partial dissolution of the cellulose occurred™. Vieille
suggested that this was the result of hydrolysis or
oxidation of the cellulose nitrate product by the dilute

nitric acid.

¥ 14.14 % N corresponds to a D.C. 3. cf 3, i.e. completé
esterification of all available hydroxyls in the cellulose
polymer.
+ Knecht and others'® claim to have succesfully nitrated
cellulose in less concentrated mixes e.g. 65 % HNOa.
However, examination of the product by X-ray diffraction
has shown these materials to be an addition product and
not a true esterification product.



The fastest rate of nitration reported was in the
most concentrated mix i.e. 95.1 % nitric acid. Since
Vieille's ploneering work there has been much effort put
into developing a good understanding of the nitration
mechanism of cellulose with nitric acid. In this
section an overview of the relevant 'open' literature is

presented.

The Nitration of Cellulose in Nitric Acid Vapour

Baker and Bateman'' in 1930 established that
cellulose fibres will nitrate in the presence of nitric
acid vapour. The use of vapour phase nitration has
never been commercially pursued because nitration has been
shown to be uneven throughout the fibre and
extraordinarily slow'=, Kinetic studies have failed to
establish a clear relationship between the rate of
nitration and the vapour pressure of the nitric acid.
However, there is strong evidence to link the initial rate
of nitration to the amount of nitric acid absorbed but
unreacted.

The vapour phase denitration of high DOS cellulose
nitrates with nitric acid - water mixes has also been

reported®.

Solution Phase Nitration

Liquid nitric acid is a very unsatisfactory nitrating
medium and is never used commercially. The product of
nitration is always swollen and, in 77-85 % nitric acid-
water mixes, dissolves in the nitrating mix ( to be
recovered by precipitation in water J. In the work
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cellulose nitrate of 13.8 % nitrogen employing anhydrous
nitric acid however, 13.8 % is still well short of
complete reaction.

The fallure to prepare higher % nitrogen products
with nitric acid has been explained by Miles in terms of
'accessiblity' of the cellulose fibre to the nitrating
mix®. Miles maintains that the difficulty encountered
when attempting to completely nitrate cellulose with
nitric acid is due to gelatinisation of the cellulose
fibres by the acid hydrate (HNO#.HEO) which prevents free
diffusion of the acid (HNOx., into the fibre. Chedin'#
has shown that although anhydrous nitric acid can only
nitrate cellulose linters to 13.2 % nitrogen, higher
percentages (up to 13.8 %) can be achieved by repeated
treatment with this acid if the product is dissolved in
acetone, precipitated by adding water and dried between
nitrations. However 13.7-13.8 % nitrogen, although
approaching the theoretical maximum of 14.14 % nitrogen,
appears to be the limiting extent to which nitration with
nitric acid (alone) will proceed.

Addition of salts, potassium, sodium and ammonium
nitrates to anhydrous nitric acid have been shown to
reduce gelatinisation during nitration®. However, the
addition of these salts to anhydrous nitric acid does not
dramatically raise the % nitrogen of the nitrated product.
The typical % nitrogen reported for nitrations in

salt/acid mixes is in the region of 13.0 - 13.8 %



With the addition of water to anhydrous nitric acid
the nitrating ability of the acid mix can be seen to
decrease, Table 1.1. Mixes of high water content have
been shown only to nitrate cellulose feebly or not at
all®. . Acid mixes in the composition range of 77 to 83.5%
nitric will nitrate cellulose from 7.5 to 10.0 % nitrogen,
although the product of nitration is entirely dissolved in
the acid mix. The 85 % nitric acid mix is of particular
interest; Miles and VWilson'" studying the rate of
nitration and denitration of cellulose / nitrocelluloses
over a range of acid - water mixes have reported that the
highest rate of nitration 1s observed in an 85 % nitric
acid ( contrary to Vieille's work® -®) as well as the
fastest rate of denitration. Further, there is a
prolific uptake of nitric acid by the fibre from the acid-
water mix, i.e. the nitric acid is absorbed by the fibre
but does not react. This acid can be recovered by
washing the product of nitration with plenty of water.

The importance cof these results is considered in the

following sections.

Absorption of Nitric Acid by Cellulose

WVhether nitrating cellulose fibres with nitric
acid vapour or nitric acid liquids, adsorption of nitric
acid onto the cellulose surface has been shown to preceed
nitration® 7. Further, adsorption not only preceeds
nitration but continues during nitration and after the
nitration is complete. Absorption of nitric acid in the
cellulose fibre 1is also well established to proceed
before, during and after nitration® 7. Acid that is

- 8 -



absorbed, but does not chemically react with the cellulose
and can be recovered by washing with water ( or to a
lesser extent by squeezing ).

Concomitantly, with acid absorption, both cellulose
and cellulose nitrate will absorb water from a nitric
acid-water mix ( although not to the same extent ) &:%,

Miles and Wilson '© have shown that the residual
nitric acid which remains in a cellulose nitrate after
nitration has ended is present in two forms. Firstly as
spent acid of the same compoéition as the mix acid after
removal of the product* and secondly, as nitric acid
diluted to a lesser extent by water also absorbed from the
mix. The spent acid can be removed by squeezing the
product of nitration in rollers. The absorbed nitric acid
can not be removed mechanically.

Miles® has determined the mass of nitric acid
absorbed per 1 gram of cellulose for a range of aqueous
nitric acid mixes; that is, the welght of acid absorbed
but unreacted after nitration is cdmplete. The mass of
residual acld absorbed was observed to be at a maximium

in an 85 % nitric acid-water mix.

* Since nitric acid is consumed during the nitration,
the composition of the acid mix will not be the same after

nitration as before. Further, water i1s a by-product of
esterification and so the removal of one nitric acid
molecule by reaction produces one water molecule. Spent

acids are much richer in water than the starting acid.
It is usual to use at least a 30:1 excess by weight of
acid to cellulose to prevent dilution becoming a serious
problem. ' ’



As reported above, when nitrating cellulose fibres
in nitric acid vapour no intelligible relationship has
been found between the nitric acld vapour ‘pressure and the
rate of nitration. There does however appear to be a
second order dependence between the weight of acid
absorbed by fhe fibres and the initial rate of nitration.

Understanding the absorption processes is very
1m§ortant if an attempt is to be made to describeAthe
mechanism of nitration in nitric acid. Such an
understanding could be of great pratical utility since
nitric acid is expensive and it is clearly advantageous to
recover as much unreacted acid after nitration as
possible.

Denitration of Cellulose Nitrate

Whereés the nitration of aromatics is irreversible,
the esterification of alcohols 1s generally a reverible
reaction. . Berl and Klaye'S were the first workers to
report the denitration of cellulose nitrate. Although
Berl and Klaye employed mixed acids ( sulphuric and
nitric acid > the reversibility of nitration in aqueous
nitric acid mixes 1s well establisheds.

A high DOS cellulose nitrate immersed im a nitric
acid-water mix unable to support such a DOS material will
denitrate; e.g. a 2.6 DOS cellulose nitrate placed in an
acld mix capable only of nitrating cellulose up to a DOS
of 2 will denitrate to a DOS of around 2. Generally the
denitrated cellulose will still be of a higher DOS than
would be expected i1if the nitrating capacity of the mix is
considered (i.e. in the above example the cellulose
nitrate would denitrate to about 2.1). Further, the rate
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of denitration has been shown to be appreciably slower
than that of nitration=®.

Miles and VWilson'® have monitored the demnitration
of 13.1 % nitrogen nitro-ramie ( ramie is a highly
crystalline cellulose fibre ) in a range of acid water
mixes: ‘Denitration was observed to be most rapid in
80-85 %4 nitric acid- water mixes. Further, the mass of
absorbed but unreacted nitric acid waé.determined to be
greatest for the 85 % nitric acid-water mix. Chedin'4
has shaown, by combining spectroscopic, electrochemical and
vapour pressure data, that the major constituent of the
85% nitric acid-water mix is the hydrated nitric acid
molecule. This specles is widely accepted to be the
principle denitrating agent=s. Neither acid nor water
alone have been shown to have any appreciable effect on
the DOS of a cellulose nitrate€. The 1limit on this
observation is that in concentrated acids, e.g sulphuric
acid > 68 %, cellulose nitrate will dissolve
irretrievably.

Physical Changes caused by Nitration ¢ Swelling )

On immersion of cellulose into any nitrating media
change occurs in the physical condition of the fibreS.
This has alredy been alluded to when considering the
effect of 100 % nitric acid on cellulose. The most
familiar example of this is roughening of the fibre when
nitrated in mixed aclids of greater than 20 -25 % nitric
acid. In other acid mixes there may be obvious swelling
of the fibre, or solution as described above for aqueous
nitric acid mixes ¢ 77-84 %). Miles® has considered the
Physical changes in the fibre on nitration in aqueous

...11_.



nitric acid mixes. In the 8% % nitric acid-water mix

( discussed above > the prefential absorption of nitric
acid 1s associated with a rapid swelling of the
celluloses fibres. In this mix it is reported that both
nitration of cellulose and denitration of nitro-ramie are
extremely rapid ( as discussed above ).

Clearly, changes in fibre structure:- swelling,
gelatinisation or solution ¢ in extreme cases ) have
important implications when discussing the rate of
nitration-denitration of celluloses observed in aqueocus
nitric acid mixes. However, in this type of experiment
it may not be the true rate of nitration or denitration
that is being monitored, but rather the rate of
penetration of the mix throughout the fibre. This
hypothesis 1s discussed later in this chapter and tested
in chapter six.

At ing cies

The nature of the nitrating species in nitric acid
water mixes has yet to be unambigucusly identified,
although several candidates have been proposed. In his
comprehensive review of 1955 Miles® considered un-ionized
nitric acid the most likely candidate responsible for
nitration. The evidence supporting the invovelment of
the gitric acid molecule in nitration is much the same as
that put forward for its involvement in mixed acids and
this is reviewed in Section 1.2.2

The involvement of the nitronium ion, NO:™, the
accepted nitrating species in most organic

nitrations'®.'7, Miles ruled out on the grounds that:-

_12._



(1) electrochemical and spectroscopic data show the
“ion is either present in low concentration in anhydrous
nitric acid, or not at all after the addition of 4-5 % by
weight of water to the dry acid. Lee and Millen'® have
shown that at -10-C anhydrous nitric acid is 4-5 % (by
weight) dissociated according to equation 1

2HNOz = RO=* + NO=— + H=0

(11) nitration occurs in nitric acid wvapour and
Miles considered the existence of the nitronium ion in the
acid vapour highly unlikely.

Miles® proposed that the nitration equilibrium can

be described by equation 2

HNO> + - OH = - NOs + H=0
or by 3
2HNOs + — OH = - NOs + HNOs.H=O0

taking into account the hydration of a nitric acid
molecule. These equations are still widely accepted to

describe the nitration of cellulose with nitric acid”.'2,

_13_



The addition of sulphuric acid to nitric acid

facilitates the production of an appreciably less swollen

and less degraded cellulose nitrate. It is thought that

this is because the sulphuric acid counteracts the
swelling action of the nitric acid”. Sulphuric-nitric

acld-water mixes are employed in nearly all commercial

nitrations. Almost every possible ratio of these acids
with water have been investigated. This has led to
nitration diagrams being drawn up. From these diagrams

the expected DOS can be estimated for nitration in a
particular acid mix. However, the usefulness of these
diagrams has been questioned since they do not take into
account the nature of the starting material, which may
effect the final DOS achieved. Two such diagrams are
presented in Figures 1.1 and 1.2 based on the early work
of Bruley®=® -( 1895-1896 ) and from the later studies of
Miles® ( 1953 ). Figure 1.2 also details regions of
acld mix composition where swelling or solution of the
cellulose or product will occur.

Since sulphuric acid is cheaper than nitric it is
more economical to nitrate in mixes of high sulphuric
acid and low nitric acid content. The range of
compositions commonly employed for nitration is described
in Figure 1.2 by the technical zone ( of nitration ).
Discussion will be limited to nitrations with mixes that
are technically employed. The zone is narrow as the

nitric acid composition is kept between 20-30 % and

changes in DOS are effected by altering the sulphuric, acid

to water ratio.

_14._
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The reader could be easily be forgiven for being
confused when looking through the great volume of
literature relating to the kinetics of nitration in mixed
acilds. Confusion can arise because authors have tended
to omit details of the mix composition, cellulose source,
or to recognize that reactions, other than nitration, are
also simultaneously ongoing in an acid mix.

Vieille® ( 1884) was probably the first to report
that the rate of nitration of cotton linters is depressed
by the addition of sulphuric acid to nitric acid. Lunge
et al®' have examined in more detail the influence of the
sulphuric to nitric acid ratio ¢ of-an acid mix > on the
rate of reaction and have confirmed the early observation
of Vieille. Typical nitration times reported by Lunge

for a range of sulphuric-nitric acid ratios are presented

in Table 1.2.

1:1 0.5 hr
3:1 3 hrs
8:1 30 days

vy

However, Spalding®® employing a 21% nitric acid,
61.5% sulphuric acid and 17.5% water mix has shown

nitration to be complete within 5 minutes, see Figure 1.3

_16_
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Figure 1.3

Clearly, the addition of water to a mixed acid
greatly enhances the rate of nitration. Miles® and
Urbanski” in their reviews of cellulose nitrate chemistry
both came to the conclusion that the rate of nitration is
ultimately controlled by the speed of diffusion of the
acids into the cellulose fibre. Cellulose is a semi-
crystalline polymer and it 1is the classical view that in
the crystalline regions diffusion is either slow or
incomplete.” The ability of an acid mix to penetrate
into the crystalline regions determines the time taken to
reach 'final' DOS. Hence, acid mixes that can cause
swelling of the fibre can penetrate these crystalline

regions much more readily. Two factors are therefore
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important to consider when discussing the rate of
nitration: - |

(1> the penetrating or swelling ability of the acid
mix,

and (i1l) the fibre 'structure’'.

The swelling capacities of sulphuric acid, nitric acid and
other reagents on the cotton fibre are reviewed in Section
1.2.4

Jeffries et al®® have by a variety of techniques
shown that cotton linters, a natural source of cellulose,
are about 70-80% crystalline whilst mercerized cotton is
only about 50% crystalline. Sakurada®4 has measured the
rate of nitration of bleached and unbleached cotton at
0=C. The rate of nitration in the less crystalline

bleached cotton was considerably more rapid.

Anhydrous Mixed Acids.

It is interesting to note from Figure 1.2 that
anhydrous acid mixes in the technical zone do not produce
cellulose nitrates of the highest nitrogen content.
Rassow and Bonge®® have reported attaining the highest
nitrogen content by diluting anhydrous mixes with 9-10 %
water. Nitrations in anhydrous mixes are appreciably
slower than in mixes where the 10% of the sulphuric acid
has been replaced by water. Further, increasing the
proportion of sulphuric acid in a mix reduces the
stability of the product”. The increased instability
( characterized by an accelerated rate of nitrogen loss
from a cellulose nitrate with storage ) 1s thought to be a
consequence of sulphate ester formation in the cellulose.
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Stablilization

Stabilization of cellulose nitréte is achieved by
bolling or pressure steaming with many changes of water.
The stability of the treated material is usually assessed
by the Abel Heat Test” or the Bergmann - Junk Test”

Schobeln's original patent®® of October 1846
instructed that the pressing of the nitrated cotton was
sufficlient to remove all adhereing acid. In July of the
next year a disasterous explosion took place at a factory
in Faversham where guncotton was being manufactured.
Twenty men were killed. It is uncertain why exactly the
explosion occurred, however it éoon became apparent that
‘green' cellulose nitrate ( cellulose nitrate from which
the acid has been pressed ) was not very stable. Green
cellulose nitrate will spontaneously combust in oxygen at
much lower temperatures than materials which have been
boiled stablized. Instablility in cellulose nitrates has
been attributed to three possible causes®:-

(1> residual mineral acids in the nitrated
material. Nitric acid has been shown to be relatively
easy to remove by boiling, however, sulphuric acid is not
so easily removed,

(ii) sulphate esters - see Chapters 2 and 3,

(ii1i> an oxidation product of cellulose.
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The Nitrating Species

One of the points of interest in the technical
nitration of cellulose with mixed aclds is the control of
DOS ¢ %Nz > and how this is related to the composition of
the acid mix. The maximum DOS obtained in the zone of
technical nitration is 2.77 ( 13.5%Nz: ). In nitric acid
-water mixes nitration is considered to be equilibrium
controlled except in the very strong acids where DOS is
consldered to be limited by the accessibility of hydroxyls
to the nitrating acid. The limiting DOS of acids from the
technical zone has been explained in terms of both
'equilibrium' and ‘accessiblity'.®. " The equilibrium
control of DOS in mixed acids 1s well established,®.'*
however, in the near anhydrous mixed acids that nitrate up
to a DOS of 2.77 i1t has been proposed that complete
nitration ¢( i.e. a DOS of 3 > can not be achieved because
the acids can not penetrate throughout the crystalline _
cellulose regions. Both the accessiblity and
equilibrium arguments are considered in some depth in this
and the fcllowing chapter. The confusion that exists
over the control mechanism of DOS is complicated by an
ignorance of the nitrating species in technical mixes.

The nature of the nitrating species in technical
mixed acids has been a matter of considerable debate in
the literature.®.7 In his review of cellulose nitrate
chemistry < 1955 ) Miles® came down firmly in favour of
anhydrous nitric acid using the arguments employed in
Section 1.1.2 to rule out the possible involvement of the
nitronium ion which in nitration. The evidence Miles
cites in favour of nitric acid is persuasive, the
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strongest evidence comes from comparison of the nitric
acid vapour pressure above a mixed acid and the DOS to
which the mix will nitrate cellulose.

From studies of the nitric aclid vapour pressure
above mixed acids it has been shown that the concentration
of free nitric acid, that 1s acid that is not chemically
assoclated with either the sulphuric acid or water, in a
particular mix and the DOS to which cellulose will nitrate
in that mix are related.®® ¥ Sapozhinikov®®. #¢ proposed
that the concentration of free nitric acid in a mixed acid
and the vapour pressure of nitric acid above the mix are

related thus: -

V. pressure of acid = k

[ free acid in mix 1
It follows from this relationship that a high nitric acid
vapour pressure above a mix is indicative of a high

concentration of free nitric acid in the mix.

A

Depression of the vapour pressure correspondéd to
hydration of the nitric acid in the mix, i.e.

HNC:x + Hz:0O = HNO=. H:O
Very low vapour pressures corresponded to di or tri -
hydrates. Expressing the relationship between the
nitric acid vapour pressure and the composition of the
mixed acid graphically, it can be seen that the curves
showing the variation of nitric acid vapour pressure with
acid mix composition closely resembles those in the 3-way
nitration diagrams of cellulose, see Figures 1.4 and 1.5.
From this result Sapozhnikov deduced that the nitrating
capacity of mixed acids was dependent on the nitric acid
vapour pressure 0of the mixture and hence, the nitrating
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effectiveness of a mixed acid increases as the amount of
free nitric acid in the mix increasesf
Miles® predicted on the basis of vapour pressure
measurements that the highest DOS toc be achieved by
nitrating in the technical zone would be employing an acid
of composition :-
Nitric Acid 24.3 %
Sulphuric Acid 65.8%
WVater 8.9 %
This result is in close agreement with the mix
experimentally found to give the highest DOS :-
Nitric Acid 25.3 %
Sulphuric Acid 63.4 %

WVater. 11.3 %

However, not all authors are happy with this
casting of nitric acid as the effective nitrating agent in
mixed acids, nor the arguments employed to rule out the
nitronium ion®. Recently the work of Munro, Fowler and
Short®!'.#=2 has strongly favoured a different role for
nitric acid as a precursor to the nitronium ion, NO=z=™,
which they believe to be the nitrating species. This

work 1s presented in Chapters 2 and 3.
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The Nitration Equilibrium of Cellulose in Mixed Acids

Berl and Klalye“Js weré the first workers to
experimentally investigate the denitration of cellulose
nitrates in mixed acids. A series of cellulose
nitrates 6f high DOS were immersed in aeid mixes that
could not nitrate fresh cellulose to such a high DOS.
However, although the cellulose nitrates denitrated on
immersion, thé final DOS of the denitrated materials was
still higher than that expected from the nitrating
capacity of the acid mixes employed. Berl and Klaye
considered that equilibrium was not reached. This
phenomena of only partial denitration has since been
reported by other authors<.=<, It is largely as a result
of such experiments that some authors still prefer to
discuss nitration and denitration in terms of
accessibility rather than equilibrium.

Demougin and Bonnet®<¢ have shown that 1f a
cellulose nitrate i1s denitrated for long enough in an acid
mix, equilibrium is eventually established. However, at
long immersion times considerable degradation of the
cellulose'can occur, especially in mixes of high water

content=5s,

The quickest denitration occurs in acid mixes that
are able to cause the cellulose to swell.” Thus, the
higher the proportion of nitric acid in the acid mix, the

more rapid the rate of denitration.
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The Anomalous dio. Spacing

The structure of the unit cells.of cellulose and
cellulose nitrate are considered in detail in part II of
this chapter. However, 1t is pertinent to briefly review
the processes that occurr in the fibre during nitration
here.

Change in molecular structure of cellulose nitrate
as the hydroxyl groups are progressively replaced by
nitrate groups has been well studied and it is now
established that the conversion coinclides with a massive
change in the dimensions of the unit cell®%., Changes 1in
the spiral angle and the nature of the helix have been
recorded®”, Mathieu™® was perhaps the first worker to
observe the linear relationship that exists between the
d(101> interchain spacing and the nitrogen content of the
cellulose nitrate. Trommel®* has extensively studied
the d(101) spacing as a function of DOS and his results
are sunmarized in Figure 1.6.

Although the d(101) spacing in cellulose is very
sensitive to nitration Miles® and Trommel®® have both
reported that the d(101) spacing of cellulose trinitrate
is not sensitive to denitration, see Figure 1.6, The
d(101) spacing of a high DOS material that has undergone
denitration does not revert back to the spacing that would
"be anticipated on the basis of nitratiomn.

It would seem that, once formed, the conformation adopted
in the unit cell of the cellulose trinitrate is

particularly stable and resistant in some way, perhaps
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(as it has been suggested)'® because of a change in
hydrogen—-bonding, to normal hydrolysis.

Trommel®' has suggested that in high DOS materials
the fibre 1s so well crystallised that acid mixes can-not,
or are slow to, penetrate and hence denitration is slow.
This hypothesis is supported to some extent by the X-ray
diffraction pattern of cellulose trinitrate which is
extremely sharp and clear. Denitrated cellulose nitrates
also display anomalous sclubilities in a variety of
solvents, e.g. denitrated materials in general are less

soluble in a mixture of alcohol and ether (2:1) than thelir

nitrated counterparts.
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Figure 1.6 Graph of mean X-ray 4 (101) spacing against

DOS for nitration and denitration®’
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1.1.4 Qther Nitrating Mixes for Cellulose

7,29

Of—the many types of acid mix that can be employed to
nitrate cellulose, the phosphoric-nitric acid mix 1s the
next most useful in terms of industrial importance after
the sulphuric acid-nitric acid mix.

These mixes have two distinct advantages over
technical mixed acids:-

(1> +the preparation of extremely high DOS materials
are feasible in these mixes ( 1.e. DOS > 2.77 )

(1i) stabilization of the nitrated product 1is very easy
(ten minutes boiling is sufficient).

Further, there 1s appreciably less depolymerization of the
product when nitrating with phosphoric~nitric acid mixes
(although the product is more swollen).

However, a major problem with phosphoric—nitric
acid mixes is thelr corrosive effect on the nitrating
vessel, glass or steel.

Surprisingly little effort has been put into
understanding the mechanism of nitration in phosphoric-
nitric acid mixes ( especially when compared to the
attention that the sulphuric-nitric acid mixes have

received ».

Nltric Acid with Acetic Acid and Acetic Anhydride

Acetic acid and acetic anhydride are common partners of

nitric acid for nitrating purposes<°. These mixes
nitrate to very high DOS (2.9-3.0). Cellulose nitrates

prepared from acetic acid-anhydride mixes are reported to

_27_



be less swollen than those prepared from other acid

systems<?.

Nitric Acid and solutions containing inactive
Substances |

Anhydrous nitric acid is miscible with certain
organic liquids”. The first reported use of chlorinated
hydrocarbons as an inactive component in the nitrating mix
appeafed well over 50 years ago“=. Carbon tetrachloride
was substituted for part of the technical acid mix
replacing the large excess of sulphuric acid. An acid mix

composed of: -

Nitric acid 18 %
Sulphuric acid 5 %
Nitrogen dioxide 2 %

Carbon tetrachloride 75 %
with an emulsifying agent ( naphthalenesulphonic acid )
gave a cellulose nitrate of 11.8 % nitrogen. Bouchonnet
et al“® have reported preparing a tri-nitrated cellulose
in a mixture of dinitrogen pentoxide and carbon
tetrachloride. Other workers have reported the
nitration of cellulose in various organic media employing

anhydrous or 95 % nitric acid=<.4=
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Part IT _CELLULQSE STRUCTURE

1.2.1 Introduction.

The expected DOS from nitration in a particular
mixed acid can be roughly estimated by reference to Figure
1.2, However, the usefulness of nitration diagrams is
limited. This 1s because figures like 1.2 take into no
account the effect that cellulose structure plays in the
nitration reaction. The source and pre-treatment of the
cellulose fibre has a profound effect on 1ts reactivity
with a variety of different reagents. It is generally
accepted that cellulose I, the crystalline form of
naturally occurring cellulose, is unique and does not
depend on the source of the cellulose. However, as will
be shown towards the end of-this chapter, celluloses of
different source exhibit very different levels of

crystallinity.

In 1838 Anselme Payen“® proposed that the cell wall of
a large number of plants are constructed of the same
substance to which he gave the name cellulose. Payen's
suggestion has stood the test of time and it is now firmly
accepted that the structural material of higher plants is
in fact a poly-cellublose made up of anhydroglucose
residues joined together by a 1-4 beta linkage®, see
Figure 1.7.

The importance of cellulose to the quality of our

everyday lives can not be underestimated and it is our
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often led chemisfs to regard cellulose as a simple long
chain polymer. Although, celluloses from different
sources will all have the same chemical formula they can
differ considerably in their fibre structure.

1.2.3 _Cellulose Sources

Pure cellulose can never be found in nature. The
cotton fibre is the purest natural source of cellulose; it
rarely contains more than 5 % of other substances. In
wood and plant stalks cellulose 1is assoclated with large
quantities of other substances such as lignin and the so -
called °* hemicelluloses ° (¢ they are infact
polysaccharldes ). The association between cellulose
and lignin in the plant stalk has often been liken to that
between steel and concrete in tall buildings®’'.

It is beyond the scope of this thesis to present a
comprehensive review of all cellulose sources; some of the
more ilmportant celluloses are considered with references

for further detail.

£1> Wood Pulp

Vood pulp is now the major source of cellulose for the
preparation of cellulose nitrates and other large scale
dervatives of cellulose, as well as the manufacture of man
made fibres e.g. rayon*®. There are two major classes of
pulp-yielding trees, the dicotyledenous ( hardwood > and
the gymnosperm (¢ softwood) trees.

The woad fibre wall consists of, on average, 45 %
cellulose, 21 % lignin and 34 % hemicellulose in
hardwoaods; 42 % cellulose, 29 % ligin and 28 %

hemicelluloses in softwoods®=.

...30_



The crystallinity of cellulose in wood fibres has
been determined to be between 65-70 % by x-ray
diffraction®=, It is the crystalline cellulose
microfibrils that give cellulose its tensile strength.

The structure of an idealized fibre is presented in figure
1.8. From this figure it can be seen how the wood fibre
(tracheid) is built up from the cellulose fibrils.

There exist two walls, the primary wall (P> and the
secondary wall (S); the secondary wall can nearly always
be seen to be made up from 3 distinct layers 8., Sz and
Ss. In the secondary walls the fibrils are orientated at
specific angles in the 3 different layers; in the primary
wall the fibres are disorientated.

The middle lamella (M) is not an intergral part of
the cellulose wall, 1t contains a very high proportion of
lignin and acts to hold the fibres together.

Hemicellulose is probably located on the fibril surface
and in the interfibrillar spaces.

Cellulose wood pulp is prepared from the
disintergration of wood fibres in a hot solution of either
sodium hydroxide or calcium sulphateS. At this stage
the lignin and hemicelluloses are removed, although a
small quantity of pentosans may remain ( < 5 % ).
Cellulose wood pulp is usually 95-99 % pure. It has been
reported that crystallization occurs in the fibre during

chemical pulping®=*=.
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Figure 1.8 Structure of the cotton fiber.
=23
Cotton is the seed halr that is extracted from the
pPlants of the genus Gossypium. The fibre length can

vary from 1-10 cms and its breadth 10-25 pm.

L1id) Cotton Linters

The normal cotton hair is considered to valuable to
use for nitration, although waste material which is
considefed unsultable fpr weaving orAspinning is often
used to prepare cellulose nitrates. This material 1s
usually referred to as cotton linter. It is often
incorrectly asserted that linters are immature cotton

because of the linters average length, 0.05—0.5 cm.
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Examination of linters by optical microscopy reveals that
thickening of the secondary walls (associlated with
maturity) is complete. ‘The macroscopilc fibre structure
of wood pulp bas been deécribed above; at this level the
structure of the wood and cotton fibre are very similar.
A thorougﬁ pressure scour (boiling under pressure with
dilute alkali) removes almost all the non-cellulosic
components from the cotton. The final product is at
least 99% pure and it i1s because of its purity and the
high level of crystallinity that most workers have chocsen
to sfudy the structure of the cotton fibre; as oppose to
other naturally occurring cellulose fibres. In the
following sections the structure of the cotton fibre is
considered in further det;il. However, it 1s gemnerally
accepted that the discussion presented applies equally to
any other naturally occurring cellulose fibre.
1.2.3 The Eibiilla:"Sizusiuna

By optical microscopy it can be seen that the
cotton fibre is built up from thousands of smaller fibrils
organized in 3 distinct layers (see above). The fibdbrils
are smooth and no evidence for branching has ever been
found. The fibrils are of the order of at least 20002
thick. The study of these fibrils by electron
microscopy has revealed much smaller units, microfibrils
of the order of 200-300 & thick. Further disintegration
has shown that these microfibrils can be split up into
elementary or basic fibrils of about 30-60& thick==.
The silze of the elementary fibril has also been

investigated by chemical techniques.
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(d) Veined Model

Figure 1.9 Proposed models for cellulose

_34_



Haworth et al®F, from methylation studies of the
accessible surfaces of the elementary fibril (d.e. surface
hydroxyls), bhave shown the elementary fibril cross section
to be 8 x 10 cellulose chains <(or 40 x 50 &). These
dimensions are in reasonable agreement with the estimated
by electron sbectroscopy.

It is important to consider how the cellulose
chains are arranged in the fibre. Long before the
advent of x-ray diffraction techniques Nageli®® proposed
a micellar theory to explain the packing of cellulose
chains in the fibre, see figure 1.9.a. This assumed the
presence of brick like crystalline micelles within the
cellulose fibre. From the first diffractioﬁ'patterns
obtained of the cotton fibre, ca. 1920s, 1t was deduced
that the fibre was indeed crystalline in part and the
crystal size was estimated to be 5-10 nm in diameter and
50-60 nm in length=~7, The diffuse nature of the x-ray
patterns were attributed to the presence of amorphous
cellulose in the fibres. It was suggested that the
amorphous material in a fibre acted as a cement holding
the crystallites together==. This interpretation of the
diffraction data was at the time compatible with
contemporary chemical thougﬁt. It was known that
celiulose was a polymer and early estimates of the degree
of polymerization (d.p) were in the region of 100-200
glucose units.

However, with developments in mnew physical
techniques, in particular viscosity measuréments, the

early estimates of d.p. were revised, Staudinger and
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Mohr®« (1937) indicated a d.p. of about 3000 to be more
appropriate and therefore early miceliar theory became
untenable. With the discovery of the high polymer
nature of cellulose the fringed micelle concept was
proposed, Figure 1.9.Db. According to this theory, a
cellulose chain will run through several crystalline and
amorphous domains.

The discovery of the elementary fibril led workers
to consider that the cotton fibre is near, or 100%
crystalline. Briant and co - workers®® have reported
that the elementary fibril 1s 100 % crystalline and they
propose that any scattering observed in the x-ray
diffraction pattern, which was previocusly attributed to
amorphous domains in the cotton fibre, arises from lattice
distortions, along the surface, or periodically across the
length, of the elementary fibril. This conclusion is
supported by the earlier work of Muhlethaler®® who using a
stalining téchnique to study the elementary fibril has
reported that elementary fibrils appear to be completely
Crystalline along their entire length.

However, the 100% crystalline model is not a
completely adequate description of the packing of the
cellulose chains in the cotton fibre. The measured
density of the cotton fibre is much lower than calculated
from the unit cell and this result suggests that the
cellulose chains are not packed as regularly as the 100%

crystalline model implies.
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The 'veined' model, Figure 1.9.d., explains the
lower than expected density of the fibre while retaining a

near 100% crystallinity in the fibre.

1.2.4 The Crystal Stiructure of Cellulose

The important evidence for the chemical structure
of cellulose was obtained between 50-60 years ago. The
six membered glucopyranose ring is now assumed, a priori,
to be the fundemental unit of structure. There are 2
spatial forms that these rings can adopt, the chair and
boat forms. Vith the advent of x-ray diffraction
techniques, chemists have been able to address the
problems of spatial arrangement, chain conformation and
packing of cellulose chains in the elementary fibril.

The first fibre diagram was reported by Polanyi®', who
proposed that the unit cell of cellulose is orthorombic
and has a periodicity in the direction of the fibre axis
every 10.3 A. Polanyi's unit cell has not stood the
test of time; the cell that 1s now widely accepted for
cellulose type 1 was first proposed by Meyer, Mark and
Misch®=. They define the unit cell as monoclinic, with
two anhydrocellobiose residues per cell, see Figure 1.10,
The two chalins run parallel to the fibre axis. The
cellobilose residues are arranged on a two fold screw axis
parallel to the fibre axis, i.e. a helix with two sugar
residues per complete twist, and the repeat distance is
10.3 4.

The boat conformation was dismissed as 1t would result

in an impossible chain conformation. Meyer, Mark and
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Misch proposed that adjacent cellobiose units were packed
in an antiparallel arrangement.

More recently Gardner and Backwell®® have claimed
that there 1s closer agreement In the x-ray diffraction
intensity data with a paréllel packing arrangement. From
the results of detalled crystal structure analysis, Sarko
et al®4.%% have confirmed the parallel packing arrangement
of adjacent chains.

The proposed hydrogen bonding in either packing
arrangement is extensive. In the Meyer, Mark and Misch
crystal lattice, Figure 1.1l1la, it 1s proposed that:-

(1> the hydroxyl groups on the carbon C-3 are
intramolecularly hydrogen-bonded to the oxygen 05' in the
neighbouring pyranose ring

(11> in the 002 plane, adjacent celluloses are
hydrogen-bonded between the hydroxyls located at the C-6
and the C-3" and perhaps also from the hydroxyl a?lthe

C-6 site and the oxygen atom 0-4".
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In the Backwell model the described hydrogen bond
is accepted and further hydrogen bonding is proposed in
the 002 plarne. The bonding proposed by Blackwell gives
cellulose an apparent sheet like structure in which the

002 planes are held together by van der VWaals forces, see

Figure 1.11.b.

Al{hough it is generally accepted that the unit
cell of cellulose I, the crystalline form of naturally
occurring cellulose is unique and does not depend on the
source of the cellulose, Okano and Koyanagi=” have very
recently reported significant differences in the d-

spacings between softwoods and hardwoods.
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Cellulaose II

Native cellulose fibres are frequently treated
chemically to improve fibre properties. Cellulose II 1is
produced when cellulose I 1s dissolved and precipitated
(regeneration) or treatea with an alkaline solution, e.g.
20 % sodium hydroxide, and then thoroughly washed
(mercerization). It is generally accepted that cellulose
1Tl is a more stable allomorph of cellulose.

The unit cell after mercerization is still
monoclinic and much of the structure described for
cellulose I applieé to cellulose II. It is generally
accepted that adjacent cellulose chains are packed in an
antiparallel arrangement,® although other structures have
been suggested.*=®

Mercerization is heterogeneous: one of the major
objections to the proposed parallel arrangement of adjacent
chains in cellulose I.is the difficulty in explalning the
change of chain direction thaﬁ would occur with
mercerization without solution of the fibre. Recently,
however, Sarko®® has proposed a mechanism for the
conversion from a parallel to an antiparallel arrangement
of the chains, without envoking solution of the fibre.

The intramolecular hydrogen bonding in cellulose II
is considerably more complex than cellulose I.®'.7° The
difference in the reactivities of cellulose I and cellulose

II to many chemical reagents has often been attributed to

the different hydrogen bonding.
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1.2.5 The Crystallinity ¢ or Accessibility ) of Celluloses

Infra-Red Deuteration Studies

From Infra-red studies of the hydroxyl-stretching
band (3u region) it has been observed that there is almost
complete hydrogen bonding throughout the cotton fibre.”?
Vhen cellulose is treated with deuterium oxide it is
observed from the 3 u region that there are two cellulose
reglons: -

(1) where hydroxyl groups hydrogen bond in a
fashion that they are inaccessible to proton exchange with
deuterium oxide,

(11) where hydroxyl groups hydrogen bond in a
fashion that deuterium exchange is observed to readily
occur.

The percentage of hydroxyls in these 2 regions has
been measured for a variety of cellulose fibres, table 1.3.
From this table it can be seen that in the cotton fibre 58-
60% of hydroxyls exist in regions where the protons do not
exchange with the deuterium oxide and that 40-42 % of
hydroxyls are hydrogen bonding in regions where exchange
takes place. This result can be compared with the model
of the elementary fibril proposed by Haworth, Jones,
Roberts and Sagar=® where 1t is suggested that 44% of the
cellulose hydroxyls lie in the surface region. It does
not seem unreasonable to suggest that in the cotton fibre

the hydroxyls accessible to deuteration are located on the

surface of the elementary fibril.
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Table 1.3

Technique Cotton Yood Mercerized Regenerated
pulp catton cellulose

X-ray diffraction= 27 40 49 65

X-ray diffraction® 30 35 55-62

Deuteration 36 55 59 72

Deuteration© 33 - - -

Moisture regain® 42 49 62 77

Hon freezing water 16 23 48

Iodine sorption 13 27 32 52

Density 36 50 64 65

= reported by Jefferies et al in ref 4 %

t* reported by Hermans P.H. and Veidinger A, J.Polymer Sc.
4, 135

< reported by Mann J. in ‘Methods in Carbohydrate Chem.

IJII' Ed. VYhistler R.L. Publ. Acamedié Press, London 1963.
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From Table 1.3 it can be seen that the percentage
of hydroxyls accessible to deuteration for a series of
different celluloses increases in the following order:-

cotton -2 wood pulp - mercerized cellulose -9
regenerated cellulose.

X-ray diffraction measurements of crystallinity
indicate that the cotton fibre is the most crystalline of

these celluloses and the regenerated cellulose the least.

Deuterium exchange studies monitor the availablility

or accessibility of cellulose hydroxyls to reaction,
generally under conditions that avoid swelling of the
cellulose fibre.

Crystallinity as measured by x-ray diffraction is,
however, a measure of the order and disorder presumably
existing in (or along the surface of) a crystalline
material. An exact correlation between the percentage
crystallinity and the percentage accessibiliy measured can
not be expected, although it may be close. The
percentage of order/disorder and the ‘accessibility’

( measured by several exchange techniques ) for a variety

of celluloses are presented in Table 1.3.
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Hydroxyl Reactivity at the Elementary Fibril Surface

The relative accessibility of the hydroxyl groups
at the Cz, Cs and Cs positions to reaction with N, N
diethylaziridinium chloride (D.A.C.) have been measured for
selected celluloses.”' 7=.7% The results are summarized
in table 1.4. It 1s important to note that the conditions
employed avoid swelling of the fibre (and therefore
disruption of the hydrogen bonding). Hence reaction is

limited to the surface of the elementary fibril.

Table 1.4 Relative availabilities of hydroxyls

Cellulose [ (OH-3>1/0 (OH-2>] [ (OH-6>1/{ (OH-2)>1
EHC I* 0.28 0.55
Native cotton 0.27 0.82
Mercerized cotton 0.79 0.86
Disorder cellulose 1.00 1.00

* Exemplar hydrocellulose, highly ordered cellulose

From table 1.4 1t can be seen that the availability
of the Cz0H to reaction is about 25 % of that of the CzOH
in native cotton. The availability of the CeOH to
reaction 1s about 80 % of that of the C=z0OH. A variety of
celluloses of different crystallinity were studied and the
results in table 1.4 show that as the level of
crystallinity in the cellulose decreases the differences in
the availability of the three sites to reaction diminishes.
It is interesting to compare the relative accessibilities

of the hydroxyls presented in table 1.4, to those
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determined by solution state '¥C nmr for the nitration of
cotton cellulose in mixed acids. From a study of the
substitution distribution of nitrate esters in a range of
different DOS materials it has been shown that the
avalilability of the 3 sites to nitration is in the order Cs
>Cz >Ca. 72 If the 'accessibility' of the hydroxyls to
the nitrating mix 1limited the DOS achieved in a cellulose,
then the order C2> C6> C3 would perhaps have been expected.
The order actually observed indicates that the extent of
nitration at a particular hydroxyl site is equilibrium
rather than accessibility controlled.

The relative accessibilities of the hydroxyls to
reaction are dependent on the reaction conditions employed.
The relative equilibrium constants for the reaction of
hydroxyls at the Cz and Ce positions with methylvinyl
sulphone dissolved in benzyltrimethylammonium hydroxide are
Cz / Ce = 2 in 1.0 molar sodium hydroxide but 3 in 0.5m.
sodium hydroxide.”* Equal availlability of the sites is
approached as the molarity of the sodium hydroxide is.
increased. Rowland et al”® have reported similar findings
studying the relative reactivities of the hydroxyis in
cotton cellulose with 2-chloroethyldiethylamine. In
strong alkaline solutions the relative reactivities of the
3 sites are equal; in media of lower alkalinity (K 4m) the
selective accessibilities of the 3 sites become evident; in
media of even lower sodium hydroxide concentration. the
selective accessibilities become pronounced. Clearly it
is the action of the sodium hydroxide on the cellulose

which effects the relative accessibilities of the 3 sites.
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Varwicker has shown that cellulose fibres swell in sodium
hydroxide solutions.”” Swelling must involve some
disruption of the hydrogen bonding network in cellulose;
from the discussion presented above it appears it is the
disruption of the hydrogen bonding in cellulose that
increases the relative availability of the Ce and Ca
hydroxyls to reaction.

Hence, the availability of surface hydroxyls (in
non-swelling reagents) for derivatization can possibily be
explained in terms of the hydrogen bonding in the
elementary fibril,s”.se It 1s well established that
there is a strong intramolecular Cz0H--0s° hydrogen bond
which will restrict the availability of the C=-0H to
reaction. There is also potential for a hydrogen bond
between Ce-OH and C=-OH. It has been suggested that the
latter bond would restrict the availability of Ce-OH
without restricting the availability of the Cz=-OH to

reaction.

Swelling of Cotton Cellulose in Acid and Alkalil

Varwicker et al?7-®® have investigated the swelling
of cotton cellulose in acid and alkaldi. The degree of
swelling was assessed by measurement of the variations in
the width of the cotton fibre at its widest point. The
nature of the swelling process, whether inter or
intrafibrillar, was deduced from microscopic and x-ray
evidence. Varwicker has shown that sulphuric acid (70%
for 5 seconds) causes extreme interfibrillar swelling, but
no intrafibrillar swelling. This was also shown to be the

case at longer exposure times in all concentrations of
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mixes of > 63% sulphuric acid sglution of the cellulose
occurs. Nitric acid however can cause swelling both inter
and intrafibrillarly. At lower concentrations
interfibrillar swelling dominates and at higher
concentration intrafibrillar swelling dominates. At higher
nitric acid concentration nitration also occurs.

1.2.6 The Structure of Cellulose Nitrate and other

Atkins et al®’ have investigated the molecular
conformation and packing in cellulose nitrate by X-ray
diffraction and computer-modelling. The x-ray diffraction
data obtained indicates that in highly nitrated celluloses
(13.9% N> the anhydroglucose backbone is arranged as a 5-
fold helix (di.e. 5 rings per repeat). A number of
possible chain conformations exhibiting 5-fold helical
symmetry were computer modelled; the most acceptable model
was found to be a 5: helix. Packing considerations of the
5% helixes lead Atkins to conclude that adjacent chains are
arranged in an anti- parallel fashion.

The recent the application of solid state '®C nmr to
cellulose®* #7 and cellﬁlose derivativeg®®. . ®%.%< hasg
provided a wealth of new information on crystal
structure, ®=. %8, %7 gybstitution distribution®®.%® and
morphology. ®® Discussion of the solid state nmr data is
reserved until Chapter 3 where the solid state nmr spectra
of cellophane and wood fibres are examined.

The morphology and sequence distributituion in

cellulose derivatives may be probed by a variety of other

techniques, chemical and physical. Pethrick et al®'—®#%

_48_



(R4

have studied the dielectric properties of cellulose and its
derivatives; significant differences in the relaxational
characteristics are reported for changes in the nature of
the side group and the pre-treatment of the sample prior to
investigation. The use of dielectric relaxation to
monitor the interaction between cellulose nitrate and
nitroglycerin has been reported.®”

The use of positron annilation to examine the
distribution of cavities at a molecular level, 1in cellulose
and derivatives has been reported.®® Positron lifetime
measurements provide a method for elucidating the nature of
the free volume of a sample. Pethrick et al®® have
employed positron annihilation to correlate the
relaxational characteristics observed in cellulose acetates

with the distribution of cavities in these materials.
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CHAPTER TVWO - A REVIEY OF THE MORE RECERT LITERATURE
PERTAINIEG TO THE WITRATION OF CELLULOSE AND
PRELIMINARY IBVESTIGATIOWNS TO ESTABLISH THE ACCURACY

OF TECHWIQUES EMPLOYED IN THIS THESIS



2.1.1 Introduction.

In Chapter 1 the long established features of the
nitration of cellulose were discussed. However, over
the past 8 years considerable advances have been made in
the understanding of the nitration reaction by the
application of new analytical techniques, in particular
2C nmr and ESCA. In the course of this chapter the
potential information available from the application of
these techniques to cellulose nitrate chemistry is
considered and the information already elucidated by the
application of these techniques to cellulose nitrates i1s
reviewed’ =,

However, as will become apparent, not all of the
‘new' data produced by different workers employing these
techni@ues.is consistent; 1t is these inconsistencies,
particularly in the published ESCA data, that are the
focus of interest. _The ‘*trend' in surface DOS, with
acid mix composition, reported by Clark and Stephenson’ is
in complete contrast to that reported by Fowler® for the
same series of acid mixes. Therefore, in the results and
discussion an attempt to clarify this difference in
reported data is made by investigating the procedures for
the production of cellulose nitrate and its analysis by

ESCA.
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2.1.2 z 1P ellulpse

The resolution of many of the problems discussed in
part I of the previous chapter requires an understanding
0of the bulk chemistry of cellulose nitrates. Solution
state’™ and more recently solid state'“ '#C nuclear
magnetic resonance spectroscopy (nmr) have proved
powerful tocls for the identification and characterization
of carbohydrate polymers.

In 1980 Wu'® published the first soclution state

'¥#C nmr spectra of cellulose nitrates in deadmso.
Although the spectra were poorly resolved Wu was able to
assign the peaks in the anomeric C, region to mono, di and
trisubstituted anhydroglucose residues. The effect of
nitration at the Ci, Cs or Ca positions, or any
combination of these three, on the chemical shift of the
C: carbon were assessed from the spectra of ‘'model’
cellulose nitrates an@ other cellulose derivatives.
Employing his assignments, Wu was in position to obtain
information on the distrubtion of nitrate groups in the
anhydroglucose residues for a series of différent DOS
cellulose nitrates; e.g Wu reported that the extents of
nitration of hydroxyls at carbons 2,3 and 6 for 1.22, 1.98

and 2.3 DOS cellulose nitrates are as shown in Table

2.1:-
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Extent of nitration

at position DOSs

2 3 6 Nmr Kjeldahl
0.3 0.1 0.8 1.3 1.22
0.5 0.5 0.8 1.9 1.98
0.7 0.5 1.0 2.2 2.3

From this table if can be seen the rate of
nitration is not the same at the Cz, Cx and Cea positions;
clearly the equilibrium DOS at different sites 1in the
anhydroglucose residue are not the same for nitration in
mixed acids.

However, Wu's analysis, based solely on the
anomeric Ci, is severely limited by the quality of
spectra obtainable, a problem which can largely be
overcome by employing the remainder of the '=*C nmr
spectrum once appropiate assignments for the Ci - Ce
carbons have been made.®: 4 Solution state "®C nmr has
been widely employed throughout this thesis and therefore
analysis of the '¥C nmr spectrum is reserved until Chapter
4. The reﬁainder of this section is devoted to
discussing some of the results obtained by the use of '3C
nmr in cellulose nitrate chemistry.

Clark et al® have studied the substitution
distribution of nitrate groups in the anhydroglucose
residues for a series of cellulose nitrates prepared from

mixed acids. The percentage of trisubstituted,
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disubstituted, monosubstituted and unsubstituted
anhydroglucose residues 1n the celluloses have been
estimated from the nmr spectrum. A typical low DGS

cellulose nitrate ylelds an n.m.r analysis of:#

DOS = 2.31
Partial DOS
C6 C3 c2 Trisub 2,6 3,6 6 mono

1.0 0.71 0.6 47% 24% 13% 17%

In Figure 2.1 the substitution distributions of the
nitrated celluloses are displayed along with the
substitution distributions of cellulose nitrates prepared
by the denitration of a 2.83 D.0.S. material in various
nitric acid-water mixes. From this figure it can be seen
that the substitution distribution of the nitrated and
denitrated materials are not the same at equivalent DOS.
The difference in substitution distribution is manifest in
the d(101) spacings for nitrated and denitrated
materials. From this figure it can be seen that those
materials having unsubstituted residues prepared by
nitration in general have lower d(101) spacings than those
prepared by denitration which do not have.unsubstituted
residues. At high DOS where nitrated and denitrated
materials have similar interchain spacing the distribution

of nitrate groups around the residues are similar.
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From Figure 2.1 it is clear that in nitrated
materials of high DOS (2.7) every anhydroglucose residue
is at least mono-substituted. This result has an
important bearing on the ‘'accessibility-equilibrium’
debate (see Chapter 1). The 'accessibility' theory
proposes that 2.7 1s the maxim um DOS obtainable in mixed
acids because the nitrating acid mix can not penerate into
the highly crystalline regions of the cellulose fibre.
However, the substitution of every residue demonstrates
that the DOS achieved in mixed acids is not limited by the
‘accessibility' of the crystalline regions of the fibre to
the nitrating mix. Note, this result does not rule out
the possibility that individual hydroxyls are inaccessible
to the nitrating acid mix presumably due to particularly
strong hydrogen bonding, i.e. microinaccessibility.

Wu'®™ has shown that substitution at the Ce position
in an anhydroglucose residue does not effect the shiit of
the C, positiocn. However, substitution at the Cz:' in the
adjacent ring is manifest from the C. chemical shift.
Hence, by knowing the substitution distribution of the
nitrate grodps and the assignments of the peaks in the
anomeric region, it is possible to model the sequence
distribution of the nitrated anhydroglucose residues along
the cellulose chain.® Comparing their '*C nmr data
with what they would have expected to have observed 1if
substitution were entirely random, Clark and Stephenson’
have come to the conclusion that substitution in both
nlitrated and denitrated materials is not random, i.e.

substitution at a particular ring increases the likelihood
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of further substitution at that ring or on the two
adjacent rings.
2.1.3The Application of ESCA to Cellulose Nitrates

Clark and Stephenson' were the first workers to
realize the possible potential of utlizing ESCA ( Electron
Spectroscopy for Chemical Analysis ) for studying the
nitration-denitration reactions of cellulose at the fibre
surface. ESCA has been successfully employed to
investigate the surfaces of a wide range of polymeric
systems'® e.g.

1 co-polymers'”. %

e ot ]

(1i> plasma polymerized polymers'®. =
(11i) surface modified polymers=’.==
The theory behind the ESCA experiment is reviewed
in appendix 1; in Table 2.2 the general features of ESCA
are summarized.#®
Clark et al’ made a pgeliminary investigation to
determine the suitability of ESCA for characterizing
cellulose nitrates. A series of model nitrogen, carbon,
oxygen compounds were studied as thin films deposited in
situ by a cold probe and reservolr shaft method on a gold
substrate; rom these studies a series of chemical shifts
for carbon, nitrogen and oxygen in different chemical
enviroments were produced. The results of this work are
summarized in Table 2.3.
The distinct shifts in binding energy observed for
the nitrate, nitrite and nitro functionalities in the N..

core level have facilitated their easy identification.

In the Ciw core level the large shift in binding energy
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Table 2.2 The General Features of ESCA

Typical sampling depth of 10-100 A

All elements except H and He can be detected
High surface sensitivity

Simple sample preparation

Analysis of solids, liquids and. gases possible
Well-established theory

Generally non destructive

Many information levels available

Disadvantages
Expensive
Artifact-prone

High vacuum required

Information Levels Avajilable

Absolute core level binding energies— facilitate
elemental, functional group and oxidation

state analysis (inoganic and metallic compounds).
Shake up states

Auger parameters

Valence bands

Relative intensities of core levels facilitate
quantitative compositional analysis of surface

Sample homogenetity (vertical and lateral>
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observed for carbon bound to the nitrate ester of 2.1eV
was substantially greater than the 1.5éV normally
anticipated for carbon singly bound to oxygen. Employing
the chemical shifts determined in Table 2.3, Clark and
Stephenson’ were able to resolve the Ciw, Niw and Oiw
envelopes for a typical nitrocellulose, see Figure 2.2.
The C.w core level envelope was resolved into 3 component
peaks. The central peak at 287.4eV was assigned to a
nitraée or hydroxyl group at the Cx, C» or Ce carbons; the
peak at high binding energy to Ci+ in the hemi-acetal
functionality and the peak at 285%5eV to extraneous
hydrocarbon which was shown to be limited to the cellulose
surface.

The N.» core level was resolved into two peaks, a
very intense peak at 408eV and a less intense peak at
405eV, identified as nitrate and nitrite esters
respectively. The use of conventional nitrite traps (e.g.
urea or absorbic acid) in the nitrating acids failed to
eliminate the appearance of the nitrite ester and hernce
its presence was attributed to the decomposition of the
nifrate ester during stabilization. Employing a suitable
sensitivity factor Clark and Stephenson calculated the
surface DOS of the cellulose nitrate to be 2.3. This value
was in good agreement with that determined for the bulk by
micro-Kjeldahl analysis.

The suitability of ESCA to the study of cellulose
nitrates firmly estabilished, Clark and Stephenson’

undertook to investigate the reactions of cellulose in
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mixed acids, by monitoring changes occurring at the fibre

surface.

42 408 404

NITROCELLULOSE

CELLULOSE

‘538 534 530  binding energy (eV)

Figure 2.2
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Many aspects of the nitration reaction are obscured by the
heterogeneous nature of the reaction. The bulk
nitration of cotton linters to a high DOS can take place
in a matter of minutes. It has been observed that
increasing the sulphuric acid content of the nitrating mix
slows daown the rate of esterification. The change in
rate has been attributed to a decrease in the swelling
ability of the acid mix. At the fibre surface the
swelling capacity of a mixed acid will, obviously, not
effect the rate of nitration observed.

Clark and Stephenson employed ESCA to follow the
rate of nitration of cotton linters in a 75% H=SOa, 22.2%
HNO=, 2.8%H-0 technical mixed acid. The level of
nitration at the surface was observed to remain constant
from reaction times of 1 second to 1 hour, indicating that
over the top 50 & nitration 1is extremely rapid, far faster
than ever previously envisaged. Utlizing the greater
sampling depth of Tiw« x-rays, nitration was shown to be
complete in the top 100 A of the fibre in a matter of
seconds.

The penetration of various mixed acids into
celluloée linters was followed by ESCA monitoring of the
01w/0O=zwa core level area ratio. The use of this ratio as
a means o0f obtaining a depth profile of the oxygen
concentration in a polymer is described elsewhere.®4 The
rate of penetration observed was fastest for mixes of low
sulphuric acid content and slowest for mixes rich in

sulphuric acid, the nitric acid concentration in the mixes

was kept constant (22.5%).
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Clark et al“+:® have followed the nitration of

cellulose papers with time in a 60% Hx:SO., 22.5 %HNOw, H=zO
acid mix at the fibre surface (by ESCA)* and in the
cellulose bulk (by '®C nmr’>*,

Vithin experimental error the surface DOS was
observed to remain constant at 2.2, from t=1 hour to the
end of the experiment. After 168 hours nitration the
‘cellulose was physically degraded and appeared as a
powder. As reported earlier by Clark and Stephenson’ the
equilibrium DOS at the surface is established rapidly,
however, the surface DOS at 1 hours nitration was observed
to be particularly low, see Figure 2.3. The sample at 1
hours nitration was found to be very brittle, although
samples taken either side of the hour were normal with
respect to their physical characteristics.

From Figure 2.4 it can be seen how the substitution
distribution of nitrate groups in the anhydroglucose
residues changes with nitration time. It has previously
been conslidered that nitration at a glucose residue might
activate the residue (or adjacent residue) to further
nitration. This hypothesis is supported to some extent
by the data bresented in the figure, where the overall
contribution to the nmr spectra from unsubstituted glucose
residues can be seen to be slow to reduce.

From the nmr data there is no visible change in DOS
at 1 hours nitration. It was therefore considered the

drop in DOS in Figure 2.3 to be limited to the surface

>

only.=
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In Chapter 1 the reversibility éf the nitration
reaction was discussed. Miles®% has reported that the
nitration reaction proceeds considerably faster in the
cellulose fibre than the denitration reaction. Miles and
Vilson®* have suggested that the differences in rate can
be attributed to the varying rates of diffusion of
different acid mixes in-and out of the crystalline
cellulose regions. The denitration of cotton cellulose in
mixed acids has been studied by "#C nmr and it has been
shown that the equilibrium partial DOS.at the Cz, Cs and
Ce hydroxyls in denitrated anhydroglucose residues are not
the same; % the order Czx > C: >> Ci has been established.

Clark and Stephenson have monitored the rate of
denitration of cotton cellulose nitrate in mixed acids at
the fibre surface. The surface denitration of a 2.8 DOS
cellulose nitrate immersed in a 70% H:SO., 22% HNOx, 8%H:z0O
mixed acid was monitored as a function of time.® The
change in surface DOS with time is displayed in Figure
2.5, From the figure it can be seen denitration at the
surface is extremely rapid over the first few seconds,
however, denitration continues.to be observed, at a much
reduced rate, for over an hour. Stephenson has proposed
that 2 different rates of denitration are being monitored.
The faster rate i1s considered to be denitration at the C=

and Cz sites; the slower rate denitration at the Ca site.
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Figure 2.5

This study was focllowed up by Fowler®™: # who monitored the
rate of denitration of a 2.83 DOS cellulose nitrate, in
the form of papers, by ESCA and '#C nmr in a 60% Hz:SOa,
22.5% HNQ=, 17.5% H:0O mixed acid, see Figures 2.6 and 2.7

From Tigure 2.6 it can be seen that denitration at
the fibre surface is rapid; however the data is too
confused to observe the two component rates reported by
Clark and Stephenson.

From Figure 2.7 it is evident that denitration
involves the conversion of the trisubstituted residues to
3,6- , 2,6-, and 6—-monosubstituted residues. Only after
extended periods of denitratioh do some unsubstituted
residues appear. Comparison of Figures 2.6 and 2.7

reveals the difference in the rates of denitration

observed between the surface of the fibre and for the

fibre as a whole.

-70 -



e denitration

30
o ——__» PYp— _._____o\'
\ /I‘\'
2.0
DOS
1.0
T T T T v nl
10 20 30 L0 50 60
LOG TIME / SECS
Figufe 2.6 Su v S
cellulose
30t
25F
nos
2.0-
=34
RE1S 1 B 6 woubuhed
t®h ©O D
10 s 20 25 30 » *0

_71_



Fowler repeated the experiment changing the
cellulose source. The papers employed, above, were
replaced by cellulose linters. Similar results were
reported for the cellulose linters, but denitration of
the fibre was observed to be more rapid and the appearance
of unsubstituted anhydroglucose residues occurred much
earlier in the experiment. The rapid appearance of
unsubstituted anhydroglucose residues does not fit well
with the discussion above, where it is proposed that
denitration at the Cs site is slow. Fowler attributed
the change in the rate of denitration to the change in
cellulose source.

Summarizing, it now seems certain that for
cellulose in mixed aclds:-—

(1> the intrafibrillar swelling capacity of an acid
mix controls the rate of denitration observed in the fibre
bulk, |

(ii) there exists two component rates to
denitration as shown by ESCA. From nmr data it is
suggested that the faster rate corresponds to denitration
at the Cz and Csz positions and the slower rate denitration
at the Cs position, although not all the data available

supports this view.
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The maximum possible DOS (3) has never been

achleved by nitrating cellulose in mixed acids. It is
known that the composition of the acid mix employed
controls the final DOS achieved in the cellulose. Two
competing theories, 'equilibrium' and 'accessiblity', have
been put foward to explain this control of DOS, reviewed
in Chapter 1.

Sulphuric acid has shown to be an effective
swelling agent of cellulose, but it is thought that the
action of the acid is limited to the interfibrillar
regions and the fibril surface. Clark and Stephenson’
have studied the surface and bulk DOS for a series of
cellulose nitrates prepared in mixed acids. The aim of
their study was twofold: -

(i> to examine theipossible action of sulphuric
acid on the surface DOS,

(i1> to resolve the ‘'accessibility-equilibrium'
controversy.

Clark and Stephenson considered the existence of
inaccessible cellulose regions in the top 50 & of the
fibre to be highly unlikely. Therefore they argued that
if DOS in the fibre is controlled by the accessibility of
the crystalline regions to the nitrating mix, then the DOS
monitored at the surface will not be the same as that
measured for the entire‘fibre (bulk>.

The results of this study are presented in Figure
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Figure 2.8 Surface and bulk DOS versus nitration time

From this figure 1t is evident that the overall or
bulk DOS is greater than the DOS monitored at the fibre
surface. This difference 1n DOS 1is particularly evident
in the cellulose nitrates prepared in mixes of high
sulphuric acid content (mixes 2 and 3). However,
examination of the cellulose nitrates by Tiw. x-rays
revealed the DOS over the top 100 & is more representative
of the bulk. The DOS surface and bulk are in the closest
agreement for linters nitrated in the 65% H:SOa acid mix
(mix 1.

Clark and Stephenscn considered the low surface DOS
observed for cellulose nitrates prepared in mixes 2 and 3

to be the result of competitive sulphonation at the fibre
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surface. This hypothesis seemed to be supported by
employing the dual Mg/Ti anode facility of the E.S. 300 to
obtain a depth profile of sulphur concentration in the
fibre surface. A signal from the S=zs core level was
detected using Mg« x-rays, but not with Tiwks x-rays.
Mhnf027 has since shown that the experimental sensitivity
of the Sz core level when studied by Tiw« X—-rays is
insignificant and that it is infact the S.< core level
that should be monitored. By monitoring this core level
with Tiwx X-rays it has been shown that there are sulphate
esters present in the surface of cellulose nitrates
prepared in technical mixed acids. However, it is
expected that sulphur ought to-be detected by Tikx x-rays
since it has been shown sulphur is present in the top 50&.

The theory of ‘accessibility’ was orginally
developed to explain why in mixed acids a DOS of 3 was
never obtained. The nmr data presented in section 2.1.2
has ruled out the possiblity of large regions of
crystalline cellulose existing in a high DOS cellulose
nitrate and has gone along way to establishing
‘equilibrium' as dominant feature in the control of DOS
However, from figure 2.8 1t can clearly be seen that the
fibre structure does exert a strong influence in
controlling the final DOS of a cellulose nitrate prepared
from a mixed acid, since nitration is observed to be

inhomogeneous, i.e. the surface and bulk DOS are not the

same.
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Clark and Stephenson“ have proposed that the

nitration of cellulose in mixed acids can be described

by: -

C - 0OH + 2HNO:y = C - ONO: + HNO:x., HO
HNOZE:J .H=0 = HNO_J + H.:O
C-0H + HNOx = C - ONO: + H:O

K.

K
Sulphonation - surface
C - OH + H..S0a4 = C - 0SCx:H + HzO
Vork-
C - ONO: + H..O0O = C - OH + HNO=

Although the above equations are generallly
accepted, describing the gross features of the nitration
reaction in mixed acids, they provide no insight into the
mechanism of nitration or denitration. The control of DOS
in mixed acids and the identity of the nitrating speciles

are considered in Chapter 3.
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The surface DOS reported by Fowler= with acid mix

composition are displayed in Table 2.2.

Table 2.2

Surface DOS Bulk DOS

75% H:=SOa
22.5% HNOu 2.6 2.6

2.5% H:O0

70% H=SOa
2.5% HNO= 2.3 2.3

7.5% H:O

60% H.:S0a
25% HNO:us 2.0 2.0

15% H:0O

The values presented in this table do not agree well with
those reported by Clark and Stephenson, Figure 2.8.

Clark and Stephenson worked with cellulose linters and
Fowler worked mainly with cellulose papers. However, the
discrepancy in surface DOS values cannot be simply
explained by a change in cellulose source, since at the
surface the structure of the cellulose is highly unlikely
to Influence DOS. Further, Clark and Stephenson
observed no correlation between surface and bulk DOS for
cellulose nitrates produced in mixes rich in sulphuric

acld. Fowler observed close agreement in the surface and
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bulk DOS for all acid mixes. From Fowlers' data it must
be concluded that the action of sulphdric acid at the
fibre surface does not effect the surface DOCS.

If we are to explain the control of DOS in terms of
acld mix composition i1t is important to understand how the
discrepancies in the published data arose and to establish
beyond doubt the behaviour of surface and bulk DOS with
acid mix composition.

2.1.8 Quenching

Finally in this section a brief review of gquenching
and stablization procedures 1s presented, since it is
important in view of the work contained in this chapter
and Chapter 3 to understand how the different methods
that can be employed might effect the final DOS of the
cellulose nitrate. Industrially there are two 1mportant
methods of nitration which differ most in the removal of
the acid from the cellulose after nitration.

1 Mechnical Nitration

Nitration is carried out in large stainless steel
containers with paddle stirrers on vertical shafts. The
ratio of acid to cellulose employed is usually 45:1.
Nitration times are typically 15 to 40 minutes. At the
end of nitration the contents of the stainless steel
vessel are dicharged 1nto a large stainless steel
centrifuge and the waste acld spun off. Care is taken to
exclude atomspheric air to prevent any possible
denitration. After spinning the nitrocotton still has
about it s own wieght in acid adherent to it (mostly

nitric acid). The cellulose nitrate i1s then drowned in a
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jet of water. To prevent denitration by the ' diluted '

acid the drowning procedure is very rapid.

a7 "Nisplace cesg!

Nitration is carried out in either earthenware or
stainless steel vessels, the cellulose to acid ratio is
lower than for mechnical nitration usually 1:30. After
nitration the nitrating acid is displaced out of the
bottom of the nitrating vessel by water coming in from
above. It is suspected that during this process

considerable denitration occurs at the fibre surface.

Cellulose nitrates undergo stabilization to remove
residual acids (nitric and sulphuric), the oxidation
products of nitration and sulphate esters, all of which
are known to cause instability. Stabilization is usually
a lengthy procedure involving 'boiling' or 'steaming' of
the cellulose nitrate in water at atmospheric or under
pressure (kiering). It is suspected that some denitration
occurs during stabillization.

In Section 2.33 the effects of different quenching
procedures and prolonged stabilization on the surface and

bulk DOS are investigated.
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2.2 Experimental

This section describes the basic procedures for the
preparation and analysis of the nitrated and denitrated
materials used throughout this work. In the following
sections some of these procedures are discussed in more
detail.

It is important to specify the source of raw
cellulose and any pretreatment of the cellulose prior to
nitration/denitration. Nitration is heterogeneous and in
many heterogeneous reactions the effect of fibre structure
on the extent of reaction achieved has shown to be very
important, e.g. in the heterogeneous acetylation of
cellulose. =% Three sources of cellulose were employed in
this work: -

(1> commerically produced, Holden'Type II cotton
linters. The original cotton of American origin was
dewaxed and depectinised. A Shirley fluidity of 6.0 has
been reported for the linters, which were vacuum dried at
60=C for two hours and stored over phosphorous pentoxide for
several days before use. The water content of the linters
was thus kept below < 2%,

(11> cellulose woodpulp in the form of Whatman-1
cellulose papers,

(111> cellophane sheets supplied by BCL cellophane.
The cellophane was prepared by the viscose process. The
film is without additives; impurities include: <10 ppm

sodium; < 10ppm chloride and 50 ppm sulphur.
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The general procedure for nitration and denitration
is indicated schematically in Figure 2.9. The preparation
and DOS of the starting materials employed in denitration
are described where relevant.

Bulk nitrogen determinations have been carried out by
either modified micro-Kjeldahl analysis or by routine
elemental analysis using a Carlo Erba Strumentazione
Elemental Analyzer MoD 1106.

The '*C nmr spectra were recorded on a Bruker AC 250
spectrometer, proton noise decoupled (62 MHz) with typical
acquisition times of 9-12 hours; 10% by weight soluticons of
the polymer were made up in dimethylsulphoxide-d. {(dadmso):
the materials were 'cooked' at about 707C for several hours
pribr to running. The carbon shifts are reported with
respect to the the intermnal tetramethylsilane (TMS3)
reference. Area ratios were determined from the analogue
spectrometer outputs, peak fitting the curves on an Apple II
micro-computer. The spectra were acquired at 75°C; low
temperature (25-29%C) nmr have been reported but are
characterised by broad linewidths and poor resolution™; high
temperatures 80*C and above, as used by Wu'®, gives
discoloured solutions and additional peaks at long

aquisition times.

The x-ray diffractometer employed was a Phillips
P.W¥.1130 3kV¥ x-ray generator incorporating a P.V.1050

diffractometer assembly ( Cu tube operating at 40kV, 25mA >.

d(101> spacing is taken as the centre of the peak.
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The ESCA spectra were recorded on a AEI ES200
Electron spectrometer and a customised Kr;tos ES300 Electron
spectrometer, employing the Mg or Ti anode where specified.
The operation and theory of the ESCA experiment is presented
in Appendix 1.

2.3 Results and Discussion

2.3.1 Experimental Accuracy

The true significance of the reported discrepancies
in surface DOS, Section 2.1.7, can not be assessed without
first considering the limits of experimental accuracy, which
can normally be worked to, in the production and analysis of
cellulose nitrate. In particular, the reproducibility of
the surface DOS monitored by ESCA has to be investigated.

Surface DOS can be calculated from Equation 1 once a

sultable sensitivity factor is determined.
DOS = N1w/Crw core level areas x s.f. x 6 Equation 1

The semsitivity factor allows direct comparison of the
elemental composition of a surface, relative to carbon.=%
The sensitivity factor can be calculated from theoretical
considerations, see Appendix 1, or experimentally from model
compounds. The experimentally determined sensitivity
factors for a series of nitrogen containing model compounds
are presented in Table 2.3. From this table it can be seen
that there is good agreement in the determined sensitivity
factors. A sensitivity factor for nitrogen to carbon of

0.74 for the samples analysed on the ES 300 has been

employed throughout this thesis.
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Table 2.4 presents the sensitivity factors for model
nitrogen containing compounds, determined experimentally on
the ES200. There are important changes in design feature
between the two spectrometers, see appendix, and because of
the difference in their design features it was considered
appropriate to determine the sensitivity factor

independently for both machines. A sensitivity factor of

0.73 i1s employed for samples analysed on the ES200.

Nylon 6 cast from acetic acid 0.74
Nylon 66 commercially available film 0.74
Polymethylacrylonitrile- 0.76

deposited in situ by cold probe method

Nylon 6 cast from acetic acid 0.73

Nylon 66 commercially available film 0.73
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Three cellulose nitrates were monitored on the two
spectrometers and DOS calculated using the determined
sensitivity factors, the results are displayed in Table 2.5.
The cellulose nitrates were prepared from technical mixed
acids.

Table 2.5

Sample No. Degree of Substitution
ES200 ES300
1 2.0 2.1
2 7 2.835 2.35
3 2.4 2.4

From Table 2.5 it can be seen that there is
reasonable agreement in the surface DOS determined on the
two spectrometers.

The variation in the DOS monitored for one batch of

cellulose nitrate prepared in a technical acid mix is

displayed in Table 2.6.

Paper No. Degree of Substitution
1 2.39
2 2.40
3 2.32
4 2.496
-5 2.40

Table 2.6, 5 Cellulose papers nitrated for 2 hours at room
temperature in a 65% Hz=SO., 22.5% HNOs, 12.5% Hz0 mix. DOS
determined on the ES300.
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From Table 2.6 it can be seen that the variation in
DOS determined by ESCA is accurate toc 5%: the mean DOS is
2.39 and the standard deviation in DOS monitored is 0. 08.

WVider variation in DOS from a single nitration has
been observed in the course of this work. However, large
variations in surface DOS are accompanied by substantial
increases in the level of extraneocus hydrocarbon monitored
on the surface of the cellulose nitrate. The nitrogen
sensitivity factor experimental determined (above) only
applies to surfaces free from contamination;=® a uniform
layer of contamination over the surface will more seriously
attenuate the signal from the N:u core level than from the
Cia core level, This 1is a consequence of the different
mean free paths through a polymer of the photoejected
electrons from the Cie and N:e core levels; the effect of a
uniform overlayer of various thickness on DOS can be
mathematically modelled. =< Infact most of the hydrocarbon
contamination observed by ESCA does not sit on the cellulose
surface but rather in the surface. This can be seen from
Figure 2.10, where the DOS in (a) 1s unchanged after
removing the contaminant, see <(b). In (a) the hydrocarbon
level is extremely high, over 40% of the C.ia envelope, after
soxhlet extraction with petroleum ether and dichloromethane,
both non-solvents of cellulose nitrate, much of the
contamination is removed (b), i.e. the hydrocarbon peak is
less than 20% of the C,« envelope. Employing Overlayer
Theory®® the effect of uniform layers of different thickness
on the DOS monitored can be calculated. Table 2.7 shows the

effect of uniform overlayers of 5 & and 10 & on the DOS
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monitored by ESCA for 3 different DOCS.

Table 2.7
Overléy Degree of Substitution Hydrocarbon component
Thickness 3.0 2.9 2.0 of C,. envelope

0& 3.0 2.5 2.0 0%

54 2.5 2.1 1.7 35%

104 2.3 1.9 1.5 60%

From the calculated values in Table 2.7 it is clear
that a uniform overlayer which represents over 40% of the
Ciw envelope will seriously attenuate the DOS monitored.

In Figure 2.10 this 1s not the case, therefore it does not
seem unreasanable to suggest that the contamination exists
either as a patched overlayer or in the surface itself.

This hypothesis is to some extent supported by examination
of the effect of contamination on nitrocellophanes. In
Figure 2.10 and, generally, throughout this thesis, the
cellulose source employed is cellulose woodfibre in the form
of papers. Cellophane is a smooth cellulose film, which
crinkles slightly on nitration: any extraneous contamination
must be limited to the film surface. Small amcunts of
contamination are found to seriously depress the DOS. In
the course of this thesis any samples showing a greater than
25% hydrocarbon contémination ( Ciw envelope ) were

discarded.
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Cellulose nitrates are well known to be unstable over
long exposure times to u.v. radiation.®s More recently the
stability of cellulose nitrates to interrogation by soft x-
rays has been ilnvestigated.” Stephenson® and Munro and
Fowler®.7 have shown that although cellulose nitrates are
stable to irradiation by Mgwu« x-rays over the timescale of
the ESCA experiment, at longer exposure times decomposition
1s characterized by loss in the intensity of the nitrate
peak and after 4 hours by the appearance of a peak at lower
binding energy <(401eV), presumably due to photoreduction of
the nitrate ester. A wide range of different DOS cellulose
nitrates have been monltored by Mgwua x-rays. The Mgwux x-ray
source has been replaced by a Tiww« x—-ray source to study the
stability of‘the materials to x-rays of higher energy.=
Under the typical operating conditions of the Ti anode (234
watts) shorter exposure times were required before
significant decomposition was observed. Fowler= has
attributed photoreduction to the background radiation, the
Bremmstrahlung. Monochromatization of the x-ray source is
possible but so seriously reduces the intensity of the x-ray
source that for most practical purposes the Bremmstrahling
is tolerated.

The aluminium window in the x—-ray gun reduces
irradiation of the sample by secondary electromns. The
‘quality’ of the window material also directly effects the

total x-ray flux irradiating the sample (characteristic x-

ray line + Bremmstrahling).
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Cellulose nitrates interrogated by Mgws x—-rays .during
the course of this thesis were observed to be considerably
less stable to Mgw« x—-rays than previously reported. This
can be seen from Figure 2.11 (a) where a 2.3 (surface) DGS
cellulose nitrate has been irradiated by Mgwe x-rays and the
N1w/Ciw area ratios monitored are presented with exposure
time. The rate of loss in the intensity of the signal from
the nitrate ester is more dramatic than previously reported
by either Fowler® or Stephenson®. Figure 2.11(b) shows the
results obtained by Fowler for the .irradiation of a similar
DOS cellulose nitrate under the same conditions.

An induction of period of only 2 hours was required
before the appearanoe‘of the low binding energy component in
the N1 core level in (a), compared with the 4 hours
previously reported by Fowler® and Stephenson.®

The changes in the N1« core level are coupled with
equally dramatic changes in the C.:s core level, see Figure
2.12. The level of extraneous hydrocarbon can be seen to
rise sharply with exposure time, and this may in part
account for some of the loss in signal from the N.« core
level; at higher binding energy the signal from the peak at
290.2eV (charge corrected 287.2eV) reduces with irradiation
and there 1s growth in a 'new' peak at 292eV (289%9eV)
assigned to the carboxylate functionality.® Similar changes
in the Cis core level have not previously been reported at

such short exposure times.
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Figure 2.12 Ciw and Niw coOre levels spectra as a

function of exposure time
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In Figure 2.13 the N,s/Cis core level area ratios are
compared for the exposure of a cellulose £itrate to Mgme x-—
rays with time, on two different Electron spectrometers.

The differences in deéign features between the two
spectrometers are discussed in the appendix. From Figure
2.18 1t can be seen that different stabllities are displayed
by the same material subjected to x—raj expaosure
'presumably'’ under identical operating conditions. There
is a much accelerated rate of photo-reduction observed for
the sample analysed on the ES200; further, significant
changes in the peak intensities in the Cies core level are
observed at much shorter exposure times. A slight rise in
the temperature of the sample run on the ES200 was noted
(8=C». Munro and Fowler® have shown the effects of thermal
degradation to be bulk ocrientated. Further, temperatures
of >100=C are required before thermal degradation is
evident; therefore in the above exXperiment it 1s assumed
that the observed degradation results from irradiation with
the Mgu.x x-rays.

The differences in the described rates of photo-
reduction outlined above indicate that although the
operating condition of the spectrometers are the same, the
actual photon flux irratiating the sample is not. The
distance of the x-ray gun from the sample 1is different in
the two spectrometers and this is clearly an important
factor when considering the total x-ray flux irradiating
the sample. The x-ray dosage the sample surface receives is
aléo modified by the window material in the x-ray gun: the

quality of window material 1s dependent the uniformity
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(i.e. how pinhole free it 1is) and the thickness of the film
from which it is made. Replacement of the window, even
with aluminium from the same sheet of foll, does not
guarantee the same transmisson characteristics. The
materials in Figure 2.11 were run on the same spectrometer,
but in the intervening time the window material had been
changed. It is not unreasonable to assume that the
variability of the window material in the Electron
spectrometers employed, 1s the cause of the different

stabilities observed.

Traditionally the method employed for the percentage
nitrogen determination of cellulose nitrates is Kjeldahl
analysis.®®%.®7 During the course of this work Kjeldahl
analysis has been employed, however the use this method has
presented several problems: -

&) it is very time consuming,

(1i> it is equipment consuming,

(111> it is difficult to carry out and therefore
frequently glves non-reproducible results, see below.
Therefore the possibility of employing routine elemental
analysis has been investigated. It was considered
important that the C,H and N analysis of a cellulose nitrate
using an elemental analyser gives:-

(1> reproducible DOS values

(11> DOS values 1n close agreement with those
obtained by Kjeldahl.

The reproducibility of the results from Elemental

analysis were constantly tested throughout the three years

_95_



it took to compile this thesis. Every cellulose nitrate was
analysed twlice and the DOS calculated fro; the percentage
carbon and nitrogen (by weight); the typical variation in
DOS was found to be no more than 1% for cotton linters, but
greater in other less pure celluloses. DOS values obtained
from Elemental analysis were found to slightly greater than
those obtained from Kjeldahl analysis, there are two reasons
for this:-

(1> loss of nitrogen due either to incomplete
digestion of the cellulose nitrate prior to steam
distillation or, leaks at the ground glass joints during
distillation,

(11> the percentage nitrogen determined from
Kjeldahl analysis is calculated from the moles of nitrogen,
and the weight of the sample, see Appendix 2. However,

cellulose nitrates contain 1-2%, by weight, of water.

The effect of quenching and stabilization procedures

on the DOS have been investigated. It is generally believed
that slow quenching procedures produce denitration at the
fibre surface.®% Cellulose nitrates are considered stable
to boiling although some authors have reported that extended
boiling can reduce DOS.

In Table 2.8 the effect of two different quenching
techniques on the surface DOS are compared: the first where
the acid is removed before quenching, the second where the
cellulose nitrate is drowned in a.thousand times excess of
water, immediately after removal from the acid mix. When

employing short nitration times, 1 second or so, it is
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clearly impossible to remove the adhering acid from the
cellulose nitrate prior to quenching, therefore it is
important to establish that direct quenching does not effect
surface DOS. From Table 2.8 it can be seen that the two

methods produce cellulose nitrates of similar DOS.

Table 2.8 The Effect of Quenching Procedure gn DOS

Quenching Procedure

Quench immediately Buchner for a minute
5 litres of water before quenching,
5-10=C, boil quench, boil

DOS 2.37 2.27

The effect of prolonged washing with tap water 6=C, no
stablilization, on the surface DOS of *‘green' cellulose
nitrates prepared in a 75% Hz=SO., 22.5% HNO=x, 2.5% Hz0 acid

mix is presented in Table 2.9.

Table 2.9 The Effect of Prolonged Washing on Surface DOS

Vash Time (minutes) DOS Sz=/Cre area ratio
5 ({in 1 litre HzO0 2.6 0.128

60 with stirring? 2.65 0. 062

360 " 2.5 -

360 " 2.45 0.025

900 " 2.4 0.025

120 <(under tap, 2.4 0.025

300 rapid flow) 2.35 0.025

From this table it can be seen that washing vigorously in

fast flowing water causes a reduction in the surface DOS
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monitored by ESCA. Washing in 1 litre of cold water effects
the same reduction in DOS less rapidly. Since the Nia core
level in nitric acid appears at the same binding energy as
the N1 core level in the nitrate ester, it seems reasonable
to consider that at least some, if not all, of this
reduction in DOS is due to the washing out of residual
nitric acid from the cellulose. Vigorous washing of the
cellulose nitrate will reduce the surface DOS to 2.35, but
no further. The amount of residual sulphur in the
cellulose can be monitored from the Sz core level. From
Table 2.9 it is clear that washing reduces the level of
sulphur monitored, but does not remove all the sulphur. The
residual sulphur maybe present as either sulphuric acid or
sulphate ester. This matter has received considerable
attention. Smith®® and others® have shown that in high DOS
(bulk) materials that the sulphur is present as 'trapped’
sulphuric acid and in materials of low DOS as sulphate
ester.

From Figures 2.14 and 2.15 the effect of prolonged
boiling, in distilled water, on the surface and bulk DOS of
2 cellulose nitrates can be seen. The cellulose nitrates
were prepared in acid mixes of the composition:-

1> 60% HxzSOa, 24.0% HNO=, 16.0% H=O,

(11> 75% HzSO., 22.5% HNO=x, 2.5% H=O0,

From these figures it is clear that prolonged boiling does
not reduce DOS, surface or bulk. Only at very long
stabilization times was a small decrease in DOS observed.
Typical stabilization times employed in thls thesis are in

the order of 45 minutes (minimumd - 1.5 hours (average).
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The discrepancies that exist in the published
surface and bulk DOS values, for cellulose nitrates prepared
from technical acid mixes, have been reviewed in Section
2.1.7. The resul£s displayed in Table 2.10 illustrate the
changes 1n surface and bulk DOS with different acid mix
compositions for the nitration of Whatman papers. The
surface and bulk DOS were monitored after 2 hours nitration
at 20-22=C; the results dispiayed are the average of 4 or 5

measurements.

Table 2.10
Acid Mix DOS

ES300 ES200 BULK
795%H:S04 22.95%HNO= 2.5%H:=0 2.3 2.25 2.65
7T0%H::804 22.5%HNOs 7.5%Hz:0 2.4 2.4 2.82
65%H:80. 22.5%HNO:x 12.5%H=0 2.35 - 2.78
60%H::804 22.5%HNO. 17.5%H.0 1.9 . 1.95 .- 2.82
61.5%H:S0.4 24%HNO: 14.5%Hz:0 . 2.0 - 2.64

It 1s important to note that the level of extraneous
hydrocarbon observed in these samples was low. The highest
level of hydrocarbon monitored in a sample was less than 23%
of the C.s envelope; typically the level monitored was
between 15-19% of the C.« envelope.

From Table 2.10 it can be seen that:-

(1> the surface and bulk DOS monitored are not the

same for any of the nitrated celluloses,
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(2> the DOS, surface and bulk, achieved 1s at a

maximum in the 70% sulphuric acid mix.

The difference in surface DOS measured for nitration
in the 65% and 70% sulphuric acid mixes is within the limits
of experimental error. Again, the difference in bulk DOS
measured for materials prepared in these 2 mixes cannot be
considered significant.

There is good agreement between the surface DOS
values presented in Table 2.10 and those reported by
Stephenson for the same acid mixes, see Figure 2.8. The
agreement in the actual bulk DOS values is not so good, but,
the trend in bulk DOS with acid mix composition reported by
Stephenson’ is identical. The data presented in Table 2.10
does not support the trends in surface and bulk DOS, with
acid mix composition, reported by Fowler.® However, from
the results presented in Section 2.3.4 it is perhaps
possible ta appreciate how different surface DOS are
obtained when different stabilization procedures are
employed.

The variation in bulk DOS of the Whatman Papers was
greater than expected, see Section 2.3.3. When the
experiment was repeated replacing the papers by cotton
linters and cellophqne, different bulk DOS were obtained.
In Chapter 3 this data is presented and the role of fibre

structure in the control of DOS is considered.




ESCA of the Cellophane film

The Ciw and N:w core levels of cellophane film were
monitored by Mgwx x—-rays; the relevant spectra are presented
in Figure 2.16. There is an appreciable improvement in
the signal to noise in the spectra of the cellophane film
(cf. fibres>.

The purity of the cellophane film is important. In
Figure 2.16 it can be seen that a moderately high level of
hydrocarbon is monitored in the C.:. envelope of the
cellophane film. By angular dependence studies the

hydrocarbon can be shown to be limited to the cellophane

surface, Table 2.11

Table 2.11 A Depth Profile of the Cellophane Film

Take off Depth from which 95% % hydrocarbon
Angle of signal orginates of Cies envelope
20= 40 & 15.4%
70= 15 & 29.3%

Scraping of the cellophane surface with a clean
scalpel blade dramatically reduces the level of surface

contamination.

In Figure 2.16 a standard deconvolution of the Cie
envelope has been carried out. The area of the peaks at
286.9eV and 288.5 eV (charge corrected) are exactly 1in the

ratio of 1:5, as would be anticipated from the empirical

formula of cellulose.
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Figure 2.16 Typilcal ESCA spectrum of cellophane film (a)

TOA = 20 = (b) TOA = 70%

-104-



The Nitration of Cellophane

The Ci=x and N.z core levels of a cellophane sheet
after nitration in a 60% HzS0a, 22.5%HNOsz,17.5%H::0 mixed
acid, are diéplayed in Figure 2.17; A considerable
improvement in the signal to noise ratio in both core levels
is obtained by the analysis of nitrocellophane, as opposed
to nitrofibres. This improvement has made it possible to
seperate the C-ONOz and the C-OH peaks in the C.=s envelope.
From the area under these two peaks the surface DOS of the

material can be calculated as follows,
DOS = 3 x (area under C-ONO: peak / area under C-OH peak)

The value obtained using this approach to calculate DOS,
from the area ratlos in Figure 2.17, gives a result which is
in good agreement with the DOS calculated from the N.:sz and
Ci= core levels.

The relationship between surface and bulk DOS, with.
time, for nitration in a 65% HuiSO0.,22.5%HNQO:, 12.5%H=0 mixed
acid is displayed in Figure 2.18. From this figure it can
be seen that the equilibrium DOS is established after 30
seconds in the surface region (top 304) and is comparable
with that reported for the nitration of cellhlose fibres in
this composition acid mix; However, the rate at which the

DOS is established in the surface region is appreciably

slower than in the cellophane film.

-105-



Figure 2.17

DOS from Ci. and N1 core level areas = 1.41

DOS from C-OH / C-ONOz peak areas = 1.35
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Figure 2.18 Surface and bulk DOS as a functiop of time
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By altering the angle between the sample and the
analyser slits it 1s possible to obtain a depth profile an
element's concentration in the surface region. This has

been done for a 1 second nitrated material, Table 2.12.

Table 2.12
TOA DOS
30% 0.33
70 1.9

From Table 2.12 it is clear that the penetration of
the nitrating acid mix into the cellophane film with time
can be followed by ESCA. Further, the rate of penetration
monitored in this study is considerably slower than that
reported for mixed acids in cellulose fibres.

In Figure 2.18 there is an apparent dip in the
surface DOS at 1 minute. At first sight this reduction in
DOS appears contrary to the laws of mass action. However,
ESCA is only monitoring changes in the elemental composition
of the cellophane surface and not the overall level of
nitration (BOS> of the material. The dip in DOS is a
consequence of macro-changes in the cellophane surface at
the onset of nitration.

The surface of a nitrating cellophane has been
monitored by Scanning Electron Microscopy (SEM) and from
Plates 1-5 it can be seen how the cellophane surface
'cracks' during nitration. The initial cellophane surface
is smooth and even after 7 seconds nitration the film

appears no different. However, by 30 seconds the surface is
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criss—craossed by hair line cracks and the original
plasticity of the film has been lost. it is almost
certaln that the cracking observed 1s responsible for the
dip in DOS monitored by ESCA. In a variety of acid mixes
the onset of cracking, at time t, can be correlated with a
dip in DOS, see Chapter 4. The severity of the cracking
observed and the change in surface DOS monitored can also be
correlated. The cracking of the nitrated film presents a
new un—nitrated surface. ESCA monitors both the nitrated
surface and the new cellophane surface and hence the DOS
monitored decreases. If the nitration time is extended the
new cellophane surface nitrates. The completely nitrated
material is still fairly brittle although it has regained
some of the plasticity of the original cellophane film.

Once the surface of the film has cracked it does not revert
to a smooth film with complete nitration, see Plate 5. The
cracking phenomena is further discussed in Chapter 4, where
it is observed in cellulose.fibres; an explanation for why

the cracking occurs is also presented in Chapter 4.
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cellulose fibres do not seriously depress the DOS monitored.
It is proposed that the contamination observed with
cellulose fibres exists in the surface as well as on the
surface and therefore up to 25% contamination of the Cis
core level is considered acceptable. However, with nitrated
cellophane films, before or after cracking, this level of
contamination is found to seriously depress the surface DOS
monitored: the contamination is therefore considered to be

'on' the surface rather than 'in' the surface.

2.3.7 Summary

In this chapter the application of ESCA and '¥C nmr
to cellulose nitrate chemistry has been reviewed and it has
been noted that sericus discrepancies in the published ESCA
data exist.

Aspects of experimental procedure were investigated
to establish the accuracy and hence the significance of
these differences reported in the ESCA data. The variation
of surface and bulk DOS of nitrated Whatman papers with acid
mix composition are reported. The trends in DOS observed
with mix composition are the same as those reported
previously by Stephenson.'’

The use of cellophane as an alternative source of
cellulose to natural fibres, wood or cotton, has been
investigated. There is considerable improvement in the
signal to noise ratio in the ESCA spectra of cellophane
sheets (compared to fibres). A cracking phenomenon is

reported which occurs at the onset of nitration in the

cellophane surface. This phenomenon has since been observed
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in different celluloses and nitrating systems, see Chapters

4 and 5.

In Chapter 3 the differences in surface and bulk DOS

reported are explained in terms of the acid mix composition

and cellulose morphology.
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CHAPTER THREE - A STUDY OF NITRATIOE IN MIXED

ACIDS



3.1.1 IRTRODUCTIOR

Despite the proliferation of literature published
pertaining to the nitration of cellulose with mixed acids,
a clear picture of the reactions controlling DOS in mixed
acids has yet to emerge. A major stumbling block to a
more complete understanding of the nitration reaction is
the uncertainty that surrounds the identity of the
nitrating speciles.’ Unambiguous identification of this
specles would almost certainly shed new light on many of
the features of nitration discussed in the previous
chapters.

In Chapter 1 some of the older literature related
to the nitration of cellulose in mixed acids was reviewed.
From this review it is clear that up until the mid 1950's
there was intense interest amongst chemists as to the
identity of the species responsible for nitration.

Popular opinion favoured 'free molecular' nitric acid as
being the nitrating agent. The only other credible
alternative proposed was the nitronium ion, NOz*.?2.4
However, Miles' in his comprehensive review of cellulose
nitrate chemistry (1955) has ruled out the possible
involvement of the nitronium ion, in the nitration of
cellulose, 1in both mixed acids and nitric acid-water
mixe;. Summarizing, Miles has pointed out that :-

(1> the nitration of cotton occurs in nitric acid
vapour where the existence of the nitronium ion is highly
unlikely,

(11> nitration takes place in mixed acids where the
nitronium ion can not be spectroscopically detected.
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The validity of both of these objections are
closely examined in this thesis.

Recently the 1dentity of the nitrating species in
mixed acids has been re-investigated by Fowler.® From a
comparison of the surface DOS achieved, with the
composition of the acid mix employed, Fowler has suggested
that the nitronium ion is responsible for nitration. The
acid mixes were examined by laser excited Raman
spectroscopy. However, in Chapter 2 the surface DOS
reported by Fowler were questioned.

In the late 1950°'s the kinetic studies of Ingold et
al®~7 and others®=—< firmly established that the nitronium
ion is the nitrating species in nearly all organic
nitrations. However, the results of Ingold's work appear
to have been largely overlooked by chemists when
considering the identity of the nitrating agent of
cellulose.®

In Chapters 1 and 2 it has been argued that the
nitration of cellulose in mixed acids i1s an equilibrium
controlled reaction. The surface and bulk DOS reported in
chapter 2 are not the same. It is thought that cellulose
fibre structure plays an important role in determining the
level of nitration achieved in the bulk material, although
not as originally envisaged by Miles' and othe;s," see in
Chapter 2. The bulk nitration of several different
celluloses in a range of mixed acids are monitored and the

DOS achieved in the different materials are correlated

with the crystallinity of the celluloses.
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In the course of this chapter Raman spectroscopy,
solid state "*C nmr and ESCA are employed to elucidate the
identity of nitrating species and the mechanism

controlling the DOS in mixed acids.
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3.2.1 EXPERIMENTAL

The starting celluloses used in these studies and
the experimental procedure employed for the preparation of
cellulose nitrate with mixed acids have been described in
Section 2.2.1.

The nitronium ion salt, NOx*BF.—, was dissolved in
sulpholan ¢ 99% Aldrich Chemical Co. > and: Whatman No. 1
papers were nitrated in a saturated salt solution for 5
minutes at 24=C. The nitration was effected under a dry
nitrogen atmosphere <(relative humidity 5-7%>. Prior to
analysis the papers were soxhlet extracted with hexane for
two hours to remove any sulpholan adhering to the fibre
surface.

The '3C nmr (solid state) spectra of cellophane and
Vhatman No.1 papers were obtained on a Brucker CXP 200
operating at 200.13 MHz(proton) and 50.323 MHz('®C) using
a CP/MAS technique and a contact time of 1 ms. The rotor
speed was approximately 3.2 kHz.

ESCA spectra were run on a Kratos ES300 electron
spectrometer. All Raman Spectra presented in this thesis
were obtained on a Varian Cary 82 spectrometer using an
Argon gas laser (514.5nm, 200mW¥).

The experimental procedure employed for the
sorption experiment is based on an experiment described
elsewhere:'? an outline of the modified procedure is

presented with the relevant discussion.
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RESULTS AND DISCUSSION
3.3.1 The Nitrating Species in Mixed Acids

In this section the identity of the nitrating
species is investigated. It has been previously described
how the Ci« and Niw core levels can be used to determine
the surface DOS of a cellulose nitrate monitored by ESCA.
In Table 3.1 the surface DOS obtained for the nitration of
WVhatman papers in a range of mixed acids are presented.
The nitric acid component in these mixes was kept constant
at 22.5%, and the sulphuric acid to water ratio varied.
The table shows that changes in acid mix composition

affect the surface DOS obtained.

Table 3.1 Surface DOS with Acid Mix Composition.

Acid Mix DoS
Mix 4 75% HzS04, 22.5% HNO=, 2.5% H=0 2.35
Mix 3 70% H:SOa, 22.5% HNO=, 7.5% HzO 2.40
Mix 2 65% H=SO., 22.5% HNOx, 12.5%H=0 2.30
Mix 1 60% HxzSOa, 22.5% HNOx, 17.5%H=0 1.80

Laser excited Raman spectroscopy was used to
characterize these four mixes and three of these are
displayed in Figures 3.1-3.3. The bands at 1400, 1320,
1050 and 966 cm~' are assigned to the nitronium ion,
nitric acid, the sulphate ion and sulphuric acid
respectively. '@ % Comparison of the nitronium ion band
intensity, 1400 cm ~', with surface DOS reveals that, in

general terms, DOS increases with increasing nitronium ion
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Figures 3.1 (top), 3.2 (middle) and 3.3 <(bottom) Raman
spectra of mixed aclds
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concentration. A similar experiment has been reported by
Fowler.= The spectra presented in Figures 3.1 - 3.3 are
very similar to those reported by Fowler for acid mixes of
the same composition. However, the agreement in surface
DOS is not as good (discussed in chapter 2). In a 75%
H=80., 22.5% HNOz, 2.5% HzO mixed acid Fowler reports
obtaining a surface DOS of 2.6, in Table 3.1 a DOS of
about 2.3 1s reported for this mix. Fowler’s results led
him to the conclusion that a linear relationship exists
between the intensity of the nitronium ion band observed
in the Raman spectra and surface DOS achieved. The data
presented in Table 3.1 and Figures 3.1-3.3 does not
support this conclusion. As discussed in Chapter 1,
anhydrous mixed acids do not produce the highest bulk DOS
cellulose nitrates and the results in Table 3.1 show that
they do not produce the highest surface DOS either.
However, 1f a relationship exists between the nitronium
ion concentration and DOS it may well be obscured by other
factors.

Potassium nitrate dissolved in sulphuric acid
will react to give either the nitronium lon, nitric acid
or the nitrate ion depending on the sulphuric acid
concentration, #* see Table 3.2. The nitrating ability of
various nitrogen species in Table 3.2 were directly tested
by immersed cellulose papers in appropriate potassium
nitrate/sulphuric acid solutions.#* The N1 and Chra
core levels of the immersed celluloses were monitored by
ESCA and the core level spectra are displayed in Figure
3.4. This experiment was first described by Fowler.=
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Table 3.2

% wt. HzS0a4 Specles present
0-15% NO=—
15-70% NQOs~ and HNO=
72-82% HNO=
82-100% NO=~

From the N:w core levels it 1s evident that only in the
98% sulphuric acid solution has any nitration occurred,
although the DOS achieved in this mix 1is very low (0.6).
The Raman spectra of the potassium nitrate/sulphuric acid
solutions are presented in Figure 3.5. Only in the 98%
mix can the nitronium ion, at 1400 cm™ ', be
spectroscopically detected.

The ability of the nitronium ion to nitrate
cellulose was directly tested by the immersion of
cellulose in a saturated nitronium ion salt solution. A
plece of WVhatman No.1l paper was immersed in a solution of
nitronium tetrafluoroborate for five minutes. The
surface of the treated cellulose was monitored by ESCA and
the Criw aﬁd N:w core levels are presented in Figure 3.6.
An intense signal is observed in the N:w core level. The
Biw and Fiw core levels were also monlitored but no signal
was observed in either region after multiple scans and it
is therefore considered that all the nitrogen observed is
assoclated with the cellulose. After charge correcting

the centre of the N1z core level peak 1s at 408 eV,
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indicative of the nitrate ester.

From this result it is clear that the nitronium ion
can effectively nitrate cellulose. The surface DOS of
the material in Figure 3.6 is 2.82 which is very close to
the theoretical maxim um of 3. The further use of the
nitronium ion salts to nitrate cellulose are discussed in
Chapter 5.

In Table 3.1 the surface DOS is at a maximum in the
70 % sulphuric acid mix (mix 3J. However, from the Raman
spectra 1t is known that the nitronium ion concentration
is at a2 maximum in the nearly anhydrous mix 4. This mix
can be made entirely anhydrous by replacing the sulphuric
acid component with oleum. However, when nitrating in
an equivalent oleumnitric acid mix the surface DOS
achieved is only 2.1. The Raman scan of this mix reveals
almost complete ionization of the nitric acid. If the
nitronium ion is responsible for nitration in mixed acids
it is to be expected that the greater the nitronium ion
concentration in an acid mix the higher the surface DOS
obtained. From Table 3.1 it is clear that this is not
the case and the possibility that some other process is
preventing complete nitration in the fibre surface has
been investigated. Two possibilities were considered:-

(1> competitive sulphonation is preventing complete
nitration in the surface region,

(2) the denitrating action of sulphuric acid at high
concentration is limiting nitration at the surface.

Tﬁe effect of competitive sulphonation on DOS is
considered first.
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Clark and Stephenson' have explained the changes in
the surface DOS achieved, with acid mix employed, 1in
terms of the competitive nitration-denitration-
sulphonation reactions. Trommel'® has gone further and
proposed that one of the reasons why the maximum DOS in
cellulose cannot be achieved by nitrating in mixed acids
is because sulphonation blocks hydrbxyl sites to
nitration.

The level of sﬁlphur in the surface of the
materials prepared from mixes 1 and 4, Table 3.1, has been
monitored. The materials were well washed (K6=C)> but not
boiled. It is thought that this procedure removes any
adhering acid but does not hydrolyse sulphate esters.®#

The results are presented in Table 3.3.

I =] Ql =] Q . 3
=) st
Mix 1 1.9 » 0.04
Mix 4 2.35 0.08

Addition of the DOS, nitrate + sulphate, does not give a
total DOS of 3 for 'nitration' in either mix. Clearly
sulphate ester formation does not explain why a surface
DOS of 3 is not achieved by nitration in mixed acids.
The level of sulphonation is greatest in mix 4;

this result is in agreement with what Clark and Stephenscn

have reported.’
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The possibility that denitration by the sulphuric
aclid component in mix 4 is responsible for the lower than
expected DOS has been investigated.

Miles' has claimed that the denitration of
cellulose nitrate in sulphuric acid is not possible.
However, the limit on Miles's observation is that in very
concentrated sulphuric acid solutions (K68%) the cellulose
nitrate employed is irretrievably destroyed. Therefore,
the observation of denitration in more concentrated acids
using bulk techniques is not feasible. By utilizing the
surface sensitivity of ESCA and the heterogeneous nature
of the reaction, it i1s possible to observe ( by
appreciably reducing the reaction time > that denitration
at the cellulose nitrate surface does indeed occur when
the sulphuric acid content (relative to water) is greater
than 80 %. This can be seen in Figures 3.7 and 3.8
where a cellulose nitrate, surface DOS of 2.4, has been
immersed in an 80% sulphuric acid-20% water mix for 2
minutes at 26-=C. From inspection of the N« core
levels it can be seen that extreme denitration has taken
place. Although cellulose nitrates are relatively
stable to treatment with strong acids, cellulose is not.

Strong mineral acids, for example sulphuric acid,
phosphoric acid and hydrochloric acid, within definite
solution ranges act as swelling or dissolving agents for
cellulose.'” However, sulphuric acid and hydrochloric
acid are definitely not true solvents as they are very

reactive towards the cellulose chains and hydrolysis
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occurs in these acids. The glycoside linkage is
particularly susceptible to hydrolysis in concentrated
aclds. #4 A degraded cellulose may be regenerated from
sulphuric acid solutions by the addition of water.

Earlier in this chapter it has been demonstrated
that immersion of cellulose paper into a 98% sulphuric
acid-potassigm nitrate mix fails to produce a high DOS
material despite a high nitronium ion concentration in
this mix. The reason for this result is now clear in
light of the information presented above. Although the
mix is capable of nitration, denitration by the sulphuric
acid component will keep the surface DOS very low. Long
immersion times result in the destruction of the Whatman
paper, this is most likely due to the action of the
sulphuric acid on the un—nitrated cellulose.

For academic interest, the stability of a
moderately high DOS cellulose nitrate to immersion in a
strong sodium hydroxide solution has been investigated.
It is reported in the literature that alkali
saponification of the cellulose nitrate ester is not
possible and treatment of cellulose nitrate with alkalil
results in solution of the ester.'® A 2.4 surface DOS
cellulose nitrate was immersed in a 20% sodium hydroxide
s;lution at 25-C for 2 minutes. Partial solution of the
cellulose nitrate occurred, the material after immersion
was very similar in physical appearance to a cellulose
nitrate treated with an 80% sulphuric acid-water mix.

However, no reduction in the signal from the N.= core
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level was observed in the sodium hydroxide solution

treated cellulose nitrate.

3.3.2 Nitration in Mixed Acids where the Ritronium
ion is not Speciroscopically Detectable

One of Miles's major objections against the
nitronium ion's involvement in the nitration of cellulose
is centred on the observation that nitration to moderate
DOS can be achieved in acid mixes where the nitronium ion
cannot be spectroscopically detected. Although the
nitronium 1ion may not be spectroscopically observable,
this does not necessarily rule out its presence in the
mix. It is clearly important to ascertain if the
nitronium ion is still responsible for nitration in such
mixed acids. In Table 3.3 surface DOS is presented as a
function of nitration time for three mixed acids. The
mixes were characterized by Raman spectiroscopy. In mix 1
the nitronium ion is spectroscopically observable, in mix
2 1t 1s on the edge of detection and in mix 3 it cannot be
detected. As can be seen from Table 3.4 when the
nitronium ion is definitely present the nitration reaction
at the surface is extremely rapid, complete in 1 second.
At the other extreme, when it cannot be detected there is
negligible nitration after 1 second, although the final

DOS may still be moderately high (1.73).
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Table 3.4 Surface DOS monitored with Nitration Time.
Mix Composition Dos

1 second 40 minutes

Mix 1 57% H.S0O4,23% HNO=x, 18% H:0 0.1 1.73
Mix 2 60% H:SO.,23% HRNO=z, 15% H::0 0.995 1.95
Mix 3 75% H:SOa,23% HNOs», 2% H=0 2.3 2.3

There 1s also an appreciable difference in the
quality of nitrated materials resulting from preparation
in these three mixes. Materials prepared in mixes 1 and
2 were highly degraded. The materials were shredded and
brittle, making them difficult tc mount on the probe tip
prior to analysis by ESCA. In physical appearance they
were very similar to the nitrocellulose denitrated in
sulphuric acid. The material prepared in mix 3 has
retained the fibrous propertles of the starting cellulose.

If the water content of mix 1 is raised, even
slightly, at the expense of the sulphuric acid component
the mix can no longer nitrate cellulose. The product
of a short immersion time is exceptionally shredded and
impossible to handle. At longer immersion times the
cellulose dissolves totally.

An important feature of the above experiment to
bear in migd is that the concentration of nitric acid in
the three mixes is essentially the same. The extent of
ionisation of the nitric acid is observed to decrease

with increasing water, or with decreasing sulphuric acid

content.
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The results in reported Table 3.4 and observations
discussed above, can be rationalised in terms of the
nitronium ion concentration <(and hence rate of nitration)
and the sulphuric acid content of the acid mix.

Cellulose nitrate is relatively stable to immersion in
strong acilds, whereas cellulose is not. In mix 3 where
the nitronium ion concentration is high, nitration
proceeds rapldly and hence degradation of the cellulose is
minimized. In mix 2, where the nitronium ion
concentration is very low, nitration proceeds much more
slowly and the acids (sulphuric mainly) therefore effect
severe degradation of the cellulose prior to nitration.
Vhen a little water is added to mix 1 the nitronium ion
concentration becomes negligible (or perhaps the ion is no
longer present? and acid attack of the cellulose chains
becomes the predominant reaction. In mix 1 although the
nitronium ion cannot be spectroscopically detected 1t
seems reasonable to assume that it is still present in
very low concentration and is responsible for nitration.
This assumption is supported by spectroscopic studles of
nitronium ion solutions. In dilute solutions, 0.2
molar, the nitronium ion cannot be spectroscopically
detected, but nitration of cellulose to high DOS takes
place in these mixes. In Chapter 6 the presence of the
nitronium ion in aqueous acids is considered in much
greater detail.

Examination of the three-way nitration diagram,
presented Chapter 1, reveals that areas of solution of the
cellulose-cellulose nitrate product exist where the water
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content of the acid mix is high. The nitronium ion can-
not be detected, by Raman spectroscopy, in mixes from
these reglons. Ionization of nitric acid does occur in
mixes of very high sulphuric acid content, no water and
low nitric acid content. However, it is anticipated that
glycosidic hydrolysis of the cellulose chains is the
predominant reaction in such mixes.

From the work presented above it 1is possible to
correlate the behaviour of the surface DOS with changes in
the acid mix composition. The results in Table 3.1 will
now be considered in terms of a model for the control of
DOS at the cellulose surface.

The only species 1n mixed acids capable of rapidly
nitrating cellulose is the nitronium ion, NOz* and its
formation is described by equation 1,74

2HzS04 + HNOx: = NOz* + 2HS0.™ + H=O Equation 1
For an acid mix of fixed nitric acid concentration, when
the water content is high and the sulphuric acid content
low (1.e. mix 1 in Table 3.1), the surface DOS will be
kept low by the competing denitration - nitration
reactions. The nitrating species, the nitronium iomn, is
present only in low amount, i1.e the position of équation 1
lies to the left hand side; the denitrating species,
presumably the hydrated nitric acid molecule,' is present
in high concentration, equation 2.

HNO: + H:0O = HNOx . H:O
As the water concentration of the acid mix decreases and
sulphuric acid concentration increases, the concentration
of the nitronium ion and hydrated nitric acid molecule go
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up and down respectively: equation 1 moves towards the
right hand side and the surface DOS rises. However, as
the mix becomes more anhydrous the role of the sulphuric
acld, as a denitrating agent, becomes more 1mportant. A
totally anhydrous mix produces a much lower surface DOS
than mixes containing 5-10% water. Hence, 1t is a fine
balance that ultimately controls surface D0OS, the maximium
DOS 1s achieved when the effect of the denitrating species
are minimized.

The appearance of the nitrite ester has been
discussed in Chapter 2. It has been suggested that the
appearance of nitrite esters is the result of reactions
occurring with stabilization and storage of the cellulose
nitrate.'® This hypothesis is supported by the results
obtained from the nitration of cellulose in nitronium ion
salt. The N:« core level in Figure 3.6 1s symmetric, i.e.
the nitrite ester 1is not detected. These cellulose
nitrates are washed well in water and boiled for several
minutes. This result implies that the nitrite ester
arises during storage or prolonged stabilization. A
possible mechanism for nitration in mixed acids is
presented in Figure 3.9. The proposed mechanism is
supported by the work of Klein and Mentser®4 who have
shown, by '®0 labelling experiments, that esterification

is achieved by cleavage of the O-H bond and not the C-O

bond.
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N4 +
C-OH + NO,— CONO, + H

Figure 3.9 Possible mechanism of nitration

3.3.3 The Effect of Fibre Structure on Bulk DOS

To investigate the effect of morophology on the
bulk DOS achieved, celluloses from different scurces were
nitrated in a series of mixed acids. The bulk DOS
obtained in the cotton linters, Whatman papers and
cellophane film, with the acid mix compositions employed,
are displayed in Table 3.5. It 1is important to note that
the three celluloses were nitrated in the same acid mix
and therefore no inaccuracy is 1introduced by repeatedly
preparing a particular acid mix. Table 3.5 shows that the
DOS achieved, after 3 hours nitration in any of the mixes,
is not the same in the three celluloses. Other
interesting features were observed that are not displayed

in the table. Firstly, the variation in DOS monitored in
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VanderHart®® have proposed that these multiplicities
reflect the fact that there must be more than one type of
packing arrangement in cellulose I. At lower applied
field the multiplicitlies were not observed. From the
lineshapes of the Ca and Ce« resonances ( B.=1.4T ), Earl
and VanderHart#< #' have shown information maybe obtained
on the sample morphology. In the spectra run of the more
amorphous / paracrystalline celluloses, e.g. cotton, the
Ca and Ce resonances are characterized by a sharp intense
reak with a broad shoulder to the high field side. In the
more crystalline celluloses examined, Acetobacter and
Valonia, the broad component of these resonances had
disappeared. Earl and VanderHart have attributed the
broader component of these resonances to 'surface’
anhydroglucose residues, or residues 1in disorder regions,
and pointed out that in cotton it is estimated that 49% of
hydroxyls lie in the elemental fibril surface, whereas for
Valonia only 10-14% of hydroxyls lie 1in surface regions.
Figures 3.8 and 3.9 show the solid state '?C nmr
spectra of Whatman No.1l papers and cellophane film. The
structure of cellophane has received scant attention®® and
the so0lid state "#C nmr spectrum displayed in Figure 3.9
is to the author's knowledge the firft recorded. In
Filgure 3.8 multiplicities are evident in the C« and Ca
resonances reflecting the crystalline/amorphous nature of
cellulose fibres. The cellophane spectrum is similar to
those reported for amorphous cellulose.=' =% All
evidence of the distinct crystalline/amorphous resonances

at C. and Ce has been lost. The chemical shift (ppm) of
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the 'joint' resonances are closer to those of the
amorphous resonance than the crystalline resonance.
The structure of cellophane film has recently been
investigated by x-ray diffraction, e~ beam diffraction and
dissolution kinetics.=% Three distinct structure domains
were identified: an amorphous region comprising of > 40%
of the material; a region with cellulose I type packing
(10%> and a region of cellulose type II packing (40-50%).
The cellulose I crystallities were to small to be
identified by XRD. The cellulose II crystallities were
destroyed by e~ beam diffraction.

The important conclusion to be drawn from
comparison of Figures 3.8 and 3.9 is that in terms of %
crystallinity cellulose woodfibres are very much more

crystalline than cellophane film.
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denltrates the c=lluloss (Chaptsr 3. Any perturbztlon
in the nitration-denitration equilibria ought to be
manifest as a change in the concentration of these
species.

In the course of this chapter ESCA 1is used to
investigate the action of technical mixed acids over the
temperature range -25“C to +2Z%C on cellulose and
cellulose nitrates; Raman Spectroscopy is utilized to
examine the effect of temperature on the concentration of

the various species in technical acid mixes.
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Before investigating the feasibility of denitrating
cellulose nitrates with technical mixed acids maintained
at low temperature, it was first considered necessary to
establish the most effective method for removal of the
aclds from the cellulose at low temperature; 1.e. the
best method of quenching. In Chapter 2 it has already
been shown that at room temperature the chosen method of
quenching, (1) or (1ii) below, does not seriously effect
the surface DOS as monitored by ESCA.

(1> In 5 litres of water immediately following
removal of the ' green ' cellulose nitrate from the acid
nix;

(11> in 5 litres of water after first sucking off
any adhering acid on a buchner funnel.

The effect of the two quenching procedures, at
lower temperatures, on the surface DOS have been
investigated. Cellulose papers were nitrated imn a
technical mixed acid for 2 minutes at -20<C; after
guenching, by methods (i) or (ii), the surface DOS were
monitored by ESCA, the results are presented in Table
4.1. The sample in (ii) was buchnered for 40 seconds
approximately: the buchner funnel had previously been

‘cooled’ in a freezer maintained at approximately -20°C.
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Table 4.1 The Effect of Quenching Procedure on
Surface DQOS.

Acid Mix Degree of Substitution
Quenching Procedure

i) (11>

75% H:=S0. 22.95% HNO= 2.5%H=0 1.4 2.35

It can be seen from Table 4.1 that the two methods
of quenching praduce a very different DOS in the surface
region. Method (i) was chosen, as the best method of
guenching, on the grounds that:-

(1> at room temperature, immediate quenching gives
a reasonable DOS value in the surface region, see Chapter
2;

(ii)> the increase in the surface DOS observed when
the cellulose nitrate is buchnered can, perhaps, be
attributed to an increase in the temperature of the
adhering acids not immediately removed from the
cellulose.

The latter justification has subsequently shown to
be only partially correct and there is a much better
justification for choosing (i), to quench immediately,

that only came to light during the course of this work.
<D

A cellulose nitrate of surface DOS 2.3 was prepared
in a 75%H=S0., 22.5%HNOx, 2.5%H=0 technical acid mix at
room temperature., Pieces of this cellulose nitrate were
immersed in fresh acid mixes of the same composition for

> 2 minutes at various temperatures in the range +20°C to
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-20°C. The final surface DOS were monitored by ESCA and

the results are displayed in Table 4.2.

Table 4.2 Surface DOS with Acid Mix Temperature.

Temperature of . Degree of Substitution
Acid Mix

20=C 2.3

- 7=C 2.4

-15<C 2.3

-20<C 2.3

From the table it can be seen that the original
surface DOS of the starting material (2.3) has remained
unaffected by the immersions. Infact, the DOS after the
low temperature immersions appears to have risen
slightly, but the increase in DOS observed is not outside
the realm of experimental error. The experiment was
repeated several times employing similar composition acid
mixes; no denitration was detected. Further, on
extending the immersion times at low temperature no
denitration was observed.

However, cellulose papers (Whatman Number 1)
immersed in a 75% H=zS0a., 22.5% HNO=, 2.5% H=0O acid mix
for 2 minutes at -15°C only nitrated to a surface DOS of
about 1.4. Further, there is considerable variation in
the level of nitration monitored (well outside the normal
limits of experimental error, see Chapter 2).

The entire experiment was repeated using an acid
mix of composition 65%H=S0., 22.5%HNOx, 12.5%H=0 over a
similar temperature range. Again, the DOS of the
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starting cellulose nitrate (2.3) remalned unaffected by
immersion in the fresh acid mixes at any temperature in
the range -30°C to +20°C. Two minutes nitration in this
mix at -15°C failled to produce a surface DOS anywhere
near that approaching the room temperature equilibrium
value of 2.3. |

In Section 4.1 it was suggested that denitration
would be expected in the type of experiments described
above. This expectation was based on the premise that
the nitration-denitration equilibria are perturbed in
favour of denitration at low temperature. However, the
results presented show that this is evidently not the
case.

It is 1lmportant to note that the denitration
reaction can still be observed in technical acid mixes
maintained at low temperature.‘ Pieces of a cellulose
nitrate, surface DOS 2.6, were immersed in an acid mix
that only supports a surface DOS of 2.2 at room
temperature, for 30 seconds at various temperatures in
the range -30°C to +20°C, the results are displayed in
Figure 4.2. From this figure it can be seen that
dehitration has occurred in the surface and it has been
extremely rapid at all temperatures in this range. It is
also apparent that at all temperatures, denitration
occurs down to about the same DOS (2.2-2.3>. The DOS
being only slightly greater at the lower temperatures.
The results of this experiment suggest that the final
equilibrium DOS for this mix, over the entire temperature
range 1lnvestigated, is about 2.2; 1.e. over this
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Figure 4.2 'Attempted' Denitration at Low Temperature.

temperature range, the balance position of the nitration
- denitration equilibria are not influenced by
temperature. This conclusion is in direct contrast to

the conclusion drawn from the work of Fowler.“<

The importance of the balance position of the
equilibrium,

2HxS0. + HNOz = NOx™ + 2HSC.™ + HzO*
in determining the final surface DOS has been discussed
in Chapter 3. By monitoring the relative concentration
of the above species in technical mixed acids, changes in
the surface DOS can be rationalized. By employing Raman
Spectroscopy the relative concentrations of the above
speclies maybe monitored in technical acid mixes from
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In Table 4.3 the heights of the nitromium ion and
molecular nitric acid peaks are ratioed from the Raman
scans of mixes 1, 2 and 3, to facilitate comparison of
the relative concentrations of these two species at the

various temperatures investigated.

Table 4.3 Ratiged In
Nitri Acid Peaks.
Acid Mix NO.*/HNO:=
R.T L.T.
1 4 5
2 1.2 1.4
8 -— -—

RT
LT

Room Temperature 20+C,
Low Temperature, see spectra.

At the lower temperature, for each of the 3 mixes,
the concentration of the nitronium ion can be seen to
have slightly increased, relative to that of the
molecular nitric acid.

Fowler“ has proposed that the curves in Figure 4.1
represent 'final equilibrium' surface DOS, concluding
that " the equilibrium constant for the formation of the
nitrating species [ now established as the nitronium ionl
is temperature dependent; or that the equilibrium
constant for the reaction of the nitrating agent with
hydroxyl groups 1s temperature dependent."” From the
above Raman study it is evident that the equilibrium
describing the formation of the nitrating agent, the
nitronium ion, is not particularly temperature sensitive.
If the formation of the nitrating species is the
predominant factor controlling the DOS obtained in mixed
acids, then from the data in Table 4.3 1t can be seen
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4.3.4 Low temperature nitration.

The curves in Figure 4.1 were considered by Clark
and Fowler to be representative of 'final equilibrium'
DOS on the grounds that extension of the nitration time
to 1 hour, at -25°C, produced no change in the surface
DOS. However, during the course of this work 1t was
found that at very low temperatureé technical acid mixes
become extremely viscous and that on scratching with a
glass rod develop crystals. To avoild these problems, of
viscosity and freezing, 1t would perhaps have been wiser
to have extended the immersion period at some higher
temperature (e.g. -15°C).

To this effect cellulose papers were iﬁmersed in a
60%H:280,, 25%HNQ:=, 15%H::0 technical mixed acid maintained
at about —-15°C for 3 hours. The papers were then
analysed by ESCA and by micro-Kjeldahl analysis. Two
important discoverilies were made: -

(1> the 'final' surface DOS was found to be 2.4,

(11> the bulk nitrogen content of the cellulose
nitrate was > 12% by weight, after washing and
appropriate stabilization.

A surface DOS of 2.4 would not have been expected,
if the curves in Figure 4.1 represent final DOS; at room
temperature the mix employed will only support a 2.3
surface DOS. When Clark and Fowler® extended the
nitration time to 1 hour at -25<C, no bulk nitration was
observed. However, at -25°C this is not suprising since
technical acid mixes are very viscous and penetration of
the celluose bulk by the acids is difficult to envisage.
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At -15°C technical mixed acids are still viscous
and therefore the penetration of the bulk cellulose, by
the nitrating mix, may well still be incomplete even
after 3 hours immersion. The bulk nitration of
cellulose 1s now further considered in some detail; some

aspects of surface nitration are covered in Section

4.3.6.

The nitration of cellulose papers in a technical
mixed acid of the composition 75%H=S0., 22.5%HNO=,
2.5%H.::0, has been i1investigated at room temperature and
at —-15<C. At -15°C the acid mix was very viscous and
hence nitration in the bulk of the cellulose was found to
proceed very slowly as penetration of the acid mix into
the cellulose was very slow. Complete penetration of the
cellulose by the acid mix (i.e. complete nitration) was
determined by the solubility of the nitrated product in
de—dmso. A cellulose nitrate i1s only 100% soluble in
dmso when its DOS > 1.9. From '®*C nmr it is has been
established that in a cellulose nitrates of DOS > 2 most
of the glucose residues are at least mono-nitrated;®
hence, at 100% solubility it is fairly certain that
complete penetration of the acid mix throughout the
cellulose fibrils has occurred. At -15°C immersion times
of greater than 10 hours were found to be necessary
before complete solubility of the cellulose nitrated
occurred. In Table 4.4 the surface and bulk DOS from
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room temperature and low temperature (-15<C) nitration

are compared.

Table 4.4 DOS from Nitration at +22=C and -15=C
Temperature DOs
Surface Bulk
22°C 2.35 2.8
-15=C 2.45 2.8

-

It can be seen from this table that both the
surface and bulk DOS of the two materials are comparable
(although the surface and bulk DOS for each individual
cellulose nitrate are not the same - a full explanation
for this is contained in Chapter 3). It is worthwhile
noting that the cellulose nitrate prepared at low
temperature appears to have a slightly greater surface
DOS than that of the cellulose nitrate prepared at room
temperature, however from the work in Chapter 2 it can be
seen that the increase in DOS observed (0.1) for the
surface and bulk is still, possibly, within the limits of
experimental error.

The use of x-ray diffraction to investigate the
crystal structure of cellulose nitrate has been reviewed
in Chapter 1. Briefly, there exists a correlation
between the angle of scattering 8 from the dio: plane and
the %N of the cellulose nitrate; it has been observed
that the dioyv spacing increases with an increaseing %N in
the cellulose nitrate. ', It is worth adding that the
spacing of the do'z and doox planes in the cellulose
nitrate do not share the same sensitivity to the %N (DOS)
of the material. The x-ray diffraction scans from 4< in

-180-



28 to 30= in 28 for the two materials are displayed in
Figure 4.10. From this figure 1t can be seen that the
dvos spacings in the 2 cellulose nitrates are the same.
The use of '*C nmr to probe the substitution
distribution of nitrate groups in the anhydroglucose
residues 1s described in Chapter 2. Analysis of the nmr
spectrum 1s now considered. Band assignments are made on
the basis of those described by Clark and Stephenson.®
The spectrum shown in Figure 4.11 is of a cellulose
nitrate prepared in a 61% H.SO., 24.5% HNO=x, 14.5% HzO0
acid mix at room temperature. The components at 103.5
and 102 ppm have been assigned to Cy in 3,6 disubstituted
and &-monosubstituted residues respectively. The
components at 99.7 and 98.4 are (unusually) well resolved
and assigned to the anomeric carbon in the
trisubstituted and 2,6 disubstituted residues
respectively. The component at 84.5 ppm arises from Ca
in 3,6-disubstituted residues whilst the peak at 82.9 ppm
corresponds to Cz in 2,6-disubstituted glucose residues.
The Nuclear Overhauser Effect (NOE)'® for C+1-Cs have been
shown to be essentially the same®™ and therefore it is
possible to directly ratio the peak areas for the
disubstituted products. When the total integral for the
low field reglon of the anomeric carbon and the area
ratios for the two high field peaks are taken into
account it becomes possible to work out the partial
degree of substitution at the Cz, Cz and Ce positions and

the substitution distribution for the cellulose nitrate.
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Figure 4.11 '®*C pmr Spectra of a 2.4 DOS Cellulose

Nitrate.
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The intense components at 79.5, 78 and 76.5ppm have been
assigned to Ca, Ca and Cx in the trisubstituted residue:
these assignments are confirmed by running the spectra of
the trinitrate, see Chapter 6. The minor component at
73.9 ppm arises from the Cz in the 3,6 disubstituted
residue and its intensity is the same as the peak at
84.5ppm as required by this assignment. The intense
peak at 70.9 ppm corresponds to Ce nitrated material
(shift insensitive to remaining substitution pattern) and
to Cs which is coincident in frequency. The peak at 60.5
ppm has been assigned to Ce in unsubstituted glucose
residues. The NOE for the methylene Cs was estimated to
be 1.5 by the analysis of the spectra for known DOS
cellulose nitrates.

The solution state '?C nmr spectra of the two -
cellulose nitrates, Table 4.4, were run. The gpectra are
displayed in Figures 4.11 and 4.12 From visual
examination of the figures it is clear that the ester

functionalities are similarly distributed in the 2

cellulose nitrates.
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Displayed in Figures 4.14 and 4.15 are the solution
state "¥®C nmr spectra of cellulose nitrates prepared in a
65% H..SO0., 23.1% HNO=, 11.9% H:0 acid mix at room
temperature and - 15=C. As above, the substitution
distribution in these two materials prepared at different

temperatures are very similar.
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Figures 4.14 and 4.15 (A) Cellulose Nitrate prepared at
+20=C, (B) Cellulose Nitrate prepared at Low Temperature
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In technical mixed acids, at room temperature, the
equilibrium DOS is established in the surface region to a
depth of at least one hundred &ngstroms in the first
second of immersion. The rate of nitration in mixed
acids maintained at low temperaturés does not, from the
DOS values in Figure 4.1, appear to be anywhere near as
rapid. However, the curves in Figure 4.1 have been shown
not to be representative of the equilibrium DOS. To gain
a better understanding of the processes taking place at
the cellulose surface that might have produced these
curves, ESCA has been employed to follow the surface
nitration of cellulose papers with time: nitrations in a
75% HzSQa, 22.5% HNO=, 2.5% H:0 technical mixed acid were

carried out at -15®C. The results are displayed in Table

4.5.

Table 4.5 Surface DOS with Time: Nitration at —-15=C.

Time (seconds) DOS

5 1.45

20 1.50
120 0.96
300 1.21
1620 . 2.29
6540 2.32
10200 2.36
2.5 days 2.28
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From this table it can be seen that nitration in
the surface region is extremely rapid, after 5 seconds
the surface DOS reached is 1.45. However, the overall
behaviour of DOS with time is unexpected and initially
seems to be incompatible with the laws of mass action.

A drop in surface DOS at extended nitration times
has already been reported by Fowler at room
temperature.®

The time interval t=0 minutes to 4 minutes was
investigated more closely with many more sampling points

taken, Table 4.6.

Table 4.6
Time seconds DAS
<5 2.00
10 1.80
12 1.45
20 1.40
120 1.15
240 0.95

From the above table it can be seen that at t<5
seconds a very high DOS is observed at the cellulose
surface. However, at t=4 minutes the surface DOS is
only half the value of t<5 seconds. The cellulose
nitrates produced after immersion times of greater than 5
seconds were noticed to be extremely brittle and
consequently very difficult to mount on a probe tip prior
to analysis by ESCA. The brittleness can perhaps be
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attributed to stresses imposed in the material by the
limited nitration of the surface. X-ray diffraction
studies’#.'% have shown that the dimensions of the unit
cell of cellulose nitrate are larger than those of the
cellulose unit cell: it is not unreasonable to assume
that the accommodation of these two different unit cells
in one material will produce considerable stress, i.é.
brittleness.

The DOS presented in Table 4.6 provides information
on the level of nitration in, approximately, the top 5024
of the cellulose. It is very unlikely that the
‘overall' level of nitration in the cellulose drops after
5 seconds immersion. However, 1t seems reasonable to
assume that the cellulose fibre structure is undergoing
considerable re-organization with nitration and ESCA is
monitoring the effects of this 're-organization' in the
fibre structure in the top 50 A. Employing Scanning
Electron Microscopy (SEM)> the surface of the cellulose
fibres have been examined at 2 different nitration times
(Plates 1 and 2).

Visual examination of the micrographs taken reveals
‘cracking' 1in the fibre surface as nitration proceeds.
However, the original cellulose fibres were ‘pitted' and
therefore the cracking phenomena is not as obvious in
these plates as it is in the micrographs of nitrated
cellophane presented in Chapter 2. From the Plates it is
evident that destruction of the fibre surface is

concomitant with nitration.
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It is envisaged that the fibre cracking results
from stresses imposed, by nitration, in the cellulose
surface. Fibre splitting will present a new cellulose
surface to the nitrating mix; when the nitration is
quenched immediately and the nitrating mix washed away,
the cellulose surface monitored by ESCA will consist of
nitrated cellulose and the new unsubstituted cellulose
surface. At t<5 seconds no cracking 1is observed in the
SEM micrographs of the cellulose fibres. At t > 5
seconds the onset of splitting occurs and the nitrated
materials become brittle; the surface DOS monitored
drops.

The severity of the cracking observed, is most
probably heightened by quenching when nitration is
limited to the very surface and by the temperature
gradient which exists between the nitrating mix, -15°C,
and the cellulose, +22¢C. It has proved impossible to
cool the cellulose below 0O®C and keep its moisture
content low.

The cracking phenomena reported above is similar to
that observed in cellophane at room temperature (Chapter
2. However, in cellophane the cracking is a lot more
severe and not limited to the surface. Fully nitrated
cellophanes are still extremely brittle. Above, the
fully nitrated materials are not at all brittle.

In Section 4.3.1 different methods for quenching
the nitration reaction, at low temperature, were
discussed. It is clear from the discussion above, that
buchnering of the sample prior to quenching will suck the
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acid through the cellulose material and therefore give

rise to nitration in the fibre cracks. Hence, the

difference in surface DOS obtained by the two methods.

At room temperature, it is anticipated that fibre

cracking can be observed in the initial stages of

nitration.

Because at room temperature, the acid mixes

are considerably less viscous than at -15“C, the rate of

diffusion of the acids into the cellulose subsurface will

be very much faster.

This clearly 1s an important factor

in determining the extent of cracking that is observed.

The surface nitration of cellulose papers in a 75% H=SOa,

22.5% HNO:,

function of time,

H:0 acid mix has been monitored as a

the results are presented in Table 4.7

The nitration was quenched immediately.

Table 4.7 Surface DOS with Time: Nitration at +22=C
Time of nitration (seconds) DOs
1 2.05
15 1.90
60 2.30
420 2,25
2400 2.38

From the table it 1s evident that the predicted dip

in DOS can be ocbserved at t=15 seconds but it is neither

as dramatic nor as persistent as reported in low

temperature nitrations.
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The cracking phenomena has been observed in
different composition acid mixes and in other nitrating
systems; 1t manifests as a dip in the DOS monitored by
ESCA during the initial stages of nitration. For
examples, see chapter 2 where cracking is observed in a
65% H=S0a, 22.5% HNO=x, 12.5% H:0 acid mix or Chapter 5,
figures 5.4 and 5.5, where cracking is observed for

nitration in nitronium ion salts.
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4.3.7 Summary

In this chapter it has been shown that the
nitration-denitration equilibria established between
cellulose and mixed acids (Chapter 3) do not have the
envisaged temperature dependence, as previously
reported. At low temperature, nitration in the surface
region occurs on a similar time scale to nitration at
room temperature. Bulk cellulose nitration requires much
longer immersion times bécause of the increased viscosity
of the acids. The DOS vs temperature curves reported by
Clark and Fowler do not represent final DOS and are shown
to be produced as a result of cracking in the fibre

surface (re-organization of the fibre structure with

nitration).
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CHAPTER FIVE - THE NITRATIOE OF CELLULOSE VITH

BEITRONIUM TETRAFLUOROBORATE
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9.1 INTRODUCTION

In the previous chapters the preparation of
cellulose nitrate in mixed acids has been investigated
and the problem of limiting DOS tackled. The DOS at the
very surface of the cellulose fibre has been shown to be
equilibrium controlled and this result has important
consequences when considefing the control of DOS in the
cellulose fibre. The accessibility theory is no longer
tenable when attempting to explain the limiting DOS in
technical mixed acids ( 2.77 >. The preparation of a
fully substituted cellulose nitrate in technical mixed
acids is not possible because of the denitrating action
of the sulphuric acid compénent of these mixes.

However, a wide variefy-of other nitrating mixes
have been employed to nitrate cellulose to a very high
DosS. .= The use of the nitronium ion salt, nitronium
tetrafluoroborate, to nitrate Whatman No.l1 papers, was
briefly described in Chapter 3 where it was shown that a
very high surface DOS can be achieved nitrating in a
saturated solution. To the authors® knowledge this is
the first time the nitration of cellulose with a
nitronium ion salt has been reported. Many details of
the experiment reported in Chapter 3 were omitted for the
sake of simplicity.

The first reported preparation of a nitronium ion
salt was by Hantzsch.® The product HaNO=*(ClOa7)=z was

obtained from mixtures of anhydrous nitric acid and

perchloric acid, which could then be separated by
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fractional crystallization from nitromethane into
NO:*+Cl0a~ and HuO*ClO.~. The nitronium salt can be
obtained pure and its structure has been determined by X-
ray crystallography.“ Investigation of the Raman
spectrum of this compound established unequivocally the
existence of the nitronium ion in many of the media used
in nitration.

Nitronium Tetrafluoroborate was first prepared by
Olah et al® by adding mixtures of anhydrous hydrofluoric
acid and boron trifluoride to a solution of dinitrogen
pentoxide in nitromethane.

Nitronium salts are colourless, crystalline and
generally very hygroscpic. The fluoro-salts ére
relatively stable, perchiborate and sulphate salts are
unstable and liable to spontanecus decomposition.

Cryoscopic investigations suggest that in sulpholan
NOx*BFa~ exists predominantly as ion pairs.*®

The selection of suitable solvents for quantitative
work is not easy. Nitroalkanes are inert, but nitronium
tetrafluoroborate is poorly soluble in them. Sulpholan
is usually employed as a solvent and solutions of
> O.5mol|"(20°C) can be prepared. Nitronium salts in
sulpholan have been commonly employed in kinetic .and
mechanistic studies of organic nitrations.®—1°

There are several advantages to be gained from
studying the nitration of cellulose with nitronium salts.
For example, the concentration of the nitronium ion in
technical mixed acid has only been estimated

qualitatively from Raman Scans by comparing the relative
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peak intensities of the. nitronium ion and the nitric acid
bands*; the exact concentration of the nitronium ion in
salt solutions is known, hence kinetic studies of
nitration become feasible.

The instability of cellulose nitrates prepared from
mixed acids, to Mg.« x-rays and thermal radiation, has
been credited to the residual acids trapped in the
cellulose fibre and to sulphate esters (that are not
removed by boiling). This hypothesis can be potentially
tested by comparing the stability of materials prepared
in mixed acids to those prepared from nitronium ion
salts.

The nitronium ion has unambiguously been shown to
be the effective nitrating agent of cellulose in mixed
acids. In this chapter the action of nitronium salts
on cellulose are investigated. For this work ESCA, X-

ray diffraction and Raman spectroscopy were employed.

** The concentration of the nitronium ion in mixed acids
has been determined by Infra-red and Raman

spectroscopy’’.
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9.2 EXPERIMENTAL

Whatman No.l papers and cellophane sheets were used
in this study. Preparation of the cellulose prior to
nitration is outlined in section 2.2.

Nitronium tetrafluoroborate ( 99% Aldrich Chemical
Co. > was dissolved in sulpholan.

Nitrations were carried ocut imn a dry box under a
dry nitrogen atmosphere. The relative humidity was
typically 5-7%. Nitrations were quenched in 1 litre of
cold water, introduced into the dry box in a sealed
vessel.

Nitromethane (99.5% Aldrich Chemical Co. 'Gold
Label') was employed as a solvent for the nitfonium
tetrafluoroborate crystals. The nitromethane was dried
over a 54 molecular sieve and silca gel.

Samples were boiled for 5 minutes to remove any
oxldation products of nitration. Samples were dried and
then soxhlet extracted to remove sulpholan from the
cellulose surface.

ESCA spectra were run on a Kratos ES300 electron
spectrometer.

X-ray diffraction, see Section 2.2, was employed to
measure the diov spacings in the nitrated materials.

The Raman ;can of the 0.5 molar nitronium
tetrafluoroborate solution was run on a Varian Cary 82

Raman Spectrophotometer using an Argon gas laser

(514.5nm, 200mW).
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5.3 RESULTS AND DISCUSOION
5.3.1 Surface Copntamination

In this section the problem of extraneocus surface
contamination is considered. In Figure 5.1 the Cys and
Nvu core levels are presented for a plece of cellulose
paper nitrated for 20 hours in a 0.5 molar solution of
nitronium tetrafluoroborate in sulpholan at 20<C. It
is clear from the C.s core level that there is a very
high level of extraneous hydrocarbon on the surface.

The nitrated cellulose is yellow on removal from the
nitronium ion salt and it retains this colour after a
brief wash in water followed by pentane. Surface
analysis, Sun core level, has shown the contaﬁination to
be associated with sulpholan adhering to the cellulose
nitrate surface. Despite the very high level of
hydrocarbon monitored, the DOS observed is 2.4 - 2.5.

Any adhering sulpholan can be removed by soxhlet
extraction with either petroleum-ether, a hexane/pentane
mix or dichloromethane ( all proven non solvents of
cellulose nitrate ). In Figure 5.2 the Cis and Nva
core levels are presented after soxhlet extraction of the
material 1in Figure 5.1. The surface DOS calculated
from Figure 5.2 is 2.4; hence it is evident that the high
level of hydrocérbon in Figure 5.1 has not seriously
attenuated the N.s signal. Considering the discussion
presented in Chapter 2 on the effects of contamination on
the DOS monitored by ESCA, 1t is clear that the

hydrocarbon in Figure 5.1 does not exist as a uniform
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overlayer. The hydrocarbon contamination observed must

be 'sitting in' the cellulose nitrate surface.

JAN

25 414 a1 410

BE

Figure 5.1 Ci.
Ex1 g

v

416 414 412

Figure 5.2 Cia and Nuw Core Levels after Soxhlet
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5.3.2 A _Study of Surface and Bulk Nitration.

The surface DOS obtained from this experiment 1s of
interest. In Chapter 3 it has been shown that the
nitronium ion salt is the important nitrating species in
mixed acids and DOS increases with increasing nitronium
ion concentration. This observation is limited at high
sulphuric acid concentrations where the action of this
acid prevents complete nitration, i1.e. DOS = 3 beilng
reached. In a nitronium ion salt it was expected that
complete nitration would be achieved. This expectation
is not realized; from Figure 5.2 1t can be seen that a
DOS of 3 has not been reached in the cellulose surface
after 20 hours nitraticn. Further, Kjeldahl an;Iysis of
the material reveals a nitrogen content of 0%. The x-
ray diffractogram scan, from 4= in 20 to 30= in 28, is
presented in Figure 5.3 for a cellulose nitrated 1in a
0.5 molar mix. From the die1 spacing 1t is clear that
no nitration has taken place intrafibrillarly.

Evidently the nitration observed by ESCA 1s limited
to the very surface of the cellulose fibres <(top 30 & or
so). In fact virtually no penetration of the cellulose
by the nitronium ion salt has occurred and this can be
appreciated from the data presented in Table 5.1 which

refers to the DOS monitored by Mguwus and the Tiw« X-rays,

sampling depths typically 30 A& and 100 &A.
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Mght:-:x 8 OA 2 . 37

Til-r:-:x 1001& 1. 07

It seems unlikely that nitration is homogeneous
even in the top 30 A& and this hypothesis is supported by
the data presented in Table 5.2. Table 5.2 refers to
the nitration of a cellophane film in a 0.5 molar
nitronium ion salt. Despite severe crinkling of the
film on immersion in the nitrating mix it is clear that

the DOS monitored is angular dependent.

TOA Das
70 2.2
30~ 1.8

The nitration of cellulose papers with nitronium
ion salts appears to be limited by the penetrating
ability (or lack) of the nitrating mix. The ability of
a nitrating mix to swell cellulose 1is important if
nitration is to take place inter- and intrafribillarly.
Swelling in cellulose can be achieved by treatment with
various polar liqulids, the extent of swelling can be
determined from optical microscopy and x-ray
diffraction.™® The effect of soaking cellulose in
sulpholan has been investigated. Cellulose papers were

soaked for 24 hours in dry sulpholan at 20+C. The 'wet'
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papers were then examined. Visually and from optical
microscopy no evidence of any fibre swelling was
detected. The diffractogram of a soaked paper, Figure

5.4, shows that no intercrystalline swelling has occurred

in the cellulose.

30 25 20 B
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The effect of the nitronium ion concentration on
the surface DOS achieved has been investigated. Final
DOS is presented with nitronium ion concentration in

Table 5.3.

Salt Concentration Final DOS

0.21 nmolar 2.0
0.50 molar 2.4
Sat. Solution (20«<C) 2.8

Table 5.3 shows that DOS increases with increasing
nitronium ion concentration employed.

The source of cellulose employed probably has an
important bearing on the surface DOS obtained; this has
not been investigated.

It was envisaged that nitration of the fibre might
well increase accessibility in the top 30& to further
nitration. A cellulose nitrate prepared from a
phosphoric—nitric acid mix has been further nitrated in a

0.5 molar nitronium ion salt mix, the results are

presented in Table 5.4.

Cellulose nitrate
PoOs/HNO:: after 5 hours immersion
in nitronium salt

Surface 2.55 2.9 - 3.0

Bulk 2.7 2.7
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From the table it can be seen that immersion in the
nitronium ion salt has no effect on the bulk DOS;
extending the immersion time to 10 days still produces no
change in the bulk DOS. However, immersion of thé
cellulose nitrate in the nitronium ion salt produces a
surface DOS of 3.0.

Re-immersion of a cellulose nitrate directly back
into the nitronium ion salt in which it was originally
prepared, produces no change in surface DOS. However,
if the cellulose nitrate is removed, washed and boiled in
water, dried and then re-immersed the surface DOS

increases appreciably, see Table 5.5.

a) 20 minute nitration. 2.4

b) 2 %x 20 nminutes nitration 2.4
c) 20 minute nitration, boil,

further 20 minute nitration. 2.7

Soaking the material (a) in sulpholan and re -

nitrating produced no increase in the surface DOS.
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5.3.3 The Kinetics of Nitration.

It is not possible to carry out kinetic studies
(analogous to those of Ingold et al'') to elucidate the
order and rate of cellulose nitration, in nitronium ion
salt solutions, because of the heterogeneous nature of
the reaction. However, it is possible with ESCA to
follow nitration in the celulose s;rface as a function of
immersion time. In Figure 5.5 this has been carried out
for the nitration of cellulose papers 1in a 0.21 molar
solution of nitronium tetrafluoroborate in sulpholan at
+22=C. From this figure it can be seen that nitration
is initially rapid at the fibre surface. However,»
between 0-5 minutes there is a 'dip' in the DOS
monitored. In Chapters 2 and 4 similar decreases in
surface DOS have been reported: the dips are associated
with cracking of the nitrating surface. The ‘dip’
observed in Figure 5.5 may well be the result of a
similar fibre cracking phenomena. The final surface DOS

obtained in this mix was 2.0.
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Figure 5.5 Surface
molar nitronium ion salt (20=C).
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In Figure 5.6 surface DOS is presented as a
function of time for nitration in a 0.5 molar nitronium
ion salt solution. From this figure it can be seen that
nitration proceeds more rapidly at the cellulose surface
in this mix than in the 0.21 molar mix. In this mix no
obvious 'dip' in DOS is observed. JHowever, the increase
in DOS observed with time is not smooth. From Figures
5.5 and 5.6 it can be seen that the rate of nitration in
nitronium ion salt solutions is slow in comparison to the
rate reported in technical mixed acids.

The 0.5 molar mix was examined by Raman
Spectroscopy. The nitronium ion band, at 1400 cm™’, was
not spectroscopically detectable.

Again, from this work it is evident that the rate
of surface nitration is controlled by the concentration

of the nitronium ion in the nitrating mix.
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Figure 5.6 Surface DOS for nitration in a 0.5 molar
nitronium ion salt as a function of time.
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5.3.4 X-ray Stabllity
In Chapter 2 it was suggested that the reported

instability of cellulose nitrates, prepared in mixed
acids, to electromagnetic radiation could possibly be
attributed to slehuric acid or sulphate esters that are
not removed, from the cellulose fibres, during
stabilization.

The effect of thermal radiation has previously
been shown to be bulk orientated which makes nitronium

ion salt prepared cellulose nitrates unsuitable for

thermal studies. However, the effect of higher
frequency radiation, u.v and x - ray can be monitored at
the fibre surface. The stabllity of a 2.4 surface DOS

cellulose nitrate to Mgu« x-rays has been monitored as a
function of time. The loss in the intensity of signal
from the nitrate peak and the exposure time necessary
before the appearance of the low binding energy
component, were found to be simllar to those reported in
Chapter 2 for cellulose nitrates prepared in mixed acids.
In Chapter 6 the stabllity (thermal and x-ray) of
cellulose nitrates prepared in ‘sulphuric acid free'

enviroments and those prepared with technical mixed acids

are compared.

The use of nitromethane as an alternative solvent

to sulpholan is investigated 1n this section. Although
the solubility of nitronium tetrafluorcborate in

nitromethane is low, about 0.3% by weight,'#® it was
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thought that bulk nitration of the fibre might take place
in this solvent. Ingold et al’® have shown nitromethane
to be a more 'polar' solvent than sulpholan and polar
solvents can cause swelling in the cellulose fibre.'®

Cellulose paper was lmmersed in a saturated
nitronium tetrafluoroborate/nitromethane mix for 24
hours. From the N.a core level (408 eV- charge
corrected) only a minimal level of nitration could be
detected.

No nitrogen was detected in the bulk analysis of
the treated paper. Clearly nitration is limited to the
surface of the fibre and the low concentration of the ion
limits the DOS achieved.

The ability of nitromethane to swell cellulose was
investigated by x-ray diffraction. Dry cellulose papers
were immersed in nitromethane for 24 hours, the papers
were analysed ‘wet'. From the diov, doi1z and doo=
interchain spacings measured it was evident that
nitromethane can not cause swelling in the crystalline

regions of the fibre.
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SUmmAry.
In this chapter it has been shown that although the

nitronium ion salts can be employed to nitrate cellulose
papers their use is limited. The common solvents of
these salts can not swell the cellulose fibre and
nitration is therefore restricted to the fibre surface.
Nitration can only be detected by ESCA . This further
illustrates the advantages to be gained by the
application of ESCA to heterogeneous reactions, like the
nitration of cellulose, where the surface and bulk

reactions can be very different.
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CHAPTER SIX - A STUDY OF SURFACE AND BULK NITRATION

IN NITRIC ACID AND IN DICHLOROMETHANE / NITRIC ACID

MIXES
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6.1 Introduction,

The use of nitric acid and nitric acid-water mixes
to nitrate cellulose 1s reviewed in Chapter 1. Previous
studies of nitration have been limited to determining the
extent and rate of nitration in the cellulose bulk and
therefore the nature of the nitrating species and the
mechanism controlling DOS in nitric acid mixes have
remained subject to considerable controversy.' =

Nitration in nitric acid (alone) or nitric acid-
water mixes produces very brittle or shredded cellulose
nitrates (depending on water concentration); further,
materials of low DOS can not be prepared in these mixes.?
The addition of an 'inert' miscible organic liquid to
nitric acid facilitates the production of cellulose
nitrates over the complete range of substitution, i.e.
DOS=0-+3, without any appreciable destruction of the
original cellulose fibre structure. The use of nitric
acid-organic liquids to produce very high DOS materials
has been widely reported.=.4—-% Organic-nitric acid
mixes are widely employed to nitrate aromatic compounds;
the mechanism of nitration in theses mixes has been
extensively studied.® However, in cellulose chemistry
tﬁe nitration mechanism has received scant attention,
most authors glibly citing molecular nitric acid as the
nitrating agent.

Soild state '¥#C nmr has been employed to

investigaté the substitiution distribution of nitrate

groups 1in cellulose nitrates prepared from organic-nitric
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acld mixes.® The substitution distributions reported
with bulk DOS are different to those previously reported
for nitration in mixed acids. Solution state '#C nmr has
been employed to further probe the substitution
distribution in cellulose nitrates prepared from
dichloromethane-nitric acid mixes.

In this chapter the nitration of cellulose in
different composition nitric acid-water and organic-
nitric acid mixes has been investigated at the surface
and in the bulk of the fibre by ESCA, '*C nmr and X-ray
diffraction. The rates of nitration observed at the
fibre surface in these mixes are compared to those
previously reported for cellulose in mixed acids and
important conclusions are drawn about the nature of the

nitrating species and the mechanism of nitration.
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6.2 Experinmental

Vhatman cellulose papers were nitrated at 24=C in
the various nitrating mixes as described in the following
sections. Pre-treatment of the cellulose is outlined in
Figure 2.9. Sanmples nitrated in nitric acid-water mixes
were quenched immediately. Samples nitrated in
dichloromethane/nitric acid mixes were either quenched
immediately in 5 litres of water or washed with
dichloromethane in a buchner funnel prior to quenching.
The resulting surface and bulk DOS were found not to be
affected by the chosen method of quenching.

Commercial fuming nitric acid was obtained from
Aldrich Chemical Co. It was > 97% pure containing 2-3%
N:Oa. Pure anhydrous nitric acid was prepared by vacuum
distillation from a KNO:»/Hx:SO. mix and used
immediately.'® The dichloromethane (May and Baker Ltd.)
was redistilled before use.

ESCA spectra were run on Kratos ES200 and ES300
electron spectrometers. Raman spectra were run on a
Varian Carey 82 Raman spectrometer using an Argon gas
laser (514.5nm, 200m¥). Solution State '#C nmr were run
on Brucker AC 250 spectrometer. Solid State spectra were
obtained on a Brucker CXP 200 using a contact time of

°

1ms.
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6.3 RESULTS AND DISCUSSION,
6.3.1 Nitration with Nitric Acid-Water Mixes

Table 6.1 presents the surface DOS monitored, by
ESCA, after 1 seconds nitration in pure anhydrous nitric

acid and 90% nitric acid 10% water).

Table 6.1 DOS with Mix Composition.

7% HNO:s DOS
100 1.7
90 0.2

Because nitration is a heterogeneous reaction, the
order and rate of reaction can not be deduced from bulk
studies.. However, at the fibre surface the inital rate
of nitration may be monitored by ESCA. The results in
Table 6.1 show that the addition of water to the
anhydrous acid reduces the extent of surface nitration
achieved after 1 second by 8 fold. Extending the
nitration time (530 seconds? in the two mixes produced
materials of a similar surface DOS(>2).

The presence of the nitronium ion in anhydrous
nitric acid 1s well established.® The formation of the
nitronium 1on (autoionization of nitric acid) occurs in

two stages: -

Equation 1
2 HNO::E‘ o I'I..~ NO_J + 4+ NO_—_J - ( a )
H““ NO‘—‘:“"* o NOL* + H:}:O (b)

It is not unreasonable to assume that the nitronium
ion is responsible for the rapid nitration observed in

the pure nitric acid. Reduction in the concentration of
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the nitronium ion is reflected by the dramatic change in
DOS observed, after 1 second's nitration, in the aqueous
(Q0%) nitric acid. The anti-catalytic effect, of added
water, on the rate of reaction in anhydrous nitric acid
has been previously reported; the addition of 5% water in
the nitration of nitrobenzene reduces the rate by 6

fold. "’

©.3.2 The Nitrating Species in Fuming Nitric Acid.

The surface nitration of cellulose papers in fuming
nitric acid-water mixes has been investigated as a
function of immersion time; the results are presented in
Figure 6.1. From this figure it can be seen that the
addition of water to fuming nitric acid dramatically
reduces the DOS achieved after a 1 second nitration.
Nitration of the surface, in the anhydrous nitric acid,
is almost complete after 1 second's immersion; in the 80%
nitric acid-20% water mix the DOS achieved after a 1
second nitration is neglig ble.

Employing the greater sampling depth of Ti.x x-rays
it was found that nitration with anhydrous nitric acid
was vertically homogeneous to a depth of > 1004 in less
than 5 seconds. This result establishes that it is the
rate of nitration that is being monitored, by ESCA, and
not the diffusion of éﬁe acid into the fibre surface.

The Raman spectrum of fuming nitric acid is
presented in Figure 6.2; from this figure it can be seen
that the nitronium ion is beyond spectroscopic

detectability.
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However, 1in fuming nitric acid it is thought that
the nitronium ion is responsible for nitration. This
hypothesis can be tested by monitoring the effect that
the addition of potassium nitrate has on the rate of
nitration in the 100% acid. From Equation 1 1t is
expected that the addition of the nitrate ions to nitric
acid will supress the formation of the nitronium ion.

In Table 6.2 the rates of surface nitration in fuming
nitric acid and fuming nitric acid/potassium nitrate
mixes, as monitored by ESCA, are compared. It 1s the
initial rate of nitration that is of particular interest;

as the nitration reaction proceeds water will be produced

which will reduce the rate of reaction.

1 1.86 0.77
5 2.26 1.62
30 2.40 2.20

The data in Table 6.2 shows that the addition of
potassium nitrate to nitric acid reduces the level of
surface nitration observed ( t= 1 and 5 seconds). The
DOS of the top 100X was also monitored by Tiwe x-rays;
nitration was found to be vertically homogeneous at all
immersion times and therefore it can be concluded that

the addition of nitrate i1ons reduces the rate of

-227-



nitration <(and not the diffusion of the acid) in the
surface region.

The potential effect of the small N:O. concentration
in fuming nitric acid on the nitration reaction is
considered to be negligible. This conclusion is based
on several observations. Firstly, the surface and bulk
DOS achieved by nitration in mixes where nitric acid is
replaced by fuming nitric acid remains unaffected.
Secondly, the rate of nitration observed in the surface
region in fuming nitric acid is the same as that
monitored in pure nitric acid. Finally, from the N:ia
core level it is evident that only nitration has taken
place in fuming nitric acid mixes. However, in DMF,

Nz Oa can nitrite cellulose, but in aqueocus media the
nitrite ester formed is readily decomposed by

hydrolysis. =

6.3.3

In mixes of > 5% water content nitration still takes
place and moderately high equilibrium DOS are still
achieved in the surface. It is pertinent to ask what is
the nitrating species in these mixes since the nitronium
ion is no longer spectroscopically observable (in nitric
aclid and fuming nitric acid> and electrochemical data
suggests it ;s no longer present at such dilutions
(nitric acid).? However, it has been shown by kinetic
studies that in aqueous nitric acid, containing as much
as 60 mol.% water, the nitronium ion is still an
effective nitrating agent.'’ It is possible that

molecular nitric acid 1is responsible for nitration of
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cellulose in aqueous mixes; but, it is not inconceivable
that the nitronium ion is still responsible for
nitration. Miles' has pointed out that cellulose
linters preferentially absorb nitric acid from nitric
acid-water mixes and therefore in the vicinity of the
cellulose hydroxyls the true concentration of nitric acid
may be very much higher than expected from the
composition of the nitrating liquid. On the basis of
the work presented above it is not possible to establish
the nature of the nitrating species in aqueous nitric
acid. However, in all the other nitrating systems, so
far investigated, it has been shown that the nitronium
ion is responsible for nitration.

The final DOS achieved by nitrating cellulose with
nitric acid is of interest. The surface and bulk DOS of
cellulose nitrates prepared from mixed acids have already
been shown to differ. In nitric acid the highest bulk
DOS generally reported is 2.8;% a DOS of 3 has been
reported by nitrating a 2.7 DOS cellulose nitrate 1in pure
nitric acid.™® It has been suggested that
gelatinization of the fibre prevents complete diffusion
of the nitric acid throughout the fibre. From the
results presented in Table 6.3 it can be seen that at the
surface, where diffusion is not considered a problem,
fuming nitric acid will only nitrate cellulose to a DOS
of approximately 2.4; further, nitration with anhydrous

nitric acid only produces a surface DOS of 2.4.
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Cellulose papers were nitrated at room temperature
for 1 hour in fuming nitric acid and a bulk DGOS of 2.7
was measured. A cellulose nitrate (DOS=2.7, prepared in
a mixed acid) was nitrated in fuming nitric acid; in
Table 6.3 the bulk DOS monitored is presented with

nitration time. No gelatinization of the fibres was

observed.

Table 6.3 DQS

0] 26 71
Surface DOS 2.4 - 2.45
Bulk DOS 2.7 2.65 2.75

The data presented in Table 6.3 indicates that a DOS
of 2.75%5 1s the maximum bulk DOS obtainable in fuming
nitric acid. A 2.83 bulk DOS material immersed in
fuming nitric acid has been shown to denitrate to this
value'”* and therefore 1t appears that 2.75 1s the
equlilibrium DOS for cellulose papers in fuming nitric
acid.

Because a surface DOS of 3 is not achieved by
nitration in fuming nitric acid it is reasonable to
assume that DOS is equilibrium controlled. The
nitronium ion is believed to be responsible for nitration
and from the data, presently avallable, it 1is considered
that nitric acid must be responsible for denitration.

In mixed acids it has been shown that sulphuric acid can

denitrate celluloses; esterifications are usually
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reversible processes and it is therefore not suprising
that a strong acid can cause de-esterification. In
concentrated sulphuric acid cryoscopic and spectroscopic
evidence indicates that alcohol nitrate esters undergo
complex ionization, yielding nitronium ion.'S

The above data suggests that in the bulk of the
cellulose fibre the nitration-denitration equilibria
are, for some reason, tipped slightly more in favour of
nitration. The mechanism of denitration in nitric acid
is unclear, however, it is certain that the
heterogeneous nature of the nitration reaction influences

the final DOS achieved in the cellulose fibre.

The surface nitration of cellulose papers in a 1:1.5
(mils) fuming nitric acid/dichlorormethane mix has been
monitored as a function of immersion time; the results
are presented in Table 6.4. From the table it can be

seen that nitration, in the surface region, is slow

compared to nitration in technical acid mixes.

Time Surface DOS
1s 0.20
10s 0.60
30s 1.60
60s 2.14
>6000s 2.35
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This mlix was examined by Raman spectroscaopy, the
nitronium ion band at 1398 cm~'could not be detected.

The state of pure nitric acid in chlorinated solvents has
been investigated; the mixes are characterized by poar
electrical conductivity and the nitronium ion is not
spectroscopically detectable.'# However, although the
nitronium ion can not be detected by physical methods,
kinetic studies have provided compelling evidence for the
formation and effectiveness of this species in the
nitration of aromatic compounds.®

The addition of KNOs to dichloromethane / nitric
acid mixés was found to reduce the surface DOS 1in the
initial stages of nitration by o 25%. The effect of
adding KNO= to these mixes is similar to that reported
previously for the addition of KNO= to nitric acid. It,
therefore, i1s seems reasonable to assume that the
nitronium ion is the important nitrating species of
cellulose in dichloromethane/nitric acid mixes. The
concentration of the nitronium ion in these mixes is low
and this is reflected by slow rate of nitration monitored
at the cellulose surface.

In mixed acids it 1s thought that the rate of
nitration in the bulk is diffusion controlled. This
hypothesis can be tested by comparing the speed at which
the bulk nitration of cellulose papers proceeds in

different acid mnixes.
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From surface studies it is known that nitration in
an anhydrous mixed acid is extremely rapid, above it has
been shown that at the surface nitration in
dichlorcmethane/fuming nitric acid mixes 1s not. In
Tables 6.5 and 6.6 the bulk DOS achieved in these two
aclid systems at various nitration times are presented.

The data presented in Table 6.5 clearly indicates
that the rate of bulk nitration observed in mixed acids
is diffusion controlled. However, 1in dichloromethane/
fuming nitric acid mixes this 1s not the case. Fromn
Tables 6.4 and 6.6 it can be seen that the rates of
nitration, surface and bulk, in dichloromethane /fuming

nitric acid mixes, are comparable.

Table 6.5
T (minutesd DOS
2 minutes 0.54
11 minutes 1.10
21 minutes 1.50
41 minutes 1.90*
120 minutes 2.70

* 75%H.S0., 22.5%HNO®, 2.5%H=0 +24-C

* Unusally wide variation in DOS noted.
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Table 6.6

f,.Nitric Acid®
I _(minutes) ' DOsS

10 minutes 2.53

35 minutes 2.66

60 minutes 2.74

180 minutes 2.73
2400 minutes 2.63

*# 1.,5:1 (mils) mix at +24=C

6.3.5 Surface and Bulk DOS with Mix Compositiaon.

The surface and bulk DOS achieved by nitrating 1
gram of cellulose papers 1in various nitric
acid/dichloromethane mixes have been investigated; the
results of which are presented in Figure 6.3. The total
volume of the nitrating mix was kept at 80 mils and the
nitric acid:dichloromethane ratio varied.

However, before considering the figure in detail
it is appropriate first to comment on the validity of the
surface DOS values presented. The potential effect of
hydrocarbon contamination at the cellulose surface on the
DOS has been considered in Chapter 2. It has been
assumed that contamination exists as a patched overlayer

on the fibre surface or in the fibre surface and that low

-234-



3‘ ///////’A////%~\\\\\\\\\~v
0 g/
0 2
1<
0 20 40 60 = 8Acid
80 60 40 20 0 i%hl.

M LS

x= surface DOS

o= bulk DOS

Figure 6.3 Surface and bulk DOS with mix composition.

_23.5_



levels of contamination do not effect the DOS monitored.
However, the cellulose nitrates of DOS > 2 prepared in
dichloromethane/fuming nitric acid mixes, after
stabilization, exhibited higher than usual levels of
contamination (ca.25% of the C.,. envelope); prior to
stabilization the cellulose surfaces were not seriously
contaminated. The surface DOS of the stabilized
materials were significantly lower than nitrates which
were washed in tap water only.

In Chapter 2 it was shown that unreacted nitric
acid adheres to the surface of celluloses prior to
stabllizaton; with stabilization the nitrogen level
monitored at the surface drops with the removal of this
acid. It is uncertain in cellulose nitrates prepared
from dichloromethane/fuming nitric acid mixes whether
the surface DOS drops with stabilization due to (a>
removal of unreacted nitric acid or (b)> because of the
increasing hydrocarbon contamination.

From Figure 6.3 it can be seen that the surface
and bulk DOS reached in the celulose fibres increases
with increasing nitric acid concentration until the 40:40
ml situation is reached. Surface and bulk DOS do not
appear comparable at high DOS; +this may be the result of
surface contamination. However, two pilieces of data
argue against this interpretation:-—

(1> +the surface and bulk DOS in cellulose nitrates

prepared from fuming nitric acid are different,
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(11> in materials of lower DOS, surface and bulk are
comparable and the level of hydrocarbon comtamination in
these materials is ca.20% of the C.i. envelope.

Clearly the processes that have produced the
curves in Figure 6.3 are complex. It might be initially
supposed that at low nitric acid concentration nitration
is limited by an insufficient mass of acid to fully
nitrate 1 gram of cellulose. However, this explanation
is easily dismissed by simple calculation of the number
of moles of acid to the number of moles of cellulose
(x3), which reveals there 1s a considerable excess of
nitric acid in all the mixes employed.

From the ESCA data it is evident that nitration is
reversible. If nitration were not, then no correlation
between surface and bulk DOS would be observed.
Nitration would proceed from the fibre surface inwards
and the surface DOS monitored by ESCA would be very high,
while in the bulk of the fibre the DOS would be very low.
However, surface and bulk DOS are in close agreement and
therefore it is clear that the final DOS established is
equllibrium controlled. The nitrating species is the
nitronium ion and it is thought that the predominant
denitrating agent is the hydrated nitric acid molecule,
w;ter being produced in the nitration reaction. Since
surface and bulk DOS are comparable 1t is clear that the
‘accessibility' of the crystalline and amorphous regions
to this species must be equal.

As the concentration of nitric acid increases then

the effect of hydrated nitric acid on the DOS is
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expected to diminish. For example, nitrating in a 40:40
mil mix and assuming complete reaction (i.e DDS=3) the
ratio of unreacted nitric acid to hydrated nitric acid
willl be one hundred and sixty to one in the used acid
mix. It is expected that this 'used' acid mix will be
able to nitrate fresh cellulose to a very high DOS. This
hypothesis is tested later.

In the 40:40 mil mix both surface and bulk DOS are
at a maximum. Clearly the nitration reaction is at a
maximum and the denitration reactiond(s) are at a minimum.
In 1light of the above discussions, it 1s not certain that
surface and bulk DOS are in fact different.

Although a cellulose nitrate with a DOS of 3 can
not be prepared in fuming nitric acid i1t can be seen,
from Figure 6.3, that the addition of dichloromethane to
fuming nitric acid facilitates near coﬁplete nitration.
It 1is perhaps possible to explain this observation in
terms of the 'polarity’ of the nitrating mix and 1its
ability to support charged species. The addition of
dichloromethane to nitric acid will reduce the 'polarity’
of the nitrating mix and therefore its abilility to
stabilize charged species. If denitration proceeds via
protonation of the nitrate ester and then ionization, to
give the nitronium ion, then as the 'pdlarity' of the
nitrating mix decreases this mechanism will become less
favourable. This argument is, to a certain extent,
supported by data already presented, namely that by

physical measurements-(spectroscopic and electrochemical)
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the presence of nitronium ion, or any charged species,
can not be detected in these mixes.'%

The use .of a 40:40 mil dichloromethane-nitric acid
mix (i.e. where fuming nitric acid is replaced by pure
nitric acid) to nitrate cellulose has been investigated.
A bulk DOS of 2.94 and a surface DOS of 2.2 were
recorded, however, a high level of extraneous hydrocarbon
contamination was observed in the Cis envelope. It is

not possible to determine whether this contamination has

depressed the DOS monitored.

A 40:40 mil mix has been re—-used to nitrate fresh
1 gram samples of cellulose and the resulting surface and
bulk DOS were monltored as a function of the number of
nitrations. The relevant data is presented in Figure
6.4, Although the cellulose batches were well squeezed
to remove any adhering acid, which was returned to the
mix, the mix was only employed six times as some acid was
lost on quenching of each nitration. From the curves in
Figure 6.4 it is clear that the water produced, as a
consequence of nitration, only has a slight effect on the
DOS achieved. From the figure two other important
observations can be made. Firstly, at high DOS the
surface and bulk DOS are not in close agreement;
secondly, with continued re-use the agreement in
surface and bulk DOS improves. These results support the

conclusions that are drawn from Figure 6.3.
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The solution state '¥C nmr spectra for a series of

cellulose nitrates prepared from fuming nitric acid /
dichloromethane mixes, at room temperature, have been
run, see Figures 6.5-6.9. The DOS of the materials run
were in the range of 1.85-2.95. Peak assignments can be
made on the basis of those reported in Section 4.3.5.
Clark et al'” have previously reported the use of
'#C nmr, solution state, to determine the substitution
distribution and sequence distribution of nitrate groups
in cellulose nitrates prepared from mixed acids. Hence,
the substitution distrubtion of materials prepared from
dichloromethane/ fuming nitric acid mixes and

sulphuric/nitric acid mixes can be compared.

fit i AR

—




Figure 6.6 1¥C nm

Figure 6.7 1#*C_ nm
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Figure 6.9



In Table 6.4 the substitution distribution of two

such materials, DOS 2.15, are compared.

Trisub. 48% 32%
2,6 Disub. 18% 39%
3,6 Disub. 10% 16%
6—-mono 6% 13%
Unsub. 17% 0%
DOS by "#Cnmr 2.1 2.15

From Table 6.4 it can be seen that the substitution
patterns in the two materials are very different. From
visual comparison of the spectra presented in Figures
6.5-6.8 with those of cellulase niffate prepared from
mixed acids, e.g. see Figure 4.11, the most obvious
difference in the spectra is evident at 60 ppm. In
mixed acids the disappearance of unsubstituted rings are
not reported until a bulk DOS of 2.6 is reached. In
dichloromethane-fuming nitric acid mixes all
unsubstltuted residues have disappeared by a DOS of 2.1.
Koenig et al® have employed solid state '™C nmr to
follow the nitration of cellulose linters in nitric acid-
dichloromethane mixes. From the disappearance of the Ce
resonances at 66 and 64 ppm they report that the all
residues are substituted by a DOS of 1.4.
However, this result must be
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treated with caution for although the quality of spectra
obtainable for polymers from solid state nmr has much
improved in recent years, the S/N ratio achieved is still
poor.

The solution and solid "#C nmr spectra of a 2.35
DOS cellulose nitrate, prepared in a mixed acid, were
run, see Figures 6.10 and 6.11. From the solild state
spectrum it appears that there are no longer any
unsubstituted residdes in the material. However, from
the solution state spectrum it is evident-that a small
proportion of rings remain unsubstituted. In Figure
6.12 the "C nmr solid state spectrum is presented of a
2.4 DOS cellulose nitrate prepared from a dichloromethane
—~fuming nitric acid mix; again only from the solution
state spectra, Figure 6.7, can 1t be determined, with
confidence, whether any rings remain unsubstituted.
Figure 6.13 shows the soild state '#C nmr spectrum of a
1.5 DOS cellulose nitrate prepared from a
dichloromethane/fuming nitric acid mix. It is uncertain
from this spectrum whether any unsubstituted residues
exist in this material. Unfortunately there are no
suitable solvents for cellulose nitrates of this DOS.
However, from the solution state '¥C nmr spectra of a
1.85 DOS material, Figure 6.5, 1t can be seen from the

peak at 60ppm that a small proportion of residues are

unsubstituted.
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Figure 6.11 The CP/MAS solid state '*Cspectrum of a 2.35
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From Table 6.4 it is evident that other major
differences in substitution pattern exist. In the
cellulose nitrate prepared from mixed acids there is a
much greater proportion of trisubstituted residues, but a
much lower proportion of disubstituted and mono

substituted residues.

A similar analysis was carried ocut for 2 materials

of DOS 1.9, the results are presented in Table 6.5.

Sulphuric/Nitric DRichloromethane/Nitric
Trisub. 36.0% 23.0%
2,6 Disub. 22.5% } 38.5%
3,6 Disub. 15.5% 19.0%
6-mono 9.5% 15.5%
Unsub. 16.5% 4.0%

From Table 6.5 it can be seen that the
substitution distribution patterns of the two cellulose
nitrates are very different. As observed in the 2.1 DOS
materials there is a much higher proportion of
trisubstituted and unsubstituted residues in the mixed
aclid prepared cellulose nitrate.

Materials of DOS > 2.4 were analysed.

Irrespective of the method of production employed, at
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equivalent DOS the substitution distribution patterns
were found to be the same.

Summarizing, cellulose nitrates prepared from
dichloromethane/fuming nitric acid mixes and from
technical mixed aclds display very different substitution
patterns at lower DOS and this must reflect differences
in the rate constants for reaction at the Ci, Cs and Ce
sites. In the dichloromethane/fuming nitric acid
prepared materials there are no unsubstituted residues in
a 2.1 DOS material. From the absence of the Ce
resonances in the solid state spectra (66 and 64ppm) it appea
possible that all residues are at least monosubstituted
by a DOS of 1.5. However, the solution state '#C nmr
spectra of a 1.85 DOS cellulose nitrate does not support
this view. In cellulose nitrates prepared from technical
mixed acids, unsubstituted residues are present at much
higher DOS (2.6),

The mean interchain d{(101) spacing in cellulose
nitrates reflects the distribution of nitrate groups both
around a single residue and along the chain (sequence
distribution>. The d<101) s?acings in dichloromethane-
fuming nitric acid prepared materials have been
determined. In Figure 6.14 these spacings are compared
to those reported for cellulose nitrates prepared from
mixed acids. The dichloromethane prepared materials, in
general, have lower mean interchain d(101) spacings. It
is only in the higher DOS materials that the mean

interchain spacings are comparable.
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d(101)

A

The difference in d(101) spacings 1is perhaps to be
expected. As discussed, from the nmr data it is evident
that there are important differences in the substitution
distribution patterns of these materials. At equivalent
DOS (£2.4> there is a greater proportion of
trisubstituted residues in the sulphuric/nitric acid
prepared materials. Further, the disappearance of
unsubstituted residues in dichloromethane/fuming nitric
acid prepared materials occurs at much lower DOS than in
sulphuric/nitric acid prepared materials. It does not
seem unreasonable to assume that these differences in
substitution pattern are responsible for the differences
d (101> spacing observed between the sulphuric-nitric acid

and dichloromethane/nitric acid prepared materials.
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Figure 6.14 Mean interchange d(101) spacing with DOS
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It is generally thought that cellulose nitrates
prepared in mixes free from sulphuric acid are more
thermally stable. Thermal instabllity 1s characterized
by nitrogen loss on heating in air or vacuum. Weight
loss 1in a sample on heating can be followed by
thermogravimetric analysis.

The stability of two 2.7 DOS cellulose nitrates
are compared, Figures 6.15 and 6.16. The material in
Figure 6.15 was prepared in a mixed acid; the material in
Figure 6.16 was prepared from a dichloromethane/nitric
acid mix. Both materials were stabilized by boiling
prior to analysis. From the figures it can be seen that
the materials display markedly different thermal
stabllity. The small weight loss observed in the
materials on heating up to 135%C is due to the loss of
water. The continued and dramatic weight loss in Figure
6.15 is due to the evolution of nitrogen from the
sample. '#

The reduced thermal stability of the material in
Figure 6.15 is attributed to the presence of sulphate
esters and sulphuric acid in the material which can not
be removed by boiling. The presence of sulphur in the

surface of this material is confirmed by ESCA.
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Fowler'® has shown that the effects of thermal
degradation are limited to the bulk of the fibre. In
contrast the effects of electromagnetic degradation can
be monltored at the fibre surface. The degradation
reactions of cellulose nitrates on exposure to Mgwsx and
Tiwx X-rays have been well reviewed in the literature.'®
A Barton type reaction has been proposed to described the
formation of the degradation products.® The Barton
Reaction is catalysed by HzxSO., HzPO. and P:0Os. Hence it
has been suggested that sulphate and phosphate esters act
in a catalytic or photosensitising role in the
degradation of cellulose nitrates on exposure to Mgw.x or
Tiwx xX-rays. This hypothesis can be tested by comparing
the x-ray degradation of nitrates prepared from mixed
acids and dichloromethane/fuming nitric acid mixes under
the same X-ray source.

The x-ray degradation of the two cellulose
nitrates were monitored on the ES 300 by exposing them to
Mg..x X—rays (86 Vatts). From the N:« core levels the
main reaction observed was photo-reduction of the nitrate
ester. The changes observed in both the Niw and Ciw
core levels were the same as those reported in Chapter 2.

In Figure 6.17 the changes in the Cis and N.s core
level with exposure time are displayed in the form of
block histograms. From this figure it can be
appreciated that the rate of degradation in the materials
ls comparable. This result indicates that sulphuric

acid does not a play catalytic or photosensitising role

in the x-ray degradation of cellulose nitrates.
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Summarizing, it is clear that sulphuric
acid/sulphate esters catalysis the thérmal degradation of
cellulose nitrates, but do not affect the stability of
these materials to electromagnetic radiation.

6.3.9 Summary.

In this chapter the surface and bulk nitration of
cellulose papers in nitric acid and dichloromethane /
nitric acid mixes has been investigated and materials
prepared in the latter mixes were examined by '¥C nmr and
x-ray diffraction.

The data presented in this chapter strongly
indicates that the nitronium ion is the important
nitrating species in both nitric acid and nitric acid /
dichloromethane mixes. In dichloromethane / nitric acid
mixes it appears, from the surface and bulk DOS
monitored, +that nitration is homogeneous throughout the
cellulose fibres at lower DOS ( < 2.4 > and that the DOS
achieved by nitrating in these mixes is equilibrium
controlled. At high DOS, surface and bulk DOS do not
appear to be the same. In nitric acid, from the surface
DOS monitored (2.45>, it is evident that the DOS achieved
by the nitration of cellulose fibres in the pure acid is
equillibrium controlled and not limited by the
accessibility of the hydroxyls to the nitrating mix, as
previously reported.

The d(101) spacings and substitution distributions
of cellulose nitrates prepared from dichloromethane /
nitric acid mixés, are at lower DOS very different to

those reported in materials prepared from mixed acids.
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The work contained in this thesis has been

directed towards developing a better understanding of the

mechanism and control of nitration in cellulose
materials. Molecular nitric acid has, even in recent
reviews, been cited as the effective nitrating species
for cellulose, while in nearly all other fields of
organic nitrations the nitronium ion is accepted as the
nitrating species. A plausible explanation for this
divergence in thought 1s perhaps historical. Ingold's
major work on nitration mechanism was published in the
mid and late 1950's, whilst the major work on cellulose
nitration was carried out in the 1930's. Miles'
comprehensive review of cellulose nitrate chemistry was

published in 1955 and does not refer to the work of

Ingold. Although Miles acknowledges the presence of the

nitronium ion in mixed acids, he cites the nitric acid
molecule as the active specles in all nitrations of
cellulose. Since Miles' review there has been little
interest, until very recently, in the nitration

mechanism. The most recent reviews of cellulose

nitration {(Stephenson, 1981 and Urbanski, 1984) reference

the work of Miles and draw similar conclusions on the
nature of the nitrating mechanism, identifying nitric
acid as the nitrating species.

Ingold and others established the nitronium ion as
the important nitrating agent in aromatic nitrations on
the basis of kinetic studies of nitration in mixes of
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mixed acids. This is not surprising in view of the above
discussion, i.e. the uneven nature of the nitration in
materials prepared from mixed acids versus the uniform
nature of the nitration in the materials prepared from
nitric acid - dichloromethane mixes.

The control of DOS in cellulose nitration has
previously‘been explained in terms of both equilibria and
accessibility. It is hoped that the -work presented in
this thesis helps to resolve the existing conflict

between the accessibility and equilibrium arguments.
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CHAPTER SEVEF — A PRELIMINARY IRVESTIGATION OF THE

PLASHA ETCHING OF CELLULOSE FITRATE



7.1 Introductign

The potential use of cellulose nitrate as a self
developing resist material in integrated circuit
manufacture has recently been reported.'—# These
resists are a class of material which volatilize during
exposure, eliminating the need for subsequent development
stages. Use of self-developing resists in the
microfabrication process is beneficial due to a decrease
in fabrication process steps; additionally the
depositing, doping and etching process can be combined in
situ. ™

Cellulose nitrate functions as a self-developing
resist when exposed to an argon ion beam (Ar*) or an
argon fluoride laser.’ However, when exposed to a
hydrogen ion beam (H*) or an argon ion beam at greater
than 200%C cellulose nitrate decomposes to form a non-
volatile residue.’ The nature of this residue has been
examined by ESCA. From the N.. and O.. and core levels
it appears that the residue contains less nitrogen and
oxygen than cellulose nitrate.= From the C.= envelope
it is apparent that this residue conmprises of a ‘graphite
like' material.

Plasmas have been used to remove resist materials
from the surface of intergated circuilts, avoiding the
environmental problems and exXpense usually encountered
with chemical and electrochemical methods. < The etch
rate of cellulose nitrate in a 3% 0.—-200W plasma has been

reported to be a factor of 2.5 slower than that of &i,
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indicating that cellulose nitrate may alsoc be suitable as
a masking material for silicon.’

From the work presented earlier in this thesis 1t
is clear that important differences exist in materials of
the same DOS which have been prepared from different
nitrating media. In previous publications on the
etching of ceilulose nitrate, the méthod of manufacture
of the material has not been reported. The objective of
the work presented in this chapter was to study the
effect of various plasma treatments on celluiose nitrate
as a function of DOS and preparation method. The
surfaces of etched materials were examined by ESCA and the ef
rate is calculated from the weight loss measured in the

materials with exposure time.
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7.2 Experimental

Cellulose nitrates were prepared either in mixed

aclds or nitric acid - dichloromethane mixes at 20~C; cf.

chapters 3 and 6.

Plasma etching was carried out in a ES2000 Polaron
Plasma Asher/ Etcher; power, pressure and flow rates are

reported where necessary.

Materials were weighed on a Cahn Electrobalance.
Core level spectra were recorded on an Kratos ES300

electron spectrometer.
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In Figure 7.1 the % welght loss with time is
presented for the etching of a 2.7 DOS cellulose nitrate
in a 5 WV oxygen plasma. The oxygen flow rate was set at
0.7%cm™/minute. The samples employed were in the form
of papers. The papers were etched once only, weighed
and then discarded. The surface area of the samples was
approximately 1 cm®; it was assumed that the'area/mass
ratio of the papers was constant in the samples etched.
The papers were laid flat in the centre of the plasma
reactor. From the figure 1t can be seen that there is
a constant % weight loss from the sample with time; this
has been calculated to be 0.35% per minute.

In ?igure 7.2 the experiment has been repeated at
higher power (100 W). There 1s a constant weight loss
with etch time over the first 30 minutes of approximately
2.5%/ minute. However, at longer etch times the %
weight loss per minute is much lower; over the next 30
minutes the % weight loss is < 1%/minute. Clearly; with
time the material becomes increasingly more difficult to
etch. A possible explanation for this observation is

presented later.
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In Figure 7.3 the % weight loss from a 2.7 DOS

cellulose nitrate in a 100 W Oz plasma is presented as a
function of etch time. In Chapter 6 it has been shown
that the substitution distribution and sequence
distribution in these materTals are different to those of
cellulose nitrates prepéred from technical mixed acids,
but it is not thought that these differences will affect
the etch rate. However, sulphate esters and residual
sulphuric acid in a cellulose nitrate catalyse thermal
degradation and it was expected that a similar effect in
plasmas might be observed. From comparison of Figures
7.2 and 7.3 it can be seen that this 1s not the case
during the early stages of etching. The % weight
loss/minute in Figure 7.3 is 2.2.

At longer etch times several materials showed
unusually high % weight losses. This weight loss was
accompanied by a grey ash residue. It is thought that
these materials have combusted rather than etched.

From Figure 7.2 it is apparent that some process
at long exposure times is suppressing the etch rate in
cellulose nitrates prepared from mixed acids. This
process does not take place in cellulose nitrates
preparéd from dichloromethane/nitric acid mixes. The
nature of this process has been identified from surface

studies of the etched materials, see Section 7.3.3.
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7.3.3 A Surface Study of Efched Materials.

The potential of ESCA to monitor changes occurring
at the surface of material is well established. From
Figures 7.2 and 7.3 it can be seen that, at long exposure
times, different etch rates are observed for materials of
the same DOS. The materials were prepared differently
and from the Ciw, Ni1w and Sz core levels of the pristine
materials it can be seen that the surface of the
materials are in fact different, see Figure 7.4. Changes
in the Cia, Niw and Sz core levels have bee£ followed,
as a function of etch time, in a sulphuric acid prepared
cellulose nitrate. Figure 7.5 shows that in the N.a
core level there 1s a steady conversion of the nitrate
ester (408eV) to a new nitrogen functionality which
appears at lower binding energy (401 eV). The
conversioﬂ is not 1 to 1 and the identity of the new
functionality is not known. Complete conversion of the
nitrate ester is not achlieved, presumably because of
concomitant ablation.

From the C.s core level it can be seen that there
is conversion of the C-ONO: functionality to more
oxidized functionalities, presumably carbonyl,
carboxylate and carboxylic acid functionalities in the

plasma.
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The changes in the N+a and Ciw core levels
described are very similar to those observed previously
reported in the x-ray and u.v. degradation of cellulose
nltrates. From the changes observed in the N« core
level it is evident that photoreduction of the nitrate
ester 1s taking place in the oxygen plasma.

The changes in the observed etch rate, Figure 7.2,
can perhaps be rationalized from the changes in the core
level spectra, Figure 7.5. From the Szw core level it
1s evident that there is an increase in the ievel of
residual sulphur on the cellulose surface with etch time.
It 1s envisaged that the sulphur residue does not etch
easily and is therefore protecting the cellulose nitrate
surface underneath from the plasma and hence the etch
rate decreases with increasing sulphur concentration.

The high Binding energy (170 eV-charge corrected) of the
Sz core level peak indicates that the residuval sulphur
is present in a highly oxidized form.

The results of this preliminary study show that
the method of manufacture of the cellulose nitrate chosen
might have important consequences on its' suitability as
a resist material. In a 100 W/0x plasma,a cellulose
nitrates prepared from technical mixed acids become very
difficult to etch because of sulphur contaminat;on of the
surface, whilst materials prepared from

dichloromethane/nitric acid mixes appear to etch at a

constant rate.
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A 2.7 DOS cellulose nitrate was treated with a 100
¥V argon plasma. In Table 7.1 % weight loss is presented
with etch time. From the results presented it is clear
that no significant etching has taken place.

Changes in the N;w and Ciw core levels with
exposure are presented as a function of etch time in
Figure 7.6. Plasma treatment of the cellulose nitrate
has resulted in considerable surface modification. The
changes observed 1in the core levels are very similar to
those previously reported for x-ray, u.v. and Oz plasma
irradiation. At very long exposure times there is a
near complete conversion of the nitrate groups at the
surface to the new nitrogen functionality. From the N1 s
core level areas it is clear that this conversion is not
1:1, 1.e. nitrogen is lost from the sample. This result

will perhaps account for the small % weight loss observed

in Table 7.1.

Table 7.1 %¥elght Loss with FEtching Time

Etch Time/minutes %¥elght loss
1 2
5 0
10 1.5
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7.3.5 A Study of the Reactions of Cellulose
Nitrate in Hydrogen Plasmas.

A 2.2 DOS cellulose nitrate has been etched in a 5
WV Hx: plasma. There was very little change 1in sample
weight with treatment and it was concluded that no
significant etch of the sample had occurred. The Niw
and Ciw core levels were monitored. After 1 hours
exposure no nitrate ester could be detected by Mgwo x-—
rays. From the core level area of the new nitrogen peak

it is clear that (again) conversion 1is not a 1:1 process.

7.3.6 A Study of Etch Rate with DOS.

In Figure 7.7 the etch rate of two cellulose
nitrates of DOS 1.85 and 2.66 are compared for treatment
with a 100 W oxygen plasma. Both samples were prepared
in dichloromethane/nitric acid mixes.

Initially the % weight loss from both samples with
time is linear; however, at longer exposure times (> 30
minutes) the etch rate in both samples was abserved to
increase dramatically with no visible signs of combustion
in the etched materials. This is not shown in Figure
7.7. There are two possible explanations for the
dramatic increase in etch rate with exposure time:-

(1> an increase in the surface area of the material °
as 1t etches,

(11> intermnal heating in the sample, or some form of
autocatalysis.
From the data presently available 1t is not possible to

elucidate the mechanism responsible for the dramatic

increases in etch rate.
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% WEIGHT LOSS

From Figures 7.3 and 7.7 it can be appreciated
that DOS does have an appreciable effect on the initizl

=

etch rate, see Table 7.232.

Table 7.3 Etc} ate with DOS

Q f Cellulose Nitrate % weight loss/minute
2.73 2.3
2.65 2.0
1.80 1.5

3
02406810 20 30
PLASMA TREATMENT TIHE / HIRUTES

A = Cellulose Nitrate DOS = 2.66

B = Cellulose Nitrate DOS = 1.85

Figure 7.7 % Veight loss with time for 2 different DOS
cel trates (dichloromethane/nitric acid
pggpargd).
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7. 3.7 Summary

From the results presented above, it appears that
the preparation and DOS of a cellulose nitrate influence
the etch rate and extent of etch achieved 1in oxygen
plasmas.

From ESCA studies of etched materials it is
apparent that in oxygen, argon and hydrogen plasmas there
is conversion of the nitrate functionality to a new
nitrogen functionality which appears at lower binding
energy. In argon and hydrogen plasmas this eonversion is
complete at the cellulose nitrate surface, but no

significant etch of the fibre occurs.
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APPENDIX ONE
A.1 The ESCA Spectrometer

An ESCA spectrometer comprises of essentially four

components which are displayed in Figure A.1.1.

A er and Filament ]l

raremeter
XY
recorder

Principle of Operafion

Figure A.1.1
(1> X-ray source
(2) Sample Chamber
(3 Electron Energy Analyser

(4) Electron Detection and Data Handling

-280-



A.1.1 ZX-ray source
Both the Kratos ES200 and ES300 electron

spectrometers have an X-ray gun of the Henke or hidden
filament type. The ES200 spectrometer is equipped with
a single Mgww (hv = 1253.6 eV) source driven by a Marconi
Elliott GX5 high voltage supply with an integrally
variable voltage in the region of 0-60KV and 0.80mA
emission current. Under normal working conditions the X-
ray flux is of the order of 0.1 rads s '. The ES300
spectrometer is equipped with a dual-anode x-ray gun,
with magnesium and titanium targets and a monochromatised

Al...« source.

The Ko, emission line from the Mg anode is
employed for the ESCA experiment. In addition ta the
Koo,z line a serles of satellites are also present. The

position and relative intensity of these satellites to

the major peak are given below in Table A.1.

TABLE A.l1 X-ray Satellite Energies and Intensities

a a g

Ka. al,2 a3 a4 5 6

Mg Displacement (eV) 0 8.4 10.2 17.5 20.0 48.5

Relative intensity 100 8.0 4.1 0.55 0.45 0.5

In Figures A.1.2 and A.1.3 the sample analysis
chambers are shown schematically for the ES200 and ES300
electron spectrometers. The sample chambers are, in
each case, equipped with a variety of access and view
ports. In each case, fast entry insertion locks permit

rapid sample introduction.

-281-



A, Analyser. B. To Pumping. C. Catcher Tray.

D. Penning Gauge. F. AGS Ion Gun and Wien Filter.

H. Viewport. I. Sample Insertion Lock. J. Insertion
Lock for Reservoir Shaft. K. Unused. L. Viewport.
M. To Monochromated AlKa Source. P. Insertion Probe.

02
S. Sample in Analysis i
position in front

of X-ray source. A

Edl

= .
!
B

Schematic of 1S300 Sample Analysis ¢Chamber

Fj_qu['e Aoln3
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A, Analyser. B. Mg X-ray Source.

Ko
C. AlKu X-ray Source. M. Monochromator.

S. Sample Analysis Position. V. Viewport.

Figure A.l.2 Schematic of ES200 Sample Analysis Chamber
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The ES200 sample chamber and anaylser are pumped
independently by liquid nitrogen cooled diffusion pumps,
as is the x-ray source, giving a typical base pressure of
2 x 107% torr.

The ES300 spectrometer sample and analyser regions
are pumped electrically by turbomolecular pumps. The x-
ray gun and mononchromator are pumped by small ion pumps.
The typical base pressure of this system is 2 x 10—¥
torr.

On the ES300 there 1is also a preparation chamber
pumped by an Edwards E0O4 diffusion pump with a long life

cold trap backed by an Edwards EDM6 rotary pump.

A.1.3 Electron Energy Analyser

Both the ES200 and the ES300 spectrometers employ
hemispherical double focussing analysers, mu-metal
shielded, based upon the principle described by Purcell.’
The resolution of the analysers is better than 1 in 10<.
The analyser resolution is related teo R, the mean radius

of the hemispheres, and the combined width of the source

and collector slits, W, by AE

= ¥
E R

A focussing and retarding lens arrangement 1s used
to reduce the velocity of the electrons prior to entry,
thus reducing the resolution requirements of the
analyser. The analyser can be operated in two modes:
(A) The retarding potential® applied to the lens 1s
scanned and the pass energy as dictated by the potential

applied across the hemispheres, is kept <onstant; or
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(B> Scanning the retarding potential and the potential
between the analyser hemispheres in unison, keeping a
constant ratio between the two potentials,

The first method is refered to as the Fixed
Analyser Transmisson (FAT) mode and has greater
sensitivity at lower kinetic energy (S o 1/E), resolution
being fixed throughout the scan range. The second, the
Fixed Retardation Ratio (FRR) mode has greater
sensitivity at higher kinetic energies ( S o« E ),

resolution i1s not constant over the scan range.

Electrons emerging from the exit slits of the
analyser pass 1nto the inlet aperture of a channeltron
electron multiplier. These output pulses are amplified
and fed to a data handling system. The ESCA spectrum
can be generated in one of two ways:

(1> by continuous scan - the pass energy of the analyser
is linearly ramped with time from the starting KE; a
ratemeter monitors the signals from the multiplier.
Hence, a plot of the counts per second versus KE of the
electrons may be plotted on a X-Y recorder.

(2) by step scan - the pass energy is increased.in preset
increments. At each step, the counts are (a) measured
for a fixed time, or (b) a fixed number of counts are
timed. The data from such scans is stored in a multi-

channel analyser or transferred directly to a mini or

micro-computer.
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The spectrometers used in this study were both
operated in analogue and digital mode. The ES200
spectrometer was linked up to a BEC microcomputer, the
ES300 to a DS300 data stationm.

The DS300 data system is based on an LSI-11
mincomputer running under RT11. Data acquired is stored
on floppy disc. In addition to controlling the data
acquisition it provides for the simultaneous analysis of
data.

The data analysis package alsoc facilitates the
addition, subtraction, comparsion, differentiation and
integration of spectra, the subtraction of satellites
from the spectra and a peak fitting / synthesis package.

The programme employed for data acquisition and

analysis on the ES200 was written by Dr. C. Davies.

When a molecule 1s irradiated with a monoenergtic
beam of photons, photoejection of electrons with kinetic
energies less than the photon enérgies result.® The
total kinetic energy (KE) of the ejected electron is

given by the equation:

KE = hé - BE - Er.
where h = Planck's constant,
¥ = frequency of incident radiation,
B.E. = binding energy of photoemitted electron,
Er = recoll energy of atom or molecule.
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Siegbahn® and co-workers have shown that recoil energy is
negligible in routine ESCA studies employing Mguu«: .= Or
Ali w1,z X-rays.

The lifetime of the corehole states formed by the
photoionization event are typically 10-'® - 10-'%

seconds. ®

The initial photoionization event may be
accompanied by a variety of processes. Slow processes
such as X-ray fluorescence and Auger electron emisson
have a negligible effect on the kinetic energy bf the
photoejected electron.® Electronic relaxation
processes, ”~® shake up, shake off and interaction of
conduction electrons with the corehole occur on a
similar time scale and therefore affect the kinetic
energy of the photoemitted electron.'®-'= These primary

and secondary decay processes are 1llustrated in Figure
g PRIMARY PROCE SSES
CREATION

B.1. MAIN PROCESS JELLIT
OF HOLES

[—‘.__T_T EMISSION OF XCITAJION
é PHOTOEL ECTRON ] ELECTRON o
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OF HOLE  PHOTOELECTRON

K

TIME
BINDING ENERGY

-

BINDING ENERGY
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AUGER ELECTRON EMISSION AUTOIONIZATION

x
2 -8 gr——C } creanom €MISSION OF
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B.2 Features nf ESCA Spectra
B.2.1 Chemical Shifts

The binding energy of core level electrons in an
atom are essentially characteristic of that particular
element. *# The core level electrons are localised and
tightly bound and, as such, do not take part in the
bonding. They are, however, sensitive to local
environment of an atom and small changes Iin the chemical
environment of an atom give rise to measureable changes
in the binding energy of the photoemitted electronm.

A study of shifts in the core levels as a function
of substituent for systems pertinent to this thesis was
presented in Chapter 2, Table 2.3.

A variety of approaches exist for the calculation

of chemical shifts. '+

B.2.2 Fine Structure =

There are three types of splitting that can occur
in ESCA:'® multiplet splitting,'% -7’7 spin orbit
splitting'® - *° and electrostatic splitting. Only spin-
orbit interactions are particularly relevant to this
thesis.

Spin-orbit splitting occurs when the quantum number
(1> is greater than 1 ( {.e., p,d and £ >. Figure B.2

shows an example of spin orbit splitting in the Sz core

level.
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Figure B.2 Sg

"Sample charging” arises from the ability of an
insulating sample to replace electrons lost by
photoemission. An equilibrium situation is established
wheh the photoemission current is balanced by the sample
attracting electrons from its backing or by the capture
of stray electrons from the vacuum system. As a result
of photo irradiation the sample surface rises to a net°
positive potential.

In the case of polymer samples the easiest method
of cicumventing the problems of energy referencing caused
by sample charging is by the use of a suitable reference.

The most commonly used callbration point in polymeric
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systems is the Cia peak due to the CH: environments,
elther inherent in the sample or as a contaminant layer,
at 285.0 eV.

A detalled study of the charging phenomena has been

reported by Clark et al.=1.=®

B.2.4 Signal Intensities

For an infinitely thick, homogeneous sample, the
inelastic photoionization peak intensity for the

photoelectrons originating from a core level is given by:

d1. = “X/x,
i FaiNikie i .dx.
where Ii = intensity arising from core levcl i.
Fi = exciting incident photon flux.
a = photoionisation cross-section of the

core level i,
k = spectrometer factor.

N = number of atoms per unit volume on which the

core level is localised.

X = 1inelastic mean free path of the emitted

electron from core level 1i.
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Integrating gives,

I. = [ P “X/Ay
) uiNikie 1x.
0]

and I. = Fa,N k.,
114171

Examining these parameters further:
F, the X-ray flux depends primarily on the operating
power and efficlency of the X-ray gun, o. the cross
section for photoionization for a given core level, i,
describes the probability that a core level will be
ionized when irradiated at a given energy. o: is also
dependent upon the angle of detection with respect to the
angle of the incoming photons and hence 1is weighted to
include only those electrons emitted within the solid

angle of the analyser lens system. ai: 1s given by

TOT

_al _ 1 2

where ¢ is the angle between the incident X-rays and the

analyser slit. See Figure B.3
o, 797" 1s the total cross sectlion of the core level
i, and B: the asymmetry parameter for that core level.=F

The cross section, «ai, can be calculated or determined

experimentally.

Ki, the gpectraometer factor is an instrumentally

dependent parameter reflecting the efficiency of the
detection system and the transmisson of the analyser to
electrons of various kinetic energies, and the solid

angle of acceptance of the analyser.

defined as the distance in the solid that electrons of a
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ANGULAR STUDIES

X-ray

HomoGENEOUS SAMPLE

I = f(B) FX NKA

where F i1s the x-ray flux
o 1s the cross section for photoionization

N 15 the number of atorns,on which the

core level is locahsed, per umt vaime
K 1s a spectrometer dependant factor

A 1s the mean free path of the electrons

[NHOMOGENEOUS SAMPLE

-for the suface layer

[ = fOIFXNKA (] -e972¢050,

-for the bulk

I = f(O)Fx NKA g972c0s8

Figure B.3
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glven energy can travel before 1/e of them have suffered
energy loss through inelastic collision. Xi is a
function of electron energy.

Another useful quantity is the sampling depth, the
depth from which 95% of the signal from a given core
level arises. This is useful when discussing the
surface sensitivity of ESCA.

W. is the number of atoms, i, per unit volume. The
relative intensities of core levels is related to the
overall stoilichiometry of the atoms in the surface.

Hence, for two core levels, i1 and j

1. Fa.N.k. A,
1 - 1 1 1 1
1. Fa.N.k ..
J J ) 13

If 1 and j correspond to different chemical environments

of the same core level, then

I N,
I, N (Fa Nk Ay ®379759%3

If, however, 1#j then

°

s
=
R
>

N.
- 3
Nj : kiaixi

2]
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The backeted quantity 1is the sensitivity factor,
this factor can be determined experimentally ( see

Chapter Two ) or calculated.

From the above discussion it can easily be
appreciated that by changing ©, the angle of the escaping
electrons with respect to the direction normal to the
sample surface, see Figure B.3, that the sampling depth
in the sclid can be altered. This is because of the
short mean free paths of the photoejected electromns.
However, this method of depth profiling will only work
for flat surfaces.

To enable depth profiling of fibrous or powder
samples a further technique can be employed. This is to
use Tiww,= X-rays (4150 eV). If this X-ray source 1s
used the kinetic energy of the photecejected electromns,
from a particular core level, will be greater than the
corresponding kinetic energy of electrons emitted under
Mgw:x X-rays irradiation and the Tiw.. photoejected
electrons will hence have a much greater mean free path

through the solid.

Commonly there is contamination of a surface. If
the contamination of the surface is uniform of a depth d
and of differing composition to the subsurface then the

signal arising from the contaminant overlayer can be
expressed by:

over
i

I _.~4d/x;
FaiNikiAi (1-e i)
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and the signal from the subsurface by:

I

sub -d/x4
. = Fa.N.k.). J
j *3N5%515 (e )

These equations are angularly dependent, i.e.

. over -d/x;
1.e. Ii = FaiNikiAi (l1-e 1c0Osg)
ana 159 _ Fa N .k, (e”9/*jcoss,

J J 133

Thus, 1t can be seen that as 8-n/2, the signal from

the overlayer will dominate.

 ESCA spectra have large inherent linewidths
comparable in magnitude to the magnitude of the chemical
shifts. The dominating contribution to the broad
linewidths comes from the inherent linewidths of the =
polychromatic X-ray source normally used.
The measured linewidth for a core level maybe

expressed as a convolution of several effects.

2 2 2 2
(aE_) = (8E)) + (aEQ) + (sE ;)
where AEm = observed full width at half maximum (FwHM)
of the photoelectron peak.
AEX = the FWHM of the exciting X-ray source ca.
0.7eV for Mgku .
1,2
AES = spectrometer contribution to the FWHM (7.e.

analyser aberrations, slit widths ete.).

AECl = natural line width of the core level. This also

includes solid state broadening effects not dir-
ectly associated with the life-time of the core-

hole state for solid samples, inclading variatl ion:s
in chemieal shitt duc to ditference:: in Lottt jee

cnvironments.
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APPENDIX TWO

A.1 Kjeldahl Analysis for Nitrogen

The Kjeldahl nitrogen determinations reported in this
thesis were performed according to a procedure developed at
P.E.R.M.E., Waltham Abbey. As in all distillation methods
the sample is first digested in acid or alkaline conditions
to yield inorganic nitrates. This is then, if necessary,
made alkaline and Devardas Alloy is added to reduce the nit-
rate to nitrite and finally ammonia. The ammonia is distilled
into boric acid solution for titration with standard O.1N
hydrochloric acid. The digestion stage is the most critical,
especially in the analysis of cellulose nitrates since 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 cellulose nitrate. These two metﬁods are described below.

A.2 Method A. Alkaline Digestion for Samples <12.7% N

50-120mg of NC were weighed into a glass ampoule and
then deposited into the base of a semi-micro flask. The
ampoule was broken and 2.0mls of HZO' O.1lmls of 30% H,0, and
8.0mls of 20% NaOH were then added. The flask was then heated
by ~100°C and maintained at this temperature for ~20 mins. to
dissolve the sample. 20mls of H20 were then added and -.the
solution was heated again to ~100°C to destroy the remaining
H202. After the mixture had cooled to NBOOC, 1.00+0.01 gms
of Devardas Alloy (weighed into a glass ampoule) were deposited

into the flask. The stream inlet tube was attached to the

neck of the flask (as shown in the diagram), and the condenser
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porcelain
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steam
inlef (J
———condenser
digestion \ —— Boric
mm?ure ' ! acid

Fig. A.2.1 Schematic of apparatus for Kjeldahl analysis

outlet tube was allowed to dip ~1O0mm below the surface of

the boric acid in the receiver flask (25mls of 4% Boric acid).
The heating of the flask was controlled to prevent excessive
foaming. The ammonia liberated was steam distilled over
with ~50mls of HZO and then titrated (using Bromocresol green
as indicator) with O.1N HC1l. The volume of solution in the

flask should remain constant during the distillation.
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A.3 Method B. Samples 12.7% N Acid Digestion

50-120mg of NC weighed into the reaction flask and
cooled in an ice-water bath. 2mls. of concentrated HZSO4
were adaed dropwise to the flask and left to dissolve the
sample for 30-60 mins. The solution was then carefully
diluted by adding lOgms. of crushed ice and 15-17 mls of

30% NaOH. Continued as in A.

Since Devardas Alloy has its own nitrogen content it is
necessary to carry out a blank determination using all re-
agents except the NC for each distillation. The method is
generally calibrated using Potassium Nitrate. The nitrogen
content is quoted to two decimal places although the choice

of the wrong digestion method can give inaccurate results.
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CELLULOSE NITRATE
DEGREE OF SUBSTITUTION
VS, PERCENTAGE NITROGEN

30

20

D.0S

n

- — ~ v < - v - v

o 1+ 2 3 ¢ S 6 7 & 9 0 f 12 13
% NITROGEN

Fig. A.2.2 Graph of DOS versus % Nitrogen.
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