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Ph, D, ‘ Chemis try
‘ Walter Rutledge Ashford \ '

S8tarch Nitrates: Preparation, Properties and Structure

The preparation, properties and structure of nitrates from
whole starch,amylose and amylopedtin have been studied by the
following methods: (a) fractional precipitation, (b) fractional
diésolution and (c) denitration. The products obtained by these
methods were characterized by the usual tests for such substances.

Certain pretreatments of the starch resulted in lower yields
and lessened stability of the nitrated products than in thne absence
of such treatments, Nitration by use of nitric acid alone was
found much‘moré advantageous than employment of mixed acid,

Fractionation studies showed that (a) the branched chain
portion of starch (amylopectin) yields a less stable nitrate than
the linear type (amylose), (b) ethanol solublé nitrates of low
- molecular weight and nitrogen content are unstable and that this
instability is uninfluenced by ethanol dissolution, This solvent
confers increased stability on the ethanol—insoluble portion of
the nitrate,(c) not only starch, but also the isolated amylose and
amylopectin are heterogeneous products,

Btudies on maltose octanitrate and cellobiose octanitrate
(a new compound) indicate that cellulose nitrate should possess
a greater stability on the basis of its B-l,k glucosidic structure,

and this is known to be the case,




Contribution to Knowledge

1. corh starch has been separatéd into its two components, amy-
lose and amylopectin by the Tanret-Pacsu procedure and the nitrates
of each carefully examined by new methods, namely, (1) Fréétion-
ation by Precipitation and Dissolution Methods, (2) a Denitration
procedure. The products isolated were subjected to the customary

tests used for the characterization of such substances.

2. Certain pretreatments of the starch were shown to yield less
satisfactory products than when whole starch was used, while
nitration by nitric acid alone was found to give more sétisfactory

products in higher yield than when a "mixed acid" was used.,

3. The fractionatioﬁ studies on the nitrates from whole starch,
amylose and amvlopecfin reSpeétively have provén that %he amy lo-
pecfina, having a branched chain structure,yield nitrates much
less stable than those obtained from amylose, the latter possess-
ing a linear chain structure.

Low molecular weight nitrated polyméra from either whole
starch, amylopectin or amylose have a low viscosity and stability;
those of low nitrogen content are also unstable, The instability
 remains unchanged in all cases on precipitation from a mixture of
acetone and ethanol,

Starch is shown to be a mixture of heterogeneous polymers

and the isolated amylopectin and amylose were also found to be

non-homogeneous,



4. The stabilization of starch nitrate by ethanol is shown to
be the result of a dual action, namely, (a) removal of highly
‘unstable material of low molecular weight and nitrogen content,
and, (b) the conferring of increased stability by some, as yet

unknown, mechanism on the insoluble portion.

" 5. Evidence has been obtained to show that the instability of
nitrated starch is not due to the presence of free aldehyde..
groups formed in the nitration proqess, but is primarily due to

some factor associated with the branched chain structure of

amylopectin.

6. Based on the stabilities of maltose and cellobiose octanitrates,
- it is shown that cellulose nitrate should poesess greater inherent
‘stability thén does starch nitrate and this has long been recognized

to‘be the case,

7. Cellobiose octanitrate has been characterized for the first

time,

8. A more satisfactory type of Abeli test heating bath than that

ordinarily used is described.



INTRODUCTION: THE STRUCTURE OF STARCH

In order to obtain an adequate background for a study on the
preparation, structure and properties of nitrated starches, the
subject of thelauthor&;thesis, it 'is necessary to review the ear-
lier investigations, biochemical, chemical and phySicgl, pertaining
to this field, |

8tarch is present in (practically) all plants in the form of
amorphous-colorless granules and functions as the plant reserve
material which after transfofmatidn into carbohydrate serves the
burpose of.providing the energy necessary for plant life and
growth, Similarly in the form of food-stuffs it forms one of the
most important constituents of human dieﬁs.

| On the industrial side starch forms the basic materiai used
for the manufacture of sugai, alcohols, beverages, exploéives,

textiles etec,

Earlier Investigationé_

It was recognized early that, dependent on the plant source
(corn, wheat, rice, potato etc.) from which the starch was pre-
pared, certéin marked difference in properties were observable
especially thoselassociated with the "gel" forms.

Hydrolysis with dilute acids gave,with all}starches, a practic-

ally quantitative yield of glucose, so that, corresponding to its



empdrical formula 06H1005, it could be regarded as made up of glucose
anhydride units though the manner in which these are combined in
the starch aggregate is still uncertain.

‘One feature differentiates starch very shgrply from cellulose,-
a polysaccharide also derived from anhydroglucose units - namely
the ‘'very much greater ease by which it undergoes degradation to
glucose in presence of acids.

The second important difference between these two polysacchar-
ides is the remarkable behavior shown by starch towards the enzyme,
diastase, by which it is degraded, with particular ease, into the
disaccharide, maltose, the latter in furn being readily hydrolysed

"to glucose by dilute acids. While cqncurrent_smudiee on cellulose
and starch during the last twentybyears have led to a solution of
the problem of the structure of cellulose in very large measure,
that of starch remains still unknown,

Cellulose has'been shOwnvbyvboth chemical, physico-chemical
and x-ray studies to consist of large linear chains of anhydro-
glucose units liﬁked through the 1l:4 positions, the cyclic glucose
structure being of the pyranose type and the stereochemical con-
figuration represented by linkage of the p-type.

In the case of starch the problem is much less simple,the
difficulty arising from the fact that there are two types of
polysaccharide present in all starches, namely amylopectin and
amylose.

Although this was-recognized prior to the commencement of the



numerous experimental investigations carried out 6n starch by
~ various workers (5,1543) the opinion was apparently held that the
differences presumably were concerned with nothing more than
variations in chain length of the same linear type building unit,
For this reason much of the earlier work is losing any |
present day significance in that there is now abundant evidence to
show that the two constituents, amylopectin and amylose are
structurally different polymers of anhydroglucote, linked in both

cases steréochemically in the alpha and not in the beta form.

General Structure of the Starch Aggregate

'As in the case of cellulose, this empirical formula of starch

is (06H1605)X” the value of x being still unknown. Due to the
presence of three hydroxyl groups pgr G6H1005 unit it can form
esters and ethers, both simple and mixed. For the greater part,
the hydroxyl groups consist of two secondary and one'primary
alecohol per 06H1005 unit, the evidence resting on methylation

studies on '"native starches!" *.

I. Modern Views of the Structure of Starch

A, The Qomponent Sugar and the Nature of its Linkage

The earliest workers in the carbohydrate field discovered'

that starch may be converted almost quantitatively to glucose by

* Under the term "native starch" is meant a starch in which both
the original amylose and amylopectin . are present,



acid or enzymic nydrolysis, under conditions much less drastic
than in the case of cellulose, 1In the year 1819, de Saussaure |
isolated crystalline maltose from the syrup produced in the
hydrolysis of starch by malt diastase. BShortly after, other
investigators obtained a yield of over 90% of maltose’by»enzymic
hydrolysis of starch (1). \Karref'(E) proved that this maltose did
not arise as a result of enzyme szntheais by hydrolyzing starch
with acetyl bromide to acetobromomaltose (80% yield). By de-
bromination of the latter a yield of 22—27% crystalline hepta-
acetyl maltose was obtained. S8Since maltose, when subjected to the
same treatment, yielded 30% heptaacetyl maltose, it was inferred
that stéreh was probably composed entirely of maltose anhydride
units, Definite evidence that maltose was not a secondary reaction
product from the hydrolysis of starch was provided by Haworth (3)
who found that trimethyl starch, on hydrolyeis with acetyl bromide,
yielded a bromacetylhexamethyldiglucoside the parent sugar of

which was maltose,.

In 1930, Freudenberg hydrolyzed starch with acetyl broﬁide,
and isolated small amounts of non-crystalline material which he
considered to be tri- and tetra-glucosides containing a-linkages
only (4). After methylation of these acetolysis residues he was
able to isolate crystalline undecamethylmaltotriose and decamethyl-
maltotetraose which compounds contained a-linkages only (5). The
coiligative nature of the observed rotations throughout the series,

involving methylated derivatives of maltose, of the tri- and tetra-



u-polyoses and finally of methylated starch may be considered as
additional evidence for the presence of only a-linkages in starch.
Freudenberg, from his studies of the kinetics of acid hydrolysis

of starch,concluded that not more than one link in thirty anhydro-

7
glucose residues could be other than a (6).

Thus from a survey of the literature of starch, it can be seen
that most workers are in agreement with the hypothesis that starch

is formed from glucose-anhydride units joined by a-1,4 linkages,

B. Physical Structure of the Starch Granule

Starch always occurs.in the green plant in the form of de-

. finite granules (starch grains) which vary in size from macroscop-
ic to almost ultramacfoscdpic. The structure of the starch grain
is chaiacteristic in thaf each consists of numerous layers or
lamellae which are laid down either éoncentrieally or eccentrically
around one orrmore morphological centres usualiy designated‘as the
‘hilum, nucleus or locus of the grain.

The cause of the layered or lamellar structure of the starch
grain has been the subject of many theories. The layers consist,
according to Ndgeli (7)4and Meyer (8) of elongated crystalline
micelles, arranged radially, as in Spheruiites. The radial struct-
ure is revealed by the double refraction of the grains. jray dia-

grams also show this lattice-like arrangement., The_interferenée

lines of starch are rather broad and show that the crystallites are



small, probably not exceeding 100 A: unite in size (9). The diff-
iculty in interpreting this data is shown by the fact that despite
years of investigation by Katz and co-workers (10), (11) nothing
more has been‘established beyond the fact that starch exists iﬁ
various modifications having a limited degree of crystallipity.
X—néy diagrams of completely dehydrated starch indicate an amor-
phous condition (12). Therefore, water must be associated with the
glucose molecule in starch iﬁ order to produce crystallinity.'
According to Frey-Wyssling‘(l}),the double refraction of the grains
amounts to 0.0155 which is about one-fourth that of cellulose. The
planes of the glucose rings therefore cannot have the same arrange-
ment as in cellﬁlose where theyllie parallel to the long axis’of

the crystallite; instead they must lie at a definite angle to the
axis. A screw-like arrangement of glucose residues as in the case \
of cellulose is consistent with some of the properties of the staréh‘
grain and provides space to accommodate water molecules between the
chains. On the other hand it is inconsistent with the evidence of
double refraction, for the uniaxial birefringence is not negative

as would be the case if the screw axes lay radially.

Sponsler (14) in x-ray studies of the structure of starch
found that the natural regularity of atoms in the starch grain is
destroyed when the grain is crushed. This result is considered
evidence showing that the regularity is not that of a crystalline
structure, but is only—indicative of the fact that the starch grain

is built up of concentric layers of units and that the structure



is neither amorphous nor crystalline in the ordinary sense of the
terms.

Regarding the actual nature and mode of union of the starch
building units, x-ray analysis has been helpful, but here agaiﬁ the
results are not as conclusive as with c¢ellulose. Herzog and Jancke
(182) believe that cereal starch crystallites have axial ratios of
0.7252:1:0.5509 with orthogonal axes. Sponsler (14) concludes that
the unit cells in starch are tetragonal and of the following dimen-
sions, namely ap = bo = 5.9#3)00 = 5.052. According to Bear and
French (183) this cell does not account for several of the inner-
most rings found in the starch diagram. The latter workers also
have criticized the Work of Ott (184) who found the number of
glucose reéidues per celi in starch to be two. The results of
Niray-Szabs (185) were likewise criticized as indicating too great
symmetry within the staréh molecule, which was pictured as a tetra-
gonal cell with a5 = by = 163, Cy = 9.8%, containing sixteen glucose
units. Bear and French (183) have conducted a systematic study of
the original Katz' (10) (11) three types of stérch x—-ray diffraction
patterns., The unit cells for the A and B modifications have the

following dimensions respectively,

15.4F by = &.87 c, = 6.18

1

A type ag
+]
B type a, = 16.1A by, = 9.11 €, = 6.34

and there is evidence for-a-ring for ring correspondence between



fa.

these extreme (A and B) types of pattern,

These values for the cell dimensions suggest, according to
the authors, a number of glucose residues per cell equal to four,
aésuming 1,50 for the density'and a water content of 18%., This,
and other evidence is taken by the same authors to indicate that
the diffractions are those of a single major component of the
starch granule and that starch granﬁle crystallites are built on
triclinic lattices whose axes are very nearly orthogonal, (ell
dimensions for the v-type of powder pattern {Katz's Verkleisterung)

have not been determined but it is indicated that there are several

varieties of this type (1%5).



C. Non-carbohydrate Constituents of Native Starch

Grains of unmodified natural starch consist of &0-85% of -
true carbohydrate material, 20-15% of water and variable amounts of

organic and inorganic substances including fats, proteins, tannins,

phosphates and other products. (31,32).

1. Phosphorus

M. Samec has perhaps done more work than any other investigator
on the phosphorus content of starchés and on the influence of phos-
phorus on its cOiloidal properties. He submits evidence to show
that phosphorus forms an integral part of the starch molecule (15).
According to Samec.amylopectin contains»O.lSB% and amylose, 0.007%
phosphorus (calculated as P205). Samec claims to have made a separ-
ation of amylose and amylopectin by electrolysis; the separation
being based on their different phosphorus contents. Meyer disputes
this (16),finding evidence that it is not the phosphoric acid
content but the partiéle size which is important in anodic separat-
ion. Large carbohydrate particles separate even if they are
phosphorus-free and the phOSphorus-containing~amlepectin of potato
starch may remain in solution for a long time, even on electrodialy-

8is, if it has previously been converted into a water-soluble form

by treatment with chloral hydrate (17).

In contrast with Samec's views that amylose is practically free

from phosphorus, Hirst (18) and co-workers have prepared a soluble



amylose the ‘full phosphorus content of the original starch having
been retained. The amylopectin portion, which has the same phosph-
orus content,differs completely in solubility and paste-forming
properties, These workers disagree with Samec that the properties
of amylopectin are due to its phosphorus content,

Samec has compared the phosphorus cantents of different starches
(19). 1In potato starch phosphorus is probably bound directly to
the glucose residue and is believed to be responsible for the fund-~
amental colloid properties. In wheat starch, the amylopectin
portion contains phosphofus and'nitrogen‘in a 1:2 ratio together
with fatty acids in the form of phosphatides. On the basis of later
work Samec divides starches into the potato group and the grass-
' 1like group (wheét, corn, rice) (20). 1In the starches of the former,
phosphorus is present as ortho-phosphoric acid esterified with the
starch polysaccharide. Thesevstarqhes have a high electro-conduct-
ivity and a high hydrogen ion chcentrafion, Starches from the
grass-like sources have a low conductivity and a low hydrogen ion
concentration., Their phosphorus content, while probably present -as
phosphate, is masked, i.e. not easily freed, and éppears to be
linked with a nitrogenous compound (protein) as an organic amino
phosphate. The potato starch group shows good correlation between
phoePhorus content and conductivity or'pH. This correlation is |
absent in the wheat group.

Lampitt and co-workers (21) in studies an the aging of solut-

ions of various starch fractions produced by grinding and dissolution
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conclude that the behavior of these fractiors is connected with their
ﬁhosphorus contents. Thus the presence of a considerable proportion
of bound (non-dialyzable) phosphorus is correlated with a greater
tendency to retrograde from solution on aging.

Dahl (22) has shown that the abilities\of varioﬁs amylopectins
extracted by electrodialysis and ﬁossessing different paosphorus,
contents to bind inorganic phosPhorus>in the presence of muscle
extracts show no proportionality to the phosphorus content.

Amyloses took up only 33-35% of the phosphorus bound by the corres-
ponding amylopectins. ‘

Thus it can be seen from these experimental observations that
while the presence of phosphorus in starch is guite definite its
exact role is still obscure. Certain older theories in which the
phosphorus céntent’was held responsible for the physical properties
are no longer considered to possess much significance. It is
possible, however)that the bbund phOSphorus is present as a product

left behind\in the process of the enzymic synthesis of starch.

2. Nitrogen

Little is known concerning the nitrogen content of starches.
The amount present is always small and the nitrogen appears to be
chemically bound to the phOSphorus (23), (24). 1In accordance with
his views that the impurities in starch determine its properties

Samec (25)~produces~evidence to show that the nitrogen content
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exerts a definite influence on the characteristics of starch.

3. Fatty Acids

The fatty acid content of starch was investigated principally
by Taylor and co-workers, Early work showed that although the major
portion of the fatty material present in starch cannot be removed
by solvénts prior to hydrolysis (26), following this, the fatty
acid content of corn starch is solvent-extractable, the principal
product being palmitic acid which is liberated when hydrolysis has
reached the erythrodextrin stage. The palmitic acid apparently is
attached indirectly to the carbohydrate, but directly to an un-
saturated domponent.which is present with it. In later work by
Taylor and Sherman'(27)'the unsaturated component was identified
as oleic and linoleic'acids} These are liberatedvby acid, alkaline
or enzymic hydfolysis, It has been shown, too, that these fatty
acids aré associated with the amylopectih portion of the starch, the
any lose being present as pure carbohydrate.

The fatty acid content of various starches has been investig-
ated (28),(29). Cereal starches have a higher content than
potato starch, 8Samec (24), in agreement with Taylor, believes
that the fatty acids are present as esters of the polysaccharide
but Schoch (29) has been able to remove compietely these materials
by extraction with such solvents as aquéous dioxane (&0%) and
methanol without changing the properties of the starch. Lehrmann

(30) disagrees with Schoch's conclusion. that the fat is distributed
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extraneously as an impurity in the starch granules,

D. The Basic Unit of the S8tarch Molecule

While glucose has been almost universally accepted as the
elementary building block of starch there has been considerable
controversy concerning the'existence therein, in whole oi in parg’
of supposedly larger basic units possessing an independent struct-
ure. Such a concept is the basis of what Hanes (33) chooses to
call the low molecular "elementary unit® hypothesis. The found-
ation of this hypothesis was;that the true molecular building units
of polysaccharideé were relatiVely simple ”eleménta$Y*uhits" con-
8idered to be anhydfosaccharides of crystalloidal dimensions. Such
"elementary units" were assumed to be capable of associating into
larger aggregates as a result of'the interaction of residual,
auxiliary or co-ordinate valence forces. /

While the "elementary unit® hypothesis is no longer considered
tenable it is interesting to note the various types that have been
proposed.

1. Glucoéan - an anhydride of glucose; Bergmann and Knehe (34).

2. Maltosan - an gnhydride of maltose; Karrer and Ndgeli (35).

3. Dihexosan for the amylose fraction and tribexosan for the

amylopectin fraction; Pringsheim (36).
4. Anhydride of a hexasaccharide; Ling and Nanji (37),

Irvine (38).



The evidence for thé "elementary unit" hypothesis was based

primarily upon cryéscqpig molecuéa;,ieight determinatiqﬁa of

acetylated derivativééfﬁigsplféd in @rganic solvents. ' The mis-
leading results obtained were due to the fact that this method is
not applicable to such substances.

The opposing view on the question-of the fundamental structure
of the starch polysaccharide molééule was that of the éaccharide
linear chain hypothesis. Accordiﬁg to the view origihally held by
Emil Fischer the polysaccharide molecule consists of a chain
structure made up of a limited number of monosabcharide units
joined together by ordinary valence forces. _

‘Haworth and co-workers (39, LO, L1, 42; 43, 44, 45 U6) took
a middle course in marshalling their evidence in an attempt'to
éhow that while a saccharidevchain structure was indicated there . =
was also reason»ﬁo believe that a basic chain unit was involved in
the starch molecule. The'meyhod,gf end group assay which was de-
veiOped originally in connéétioﬁ ﬁith’the determination of the chain
length of cellulose was applied to whole starches from natural
sources and in every case approximately the same proportion of end
group was found. This proportion indicated the presenbe of one
non-reducing terminal group in 24 to 30 glucose residues. Peat (47)
made it clear that the Haworth school does not believe that this
chain of 24 to 30 glucose residues consfitutes the whole molecule of
starch, but in fact reggzgg it as a repeating unif; Haworth and

Hirst pictured the ramified starch chains as follows, that is a



series of single chains® grouped in p&rallel arrangement and held

to one another through an individual chemical union. They refef}ed

2430 GLUCOSE UNITS

l

l

to the link between the units, indicated by the arrow in the
diagram, as a polymeric bond (48).

| Thus Haworth's work did not prove the existence of a basic
unit in starch so much as it provided evidence for the possible
presence of branched chains. The concéption of a single basic
building unit is no longer held, the controversy now centering
around the nature of the branching chains and the types ofvbonds
involved. A more detailed account of the work on chain branching
and the methods ofb@etermining,cnain length is given later. (pages
15-19, 32).

E. The Molecular Weight of the Starch Molecule

The general picture presented thus far indicates that starch
consists of a~glucopyranose units linked together in chain form,
This chain may exhibit branching, the mode of which is not yet
clear, At this point it is interesting to consider the ultimate

molecular weight and size of the molecule of starch. Measurement:



15.

of the molecular weight of a highly complex substance such as
starch is a difficult matter and the ordinary methods do not
apply. In addition the behaviour of étarch molecules in solution
must be considered, for the phenoménon of association, which is
dominant in the case of starch, exercises an appreciable influence

on molecular weight measurements,

1. Osmotic Pressure Measurements

The use of osmotic pressure measuremente for the determinat-
ion of the molecular weight of starch has received consideration.
It is important to note that all physical measurements on liquids
should be limited to those homogeneous s8olutions which go'not
undergo changes with time. With starches and their derivatives,
however, alterations in solution on standing are very frequent.’
Aqueous solutions of starches and their derivatives are particularly
unstable, exhibiting a series of phenomena, known as ‘'aging" which
results in the production of super-molecular aggregates. As a
result of this "agingﬁ phenomenon it is apparent that the measure-
ment of the osmotic pressure of aqueous starch or amylose solutions
will give the pressure only for a certain stage in the association
or aging process and that the molecular weight of the parent |
molecule:cannot be obtained from this. On the other hand, osmotic
pressure measurements can be applied to degraded starches in which
the association phenomenon has been greatly reduced. Osmometric

measurements can be made on starch.esters in such solvents as
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tetrachlorethane and benzyl alcohol where association is reduced
to a minimum. Even with such solutiong however, care is necess-
ary in the interpretation of results since polymeric substances
with chain-like structures show considerable deviations from van't
Hoff's law even at very low concentrations. The osmotic pressure
is not proportional to the concenfration,-but increases faster

than concentration and conforms for the most part with the re-

lationship
p = ac + be2 p = osmotic pressure
or Pi = a + be ' ¢ = concentration

a + b = constants
Thus, the osmotic preaéure must be measured at different concent+
rations and the reduced osmotic pressure Pt extrapolated, graphic-
ally, to zero concentration, where the van'tFHoff relationship
holds. ‘

Staudinger and Husemann (49) found osmometrically that starch
dissolved in formamide had a molecular weight of 286, 000. However,
the reliability of this value is questionable as starch in formam-
ide solution is unstable (50), (51). The molecular weight of
about 200,000 which was calculated by Samec (52) from osmotic presé—
ure measurements, using aqueous solutions of amylose,is also open
to question due to the discrepancies caused by the aging process,
Measurements of osmotic pressure in hydrazine hydrate or in

ethylene-diamine, where the phenomenon of aging is not apparent,

have not yet been carried out. Meyer and co-workers have used



osmotic pressure methods to determine the molecular weights of
starch esters and ethers since, when dissolved in suitable soi-
vents, they do not exhibit aging. Thus the osmotic pressure of
triacetylamylose in. tetrachloroethane indicated a molecular weight
of about 78,000 (corresponding to a molecular weight of 45,000 for
the parent amylose) (53), while a methylated amylose, which forms
stable aqgueous solutions‘atkroom temperatufe; gave a molecular

weight of 50,000 (17).

2. Viscometric Determination of Molecular Weight
According to Staudinger's well-known equation the limiting
viscosity of homologous chain polymers should be proportional tov

the molecular weight
| 1im.[j}f£]_

. c = KmM , :
c—0 ”\SP = specific viscosity
where M is the molecular weight and Kﬁ is a constant'whose valué
must be determihed for each new polyhomologous series. However,
after a critical survey, Meyer (5l4) observed that the only definite
conclusion which could be drawn was that the limiting viscosity
increases continuously w;th the molecular weight as‘do.density and
boiling point in a homologous series. |

Applied to starch and its derivatives, the method according

to Meyer (9) is valid only for the unbranched portion of the -
molecule (amylose) and then only if products of comparable molecular

size are considered. Most of the reported viscometric determinat-
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ions on starch have been made without regard to the two possible
molecular configurations (branched and unbranched chains) found in

native starch, In general, the limiting viscosity in - the case of

isomers is less for branched than for normal isomers.  -Therefore,
of two substances in solution, the one with the smalléz-limiting:

viscosity can be considered to have a branched chain stracture if

the substances are of the same molecular weight and offsimilng,rgz_
constitution. Thus amylose and its derivatives exhibit higher

viscosities than amylopectin of equal molecular welght (55)

R

- Staudinger (56) compared the viscosities of cellulose acetatea and
starch acetates of equal molecular weights as determined by other

methods and concluded that the latter were branched.
illesg
In viscometric measurements the phenomenon of aging 13 an

g
WL o

important factor. Aqueous solutions are partlcularly troubleaomo .

in this respect. On the other hand, strongly hydrolytic solvents
cannot be used since in these cases chain fission occure as well as
&a e ofF

disruption of secondary valence linkages. Hydr321ne hydrafe and'

ethylenediamine hydrate have been used successfully as solvents for

viscometric determinations (9).

3. Ihe Ultra_Centrifuge and lolecular Weight Determinatéen -

The ultra-centrifuge has been used by several workers'isn:#he
starch field. Here again care must be taken to correct €or variat-
ions found with changes in concentration by determining the sedimen- :

tatlon values at several concentratlonsand extrapolating to gero

[ o PO T S
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concentration. Lamm (57) has studied the molecular weights of
starch using the ultra-centrifuge method and has obtained values
ranging from 100,000 to 1,000,000, This worker used an aqueous
g8olution prepared by dissolving starch in concentrated aqueous
zinc chloride solution, diluting and then removing the zinc chlor-
ide by dialysis. Other workers (9) claim that these values do not
represent molecular weights, but the weights of molecular aggreg-

ates,.formed by an indefinite degree of aging.

4. The End-group Method of Molecular Size Determination

The method of end—group analysis was deve10ped originally by
: Haworth and co—workers (42) in connection with the determination
of the chain length of cellulose. The method involves complete
methylationﬁﬂlowed by hydrolysis, the details of which will be
described in a later section. The method has been applied by
Haworth and co-ﬁprkers to whole starchnes from many natural
sources, and in §véry case apprqximately the saﬁe ﬁibportion of
end group has béen found. ‘Recent exampies are furnished by the
assay of rice starch (58), banana starch (59); wheat starch and
chestnut starch (60). In all cases a chain of 2 to 30 glucose
residues linked in one continuous chain is indicated. Hess (61),
using a modified method for the estimation of the terminal tetra—
methylglucose . molecule’found a chain length of 52 glucoseanhydride
units. Freudenberg's gesults ehow'values ranging from 251to 100

units depending, apparéntly, on the method used for the isolation
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of the ’tetramethylglucose. (62).
Other methods of chain 1ength determination show marked
variation from the end group method. Richardson (63) from a

study.on reducing values decided that the chain length varied from
460 to 1470 units.

Bamec (24) from osmotic pressure measurements concluded that
the starch chain consisted of 1230 units, while Svedberg (64) from
his work on the sedimentation velocity in the ultra-centrifuge

obtained a value of 5550,

5. Molecular Size by use of the Mercaptalation Method

An independent method of end-group analysis due to Wolfrom (65)
consists in the hydrolysis of methylatedAstarch with concentrated
hydroChlbric acid in the presence éf ethyl mercaptan , the latter
compound reacting with the reducing grbups a8 they are released by
hydrolysis. The-resuiting mixfures of mercaptalated hydrolyzed
products were isolated at various time intervéls during the hydro-
lysis and subjected to sulphur analyses. The degree of polymeriz-
ation was calculated from the sulphuf content. Results indicated
an initial average degree of polymerization not g}eater than 150

glucose units,
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II. The Colloidal Nature of Starch in Solution

A. Physical Manifestations of the Colloidal Nature of Starch

As with most substances which are essential to plant or animal
life,starch in solution exhibits colloidal properties. This was

recognized at an early date in the chemical study of starch,

1. 8welling in Solution

‘Starches in aqueous solution have a definite temperature at
which swelling occurs and also at which the granules burst. These

characteristic temperatures for some common starches are as follows:

Starch Swélling Temﬁ. Bursfing Temp,
Potato 6.2 62.5
Rye k5.0 55.0
Corn . 500 62,5
Wheat - 50.0 67.5.
Rice S B3.7 : 61.2
Arrowroot | 66.2 70.0
Acorn | 57.5 - o E7.5

Various substances such as dhloral hydrate, sodium trichloracetate
and thiourea in concentrated aqueous solufion act as 3welliné
agents. Their function seems to be the breaking of secondary
valence bonds (cfosa-linkages) which hold the molecules together
(51). The starch grains exhibit é limited swelling in not water.

They absorb from thirty to fifty times their volume of water and
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' formkan elastic jelly. Acddrding to Meyer (9)‘such limited swell-
‘ing is characteristic}of chain molecules which are held together
by cross-linkages to forleOoseAthréé-dimensional, giant molecules.

The paste-forﬁihgfprbperties'of starch have been associated
with the amylopectin frééiibn}' Samec believes that the properties
of amylopectin are due to fhé;thSphorus and nitrogen contents (66)
Meyer (9), on the other hand; sﬁggests a purely physical interpret-
ation of the phenomenon of swelling in which the typical prbperties
of paste fofmatidn are bound up with the morphological eéructure of
the swollen‘grains.. Thus a starchvrecbvered by précipitation after
‘COmpiete dissolution (destruction of the gtain structure) is in-
capabie,of-forming'a paste due to the fact that the linkages form-
img the micellar crystallites into a network have been destroyed
by solvent action.i On Bténding, howevér; a solution of such a
starch undergoes the so-called "aging" procéss by wnich the crystal
ine micelles are reformed with consequent return of thé paste form-
ing prOperties.

Thus the begaviour of starch in the presence of a eblubilizing
agent can be visualized as follows (9). The main mass consists of
a loose, three—diﬁensional net composedbe aﬁyIOpeotin molecules,
The looseness of this net depends upon the strength of the solubii~
izing agent and upon the temperature. He terogeneously mixed with
the amylopectin network are the amylose molecules which are either

dissolved or remain as a disconnedted part of the network. The

amylose molecules will gradually diffuse out of the mass to form a
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colloidal solution. Increase of temperature causes more and more
destruction of the linkages joining the crystalline micelles until
there is complete destruction of the grain. These éhanges are
reversible; hence the occurrence of retrogradation which is merely
the reforming of crystalline,micelles with the expuls{on of water
from the vicinity of the glucose'ehains.

The most recent measurement of fhe heat of swelling was made
by Kintzel and Dolhner (67), who obtained a value of 36.75 cal. per
gram .. This heat;compriéesjthe heats,of,fusion and of solution of
the "molten" polysacch;ride. On melting, 39.35 gum. cal. per gm.
is absorbed and on dissolution with the accompaniment of hydration,
2.6 cal, per gm. is evolved. The heat of fusion of roughly;uo, |
calories is about equal to that of a-glucose,

As indicated above, the changes observed in paséte formation of
starch are reversible. 'On«removal of water or on cooling, a starch
paste will gel. X-ray investigation shows that this solidification
is traceable to the formation of drystallized regions. Different
starches crystallize at different rates, just as different'Starches

swell at different temperatures.

B.' Chemical Manifestations of the Colloidal Nature of Starch

The chemical aspects of the colloidal nature of staf%h have
been investigated by Samec (68) who suggested that the paste-form-

ing properties of starch and the peculiar properties of amylopectin
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were due to the electrochemical character of the starch components
ﬁhieh in turn depended upon the chemically-bound phosphorus.' This
theory is no longer 6onsidered significant, especially since Poster-
nak (69) showed that the amylopectin of cereal starches does not
contain any chemically-bouhd phosphorus. Phosphorus may be detect-
ed in these components, but it is readily removed by soiveht ex-
traction or precipitation,

Koets and Kruyt (70) have made comparative obsexvations on
solutions of'émylose amylophosphoric acid and cellulose. Accord-
ing to these workers the zeta-potential on amylose arises in part
from the dlssociation of - hydrogen ions from the hydroxyl groups
(repressed at pH 3.7) and .in part from the thickness of the double
ionic layer which decreases in high alkali concentration. Conversion
of amylose intoramylophoepho;ic acid greatly raises its negative

potential until it is compaiéble to that of agar and gumarabic.
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III. Previous Studies on the Constitution of Starch

Numerous experimental procedures have been employed in attempt-
ing to determine the structure of starch. They are included here"
because while many of them have not found general acceptance, still
they either have contributed or may contribute later in some way

to our knowledge of starch,

A. erolysis of 8tarch

Pictet and Sarasin (71),>(187) distilled cellulose,starch and
dextrins at a pressure of 12—15 mm. and obtained a crystalllne
substance with the comp051fion C6H1005 and showed it to be a glucose
anhydride, namely, laevo-glucosan, Later they modlfled their
procedures by heating the starch with glycerol at 200° to obtain
a trihexoean (72) (G6H1005)3} This resﬁit»was interpreted as evid—
ence that starch is an aggregate composed of theee linked hexose
anhydride'groups rather than a‘polymer of an anhydride of maltose.
By interrupting the heating at a certain stage (red coloration with
iodine) they claimed (73) to have'obtained a mixture of tri- and
hexahexosans. The identification of these products was based upon
cryoscopic measurehente, which later were proved to be valueless -
when applied to starch products. By continued heating of starch
with glycerol at 200° the substance is depolymerized into soluble

starch, hexahexosan, trilrexosan and finally into crystalline laevo-
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glucosan (74). .In a later communication (75) Pictet reconsidered
his previous assertion that he had isolated the structural unit of
starch. By a modification of the degradation procedure in glycerol,
as reaction medium, an isotrihexgsan was obtained which was thought
to be a strugtural unit of starch oecause it showed a color with
iodine and had a tendency to polymerize. Properties of this subQ
stance which are tabulated include its cryoscopic molecular weight
(472) and its tendency to polymerize to an isopolyhexosan, a
substance with starch-like properties having a molecular weight of
3325. Karrer (76) regarded these substances as merely partially-
hydrolyzed starch degradation products.

The pyrolysis of starch, while not leading to any clear concep-
tion of the structure of starch, did provide a mode of synthesis of

a new class of compounds, namely, the anhydro sugars.

B. Work of Pringsheim

Previous mention has been made of the work of Pringsheim on
the postulated "elementary unit" of the starch molecule (36). He

was primarily concerned with (a) the crystalline dextrin-like

cambohydrate obtained from starch by means of B. macerans, and (b)

"polyamyloses",the chemically depolymerized products of theseé
dextrins, These amyloses are not to be confused with the soluble

"portion of native starch variously designated as amyloamylose,

and

amylose,c-amylose. In a series of papers published from 1912 to .
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1932, Pringsheim endeavoured to prove that "dihexoéan“-was the
basic unit of amylose and that "trihexosan® was the basic unit of
amylopectin, Cryoscopic methods were used to determine molecular
weights and therein lay this worker's greatest error, as it has
since been shown that these methods are not applicable to poly-
saccharides. Therefore the nature of the structures bf‘the
products designated by Pringsheim and others as "dihexosan" and

fitrihexosan! must be considered unknown.

C. Chemical Degradation Qf S8tarch

1. Acid Hydrolysis

The aétion of acids 6n starches was one of the first degrada-
tion reactions to be studied in connection with this polysaccharide.
In general the stepwise degradéiion of starch by treatment with
acids can be followed by the iodiné color or by the reducing value.
For example, Friedrichs (77) hydrolyzed potato starch with 0.05 N
oxalic acid for one houi-under a pressure of 2-3 atmospheres and
isolated a glucose B-giucoside in addition to three "achrodextrins™,
two "erythrodextrins" and one "amylodextrin", 8imilar results were
obtained by Tychowski (78) who studied the effect of temperature
on the hydrolysis of starch pastes at pH 5.25. The presence of
chalk was found to inhibit the hydrolysis reaction. Potato starch
in the presence of 7.5% hydrochloric,acid at room temperature for

thirty days was converted into soluble starch containing unchanged
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amounts of phosphoric acid. With 15% hydrochloric acid marked
hydrolysis and loss of phosphoric acid occurs with the production
of a substance resembling "amylohemicellulose". B8tudies on the
degradation of starch'by heat alone with and without the presence
of calcium carbonate (78) led to the conclusion that phosphoric
acid is chemically bound in potato starch and is not present
merely as an adsorption complex,

The action of hydrofluoric acid on stérch has been investigated
(79). Starch was treated in the dry state with hydrogen fluoride
to obtain "amylan" which had the empiricai formula‘(ceﬂloos)x.

Finally, the hydrolysis of starch by means of acids provided
the first evidence that the‘starch molecule was made up of glucose
units and thﬁt maltose might be involved in the constitution of

this polysaccharide.

2, Alcoholysis

Mention was made earlier(p. 25)of the work of Pictet on the
degradation of starch in the presence of glycerol. further invest-
igations have been carried out (80) which indicate that this
degradation is the result of an alcoholysis reaction. Complete
degradation of starch by4g1ycerol yielded a.mixture of o~ and g-
glyceryl d-glucosides. The nature of the products depended on the
temperature of alcoholysis. Vogel (81)‘quite recéntly has defended
the existence of Pictet's isohexosan winich is produced aé a result

of the action of glycerol on Starch,
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3. Acetolysis of Starch

Acetolysis of starch was first investigated by Bdeseken (82)
and by Bergman (&3). The latter was searching for a cleavage
reagent which would so react that by its hydrolytic action the
original point of union would be definitely fixed due to the

introduction of a characteristic substituent. The mechanism of
the acetolysis of starch has played a part in the devélopment of
the "elementary unit" hypothesis. Sutra (84) by acétolysis of
starch isolated "maltosose! and considered it to be the recurring
."unit cell" in staréh.

Freudenbérg, in his intemsive studies on the constitution of
starcﬁ,investigated the kinetics of the hydfo1ytic apd acetolytic
‘degradation of starch (&5) and concluded that the polysaccharide
behaved as the a analog»of cellulose. |

Mention was made previously concerning Karrer's work on
acetolysis (2). Freudenberg (86) repeated these experiments on
both octaacetylmaltose and starch with acetyl bromide and was able
to isolate 57-58% heptaacetylmaltose from the former and 37% aceto-
brommaltose plus 22% heptaacetylmaltose from the latter, Freuden-
berg, as did Karrer , inferred that starch was composed of malfose‘
anhydride units, united in continuous chains.

Haworth (3) using the acetolysis reaction claimed to have
obtained proof of the presence in starch of continﬁous chains of
u-glucopyranose units linked in the 1,4 position. That maltose is

not a secondary reaction product in the hydrolysis of starch was



shown by hydrélysis of trimethyl starch with acetyl bromide which
yielded a bromacetyl hexamethyldiglucoSide; the parent sugar of |
which was maltose.

Recently Peat (&87) has suggested the acetolysis of methylated
starch as an expeditious method for the detection of end-groups.

methylated -

It is shown that the acetolysis of,starch by means of acetyl chloride
in cold chloroform proceeds with great rapidity and that a selective
removal of end-groups is observable, the whole of the tetramethyl~

glucose being separated within five minutes after commencement of

the reaction.

4, oxidation of Starch

Hénig (88) investigated the oxidative decomposition of starch
Ey an alkaline solution of bromine and found that maltobionic acid
was formed. - This was considered evidence that starch is derived
from a basic diglﬁcohexosan molecule, Samec (89) digested corn
starch with alkaline hypochlorite solution containing 1.5% active
chlorine in about 0.001 N sodium hydroxide and oobtained a product
resembling soluble starch. Oxidation of this type was believed to
introduce carboxyl groups into the molecule.

Some of the most important work relative to the structure of
starch by the oxidative method has involved the use of periodic
acid and periodates. Jackson and Hudson (90) found that periodic

acid rapidly oxidizes coTh starch at room temperature with the
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utilization of one mole of oxidant‘per °6H1005 unit. The structure
of the oxidized starch unit was established by the isolation of p-
érythrose and glyoxal. This provided evidence.of cleavage of the
carbon .chain of each gluéose molecule between carbon}atoms 2 and 3,
Caldwell and Hixon (91) found that the consumption of periodic acid
by starches varied inversely'with the total fat and phosphorus
contents of the samples. The isolation of glyoxal after hydrolysis
of the oiidized starches indicates cleavage of the non-terminal’
glucose units between ¢-2 énd C-3. On the basis of the reducing
power. of the products and the ambunt of Cﬁéo produced, the authors
- concluded that starches must have a greater average chain length
than the Haworth figure (24-30), By the action of periodate on
starch , Purves and co-workers (92) isolated a crystalline substance
in small yields (0.7-0.9%)Jwith an empirical formula 013H16°8(°Me)u'
They regérded it as the methyl acetal of an aldehyde or ketone,

Recently Nazaro#v(93)‘haaestudied the kinetics of the oxidat-
ion of suspensions of potato starch by means of 0.0lN*KMnou and
32804 at 20°C. A unimolecular reaction was indicated. The reaction
proceeded on the surface as well as inside the starch grains,

There has been much experimentation on the production of the
so-called "thin-boiling" starches by oxidative means. These in-
vestigations were usually carried out with a view towards produc-

ing more suitable sizes and coatings in the paper and textile

industries (94). By treatment with such reagents as potassium
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dichromate, hypochlorites and sulphuric acid more suitable starch

products are obtained.

D. Methylation Studies and Terminal Group Analysis

1. Origin and Purpose of Methylation

The first investigations on: the methylation of starch were
carried out by Karrer (95) (2), Schmidt (96),Irvine (97) and
Freudenbérg (4). Using either methyl iodide (95),dimethyl sulfate
(2) or diazomethane (96),they obtained only methylated starches of
low methdxyl content (17-35%). Irvine (97) using dimethyl sulfate
increased the_methoxyl conten2343.75% after twenty-four methylations,
He was able to isolate a di- and a tri-methylmethyl glucbside after
hydrolysis'of the methylated product. Freudenberg (4) was one of
the first to apply the technique later used with success by
Haworth, namely, the ﬁethylation'of a pre-acetylated starch.

The first successful application of methylation to the problem
of starch structure was made by Haworth, Hirst and Webb (39).

These workers ﬁethylated the product obtained by acetylation of an
ethanol-precipitated starch. The methylation carried out with di-
methyl sulfate and alkali in acetone solution was repeated as
many as 8ix times, in order to produce what was believed to be a
fully-methylated product.

The structure of starch as assigned by the Haworth school is

based upon a determination of the quantity of terminal glucose



units. The so-called "end-group" analysis is based upon the
quantitative separétion by careful fractionation of 2,3,4,6 tetra-
methyl methyl glucoside from the mixture of di,-tri-and tetra-
methyl methyl glucosideé obtained on the methanolysis of fully-
methylated starch (42). A sligk;tly modified method (98) has been
applied by Hirst (U4) to a number of different starches (5%) (60).
In addition, many other investigators have introduced changes

‘and improvements in the Haworth fractionation technique (99) (62)

(18) (60) (100).

2. 4Mbdifications in the Meﬁhylation Technique

While it was claimed by Haworth that his method (39) gave
complete methylation, it was soon found that even after many re-
peated methylations, the methoxyl content did not exceed 42to 433
whereas the theoretical value is 45.6%.

Complete methylation, however,has been attained in several
ways. Freudenberg (62) added metallic sodium and methyl iodide to
a suspension of wéll—dfied_starch in liquid ammonia and after
several such treatments a methoxyl content of 45.5% was obtained.

A concurrent decrease in chain length as shown by viscosity measure-
ments (101), however, limited the extension of this technique until
Hess (101) successfully applied it to anisole solutions of pre-

methylated (dimethyl sulfate) starch.
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E. Enzymic Degradation of Starch

1. Introductory Section

.Studies on the-enzjmiC'hydrolysie of starch hate been many‘
and varied'and results of these intestigations have'ledlto numer-
ous conceptions of‘the-etructute-of starch, many of which.afe no .
10nger-eeneidered significant. Aniattempt will be'Made'heie to
evaluate, in a.general way, the'results'of'enzymic degiadation of

starch and to'indicateimethods by which this work is carried out.

(a) 1Isolation and'PrOperties of Amylases

(1) The Amylase Systems

The most important enzymes whlch attack starch are the
amylases which are obtalned from cereals, particularly barley.
The work done on these hydrolytlc agents has shewn that malt amyl-
ase consists of at least three components which are variously de-
signated in the literature as follows;:

(i) The saccharogenie amylase or pg-emylase: This enZyme is,
destroyed by heating an aqaeous extract for 20 minutes at 70°, (103)
and is relatively stable to acids. |

(ii) The dextrinogenie amylase or aramylase: In contrast to
the B—enZyme this is much more thermostable- but is inactivated by
acide (below pH of 3.6). | |

(iii) The existence of a specific type of liquefying amylase,

assumed to be present in ungerminated grain, has been confirmed by

the isolation of the so-called "amylophosphatase" by Waldschmidt-
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Leitz and Mayer (104).
(2) The o and p-glucosidases

These enzymes have been used to determine the glucosidic

link in the side chains of residual dextrins (9).

(3) Phosphorylase

In the presence of inorganic phosphates, starch is converted

by phosphorylase into glucose-l-phosphoric acid (104).

(4) Beparation of the Enszymes

The differenfial inactivation séparation methods developed
by Ohlsson (106) are considered impractical since a single enzyme
might be substantiallf.altered as a result of the relatively
drastic conditions employed. However,ig—amylase can be prepared
pure by permitting an aqueous ungerminated grain extract contain-
ing a and g-amylase to stand for several days at a pH of 3.6 (107).
In malt amylase, the g variety is destroyed'by heating the aqueous
extract at 70° for 20 minutes (107) (103). |

Van Klinkenberg (108), on the basis of earlier work by Wysman,
has devised a separation method which takes advantage of the fact
that g-amylase diffuses through a stiff gelatin gel more rapidly
than does o-amylase. |

A third general method of separation of the amylases consists
of selective adsorption of the two substances from malt eitract by
alumina. At pH 3.8, the B4amylse is adsorbed together with a small
amount of ag-amylase 1eéving only B-amylase in solution, (103)

»
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Holmbergh (110) demonstrated a selective adsorption of a-
amylase from 40% alcoholic solutions of the mixed amylaseé by a
number of different adsorbents. Particularly effective were

native starch grains, rice and potato.

(1) The Glucosidases

~ Emulsin (B-glucosidase) is widely distributed in the plant
kingdom. The term is usually applied to.a definite enzyme prepé‘
aration such.as yeast extraot and designates a mixture'of enzymes
rather than a single enzyme; A method of;preparation is given by

Waksman and Davison (lll). a-Glucosidase is obtainable from yeast.

(i) phosphorylase

Hanes (105) isolated phosphorylase from the juices of peas

and potatoes,

(5) A fouith variety of starch hydrolyzing enzyme is that res-

ponsible for the activity of certain bacteria. For example, upon

hydrolyzing starch with Baciliue macerans, Schardinger (112) obtain-
ed crystalline dextrins the so-called u~ and B—dextrins. Te1lden

and Hudson (113), found that similar dextrins were obtained by use

of a cell-free enzyme prepared from Bacillus macerans.

(b) Criteria of Starch Degradation

(1) One of the most apparent results of the enzymic degradation

of starch is a reduction in-viscosity. Accordingly, the rate
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of enzymic degradation can be followed by viscometric measurements,

(2) Iodine Goloration
As is well known,undegraded starch in aqueous solution gives
a blue coloration with iodine., - When starch is degraded by enzymic
action the coloration changes from blue throﬁgh violet, red and
orange to the so—calledrachroic stage. Thus iodine coloration can

be used as a measure of the degree of degradation.

(3 ) Reduciné Power

During degradation there is a progressive increase in reduc-
ing powé:; 8ince maltose is not the only degradation product of
;staroh’(some glucdse is fprmed,Hanes“(33),‘Myibqu (114)) it is
not possible to calculate the émount'of maitoée formed in an
enzymic reaction merely on the basis of optical rotation or from
the reducing power calculated for maltose,

To determine thelbreakdown products of enzymic hydrolysis
completely, the solution must be divided into four aliquots (9).

In one sample the reducing power is determined; in the second

sample the glucose is destroyed (33) by the yeast Monilia kruséi
or, according to Somogyi (115), by use of baker's yeast at pH &;
any maltose or dextrins present are not attacked and the reducing
power is determined by titration. In the third aliquot, bothv

glucose and maltose are removed by action of Monilia trop}éalis or

baker's yeast. Its reducing power is then determined. The fourth
portion is treated likewise, except that)after removal of the

glucose and maltose, the carbohydrate present is hydrolyied with
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acid and the final reducing power determined. Sample 1 minus
Sample 2 is -a measure of the reducing power due to glucose; like-
wise sample 2 minus Sample 3 gives the maltose contemm.. Sample 4
gives the dextrin content and sample 3 the reduéing power of the

residual dextrin.

(4) optical Rotation

As in the last mentioned method the measurement of optical
rotation does not suffice to detect and determine the maltose
producédxin any engymic dégradation. Change in optical rotation
~can be used, however, to measure diastatic activity (116),

i The'abcvé;mefﬁods wheh;applied'to known quantities of carbo-
“hydrate materiél éan‘be‘uéed»to meésure diastatié activity of
enzyme preparations. ,Wohigemuth (117) has developed a method

based upon the disappearance of starch as indicated by use of

iodine solutions.

(¢) Early Enzymic Studies

(1) Hydrolysis by aéamylase

(i) Characteristics of the Reaction

The action of a-amylase is characterized by deep-seated
destruction of the starch molecule so that the iodine coloring
prOpertj of the carbohydrate is lost. A further property4ia that,
with sufficient enzyme, a "rate of hydrolysis® curvevshoﬁs two

distinct phases namely; am-initial one in which the ‘rate is rapid
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followed by a prolonged phase in which there is a Very slow in-
crease in reducing power. An increase in enzyme concentration leads
to an increase -in the initial velocity. |

A consideration of the available information suggests thaf
with pure o-malt-amylase the termination of the initial rapid
phgse occurs at about 28 to 30% apparent conversion and that the
limit of hydrolysis would not exceed a value of approximately 50%
degradatioh to maltose (110). ‘

Durlng the initlal stages of hydrolysis by aramylase the
prin01pal products dre dextrins. Hanes (33) reports the results
of numerous early researches which support -this-point of view,
Similar'condlusions %eré reached at a later date by ohlseoh.(loj)

(106) and by Freeman and Hopkins (118).

(ii) Mode of Attack by aramylase

Hanes (33) concludes that g-amylase is capable of .removing
from the main body of the starch molecule fragments of about six
glucose units., Products investigated have'prOpérties which indic-
ate a mean chain length of about this valﬁe. The second slow stage
in the hydrolytic curve is explained on the basis of a decreased
ability of the enzyme to sever these shorter chains oftener than

- about one linkage in each dextrin molecule.,

(iii) Relation of o-amylase Activity to Starch Structure

Hanes accepted the early Haworth picture of starch in which

the polysaccharide was believed to be unbranched and to consist of
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24k to 30 gluc0pyranose‘units and on the basis of the action of
o-amylase postulated a spiral configuration for the long gluco-.
pyranose chains. These were assumed to be arranged in such a

way that points susceptible to attack by the enzyme were close
together, thus allowing for the removal of a ﬁnitvof sii glucose
residues as indicated above. He assumed that two distinct parts
of the enzyme feaéted with different groupings in the substrate.
This coiled arrangement, postulated for the undegraded starch)
presumably is necessary, as assumed by Freudenberg (62), for form-
ation of the iodine color and thus the postulation of other types
of linkages was unnecessary to account for the iodine coloration.

Thie is in harmony with the early theory of Haworth.

(2) Hydrolysis of Starch by g-amylase

(i) Characteristics of the Reaction

Thié enzyme hydrblyzes starch to give g-maltose. The

Optimum pH for the'reaction-appeérs fo,be 4.7-4.8, The reaction

was investigated by numerous eaily woikers €e.g. Baker (119), Ling
and Nanji (120),Syniewski (121), who reported the limit of hydrolys-
is to be a conversion to maltose of 60-67%. The reaction apparently
proceeds rapidly until the reducing power reaches a value cofres-
ponding to 50-55% of the theoretical maltose value, after which
there is a gradual decrease in the rate. Later Blom (122) showed
that the pﬁ value determined the limit of hydrolysis; at pH 3.4

the reaction ceased sharply at 53% conversion, whereas at pH 4.6
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hydrolysis continued until 61%-conversion was reached, However,’
’it is conceivable that the so-called "liquefying.enzyme" of
Waldschmidt-Leitz (10O4) also may play a role in addition to that
exerted by the pH value. It appears that the limit of hydrolysis
is not affected by the enzyme concentration and that starches
from various sources are degraded to about the same extent (33).
The producte of hydrolysigiaregmaltose ( the only low-
molecular weight product) and dextrins:gf varying degrees of comp-
lexity which give iodine colorations varying from blue to violet,
These latter produdfs are non-reducing (119) (121) (118) (122).
The limiting dextrin produced has been Variously termed "the
residﬁal dextrinﬁ, tg-amylodextrin" and erythrogranulose. Normally
at this stage, the dextrin resiste further attack, but if it is
dissolved in a suitable solvent, precipitated with alcohol, and re-
suspendedin water fﬁrther:enzymic degradation will take place.
Likewise, after autOclaying in neutral solution for 30 minutes at
120, further hydrdlyéis takes place and a new "resting stage" is
reached. Apparently, as a result of fheee treatments, new points
of enzymic attack are opened up. It would appear, therefore, that
there are constitutional restrictions to further enzymic action at

these various "resting stages",

(i1) Mode of Attack by p-amylase

Direct evidence indicating the mode of attack of this

enzyme is provided from two-s8ources. (1) Maltose constitutes the



sole low-molecular weight product and is formed continuously from
the beginning to the end of the reaction; and (2) the similarity

of the dextrine in most of their properties to undegraded starch.
Ohlsson (106) produced further evidence by osmotic pressure
measurements, and on the basis of these results he advanced the
view that successive moledules are detached from each starch
molecule in such a manner as to leave at each stage a single re-
sidual molecule of dextrin. Furthermore, since the aextrins are
normally almost non-reducing it was postulated that cleavage of

the maltose units proceeded from the nbn—aldehydic end of the starch
molecule. More direct evidence of. this was obtained by Brown and

- Miller (123) who conducted investigatiohs oh thé enzymic degradation
of a carboxylated dextrin. The products were maltose and a carbo-
xylated dextrin of lower molecular weight.

Hanes (33) postulates a combination of tne enzyme with the
terminal glucosé’unit in a "lock -and key" arrangement. The enzyme
is regarded as consisting Qf;tﬁo main functional parts. One of
these combines with somé grouping in the terminal glucose unit and
this enables the second part of the enzyme to approach and cleavé

the linkage between the second and third glucose residues.

(11i) Relation to 8tarch 8tructure

The above considerations on enzymic degradation of starch:
seem to favor a chain length of about 30 units (33). They provide

no explanation'for the cessation of p-amylose activity after about
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60% starch conversion to a structure ( a—amylodextrin) which
resists further degradation (unless the dextrin is solvent treated
or autoclaved). There are two possible explanations for this
cessation dt activity. Either (1) it is associated with some
structural alteration in the glucose chain which is not open to
attack by the.enzyme; or (2) it is connected with an association
into macromolecules. Supporting evidence for the latter suggestion

in the case of amyloée will be given later.

2. Recent Developments in Enzymic Hydrolysis

_ The more imporféht contemporary workers in the enzyme field
of starch dhemistry includ§ Samec (124), Myibﬂck (125), Meyer (9),
Somogyi (115), Hanes (105), and Hassid and McCready (126).

Myrbdck has concerned himself with the reaction products of
enzymic action —_thé so—called stable dextrins. In agreement with
earlier workers, thesg are shown to be primary reaction products
and to be only very slowly (if.af all) attacked by the enzymes.
It is concluded that the amylases preferably attack only some
specific linkages in starch, the structure of which is not as .
simple as that originally pictured by Haworth. In accordance with
experimental evidence the following hypothesis was presented by
Myrbdck (125).

(1) Maltose is formed from those parts of the starch molecule

which are formed in accordance with the Haworth concept.
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(2) Either linkages other than o-1,4 glucosidic are present

or certain hydroxyls are phosphorylated.

(3) Possibly normal amylases are unable to attack chains
~shorter than those of a certain critical length.

Since stable dextrins have been found to have a reducing powe;
corresponding to one aldehyde group per molecule, anhydrides or
rinés cannot be presént. |

Recent work has confirmed earlier observation that p-amylase
attacks at the non—reduéing end of the starch molecule and splits
off one maltose molecule at a time. The limiting value depends
on the pre-treatment of the starch (103) (33) (114),

In the case of a-amylase, the end products of the hydrolysis
are low-molecular weight dextrins, maltoée and a small amount of
glucose. It is concluded that the action of g-amylase is unrelated
to chain length or distance of the glucosidic linkage from the
chain ends, |

Meyer et al (9) have investigated thé degradation of amylase
and of amylopectin. The former can be completely hydrolyzed by
g-amylase. However, if "aging" of an aqueous amylase solution has
taken place, hydrolysis stops due to the presence of coagulated
particles which appear to be resistant to enzymic attack, This
would suggest the influence of a purely physical phenomenon.
Amylopectin is attacked by B—amylase'with formation of a residual

subs tance of high molecular-weight termed "residual dextrin I" or
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erythrogranulose. The other product of the hydrolysis is maltose.
This residual dextrin I can be made vulnerable to B-amylase hydro-
lysis by treatmeﬁt with uﬁamylase, o-glucosidase or super-heated
wafer, "residual dextrin II" being formed. The eﬁzymic deéradation

of amylopectin according to Meyer (9) may be represented as follows:

X
<«
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0 0

A O 0 0

0 - Glucose anhYdfide unit

x - points of attack by p-amy lase

—» branch p‘oiﬁts prevent further attack by B-émylase
L;—- cleavagé point by uramylase or super-heafed water
-\ subsequent attack by B-amylase

A - aldehyde end of chain ‘

Probably the most inferesting and significant of the current
experimental investigations on,enzymié treatment of starch are
those of Hanes. He has been able to synthesize starch in vitro
from glucose-l-phosphate in the presence of a phosphorylase from
such plants as peas and potatoes (105) (128). The reaction is
reversible, the synthetic product resembling native s£arch except
that it is completely converted to méltose by p-amylase, whereas
natural starch is degraded only to the extent of about 60%. On
methylation of the synthetic product and determination of end

groups (127) a very small proportion of the latter was. found; the
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number correSponding to a chain length of &0-90 glucose residues.
Other workers (126) have failed to detect an} end group in this
synthetic product. Astbury, Bell and Hanes (188) have conducted
an x-ray examination of the synthetic product and have found that
native p&tato Btarch granules and granules of the synthetic poly-
saccharide give the same x-ray diffraction pattern. Bear and Cori
(129) demonstrated that the polysaccharide synthesized by the
action of muscle phosphorylase on glucose-l-phosphate gives an x-
ray diffraction. pattern féry similar in structure to that shown by
natural starches, B

The structuresof the crystalline dextrins first obtained by
Schardinger (112) by the action of the enzymes present in Bacillus
maceranﬁ appear- to have peen settled by Freudenberg and_cs—workers
(85) (130) (131) who have shown that the - and g-dextrins probably
consist of closed rings of 5 or 6 glucose unite Joined together '
by maitose—type linkages. The x-ray study of Schardinger u-aextrin

supports this conclusion (132).

IV. Amylose and Amylope¢tin

A, Nomenclature

The terms "amylose! and hamylopectj.n“ as introduced by
Maquenne (133), designated the malt-hydrolyzable and the'malt
non-hydrolyzable portion of starch respectively. Emylose:has been
variously termed "g-amylose" and "amylo amylose" in the literature

while amylopectin is referred  ‘to as "u-amylose"
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and "amylocellulose", In this review the term amylose will be

reserved for the unbranched chain form of starch and amylopectin

for the branched chains (9).

B. Fractionation of Starch into Amylose and Amylopectin

(1) Treatment with Super-Heated Water

On treatment with super-heated water at 120°, starch under-
goes gradual dissolution (134) (68). However, it appears that
this method destroys some‘glucosidic iinkages as well as certain
secondary valence bonds'which hold the molecules together in the

starch grain,

(2) Treatment with Water at 80°C. )
Meyer et al (9) treat starch with water at &0oC thereby caus-
ing the amylose to diffuse out in a water-soluble form. This

method does not destroy glucosidic linkages,

(3) Centrifugation

‘This method was used by Sherman (135) and Karrer (136).
According to the former, dispersions of starch in water can be
separated into a heavier very viscous opalescent layef containing
more than 90% of the more»abundant,Aless solub1e component of
starch (amylopéctin) and a lighter, 1impid solution containing
more than 90% of the more-soluble amylose. This method does not

gave a quantitative separation.
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(4) The Freezing Technique of Ling and Nanji

This method was developed by Ling and Nanji (134) for the
separation of amylose and amylopectin while Baldwint method (137)
ie a slight modification of same. According to the original
procedure, when starch paste is kept at 0° for 10-12 hours, the
starch is precipitated as a fibrous mass. It is then kept at a
temperature a little below that at which gelatinization occurs
(around 45-50°) causing the amylose to pass into solution and
leaving the insolubie amylopectin. The amylose solution can be
concentrated and precipitated with ethanol.  The amylopectin is
obtained pure by leaching the precipitate with water repeatedly

until the filtrate no longer gives a blue color with iodine,

(5) Electrodecantation (Dialysis)

‘The method of electrodecantation has been used by Samec (138),
Taylor (139) and ¥reudenberg (130). Samec combined electrodialysis
with a preliminary treatment using super-heated water at 120° for
30 minutes. The latter treatment removed most of the amylose,

The undissolved material was subjected to electrodialysis causing
the particles of amylopectin to migrate to the anode., By repeating
this treatment seven times a satisfactory separation was effected.
Taylor gave his starches a preliminary treatment with alcoholic
hydrogen chloride and then ruptured the starch granules by treat-
ment with an aqueous solution of ammonium thiocyanate. Electrodia-

lysis effected a separation of the two Qomponents. Freudenberg
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isolated amy10pectin‘from potato starch by allowing it to swell

in potassium rhodanide solution, followed by dialysis and electro-

dialysis.

(6) let&éfiltration

Taylor (139) has used ultrafiltration as an alternative method
to that of electrodialysis for separating amylose from amylopectin
following the disintegration of the granules by a swelling agent,

' Collodion membranes were uééd; the amylose passeéd . into the filtrate.

(7) Selective Adsorption

The above méthode employ drastic swelling agentq(super—heated
water ,ammonium thiocyénate)which bring about hydrolysis of the
glucosidic linkages so that the products isolated are not the true
constituents of native starch. A recent method (140) based upon an
earlier discovery of Tanret (159) avoids the use of such reagents
and employs activated carbon, fuller's earth or cotton cellulose
for the preferential adsorption of the amylose, The last-mentioned
was found to be the most effective. The cotton-amylose adsorbate
is formed instantaneously'when a cold corn starch pasﬁe (1%) is
brought into contact with cotton, and can be washed free of amylo-
pectin by cold water. The adsorbate is then readily decomposed by
boiling water to give a clear solution of pure amylose. The
dissolved amylose can be converted to the solid form by concentration
of the solution followed by precipitation with alcohol. Retrograd-

ation of amylose solutions is prevented by the addition of pyridine.
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C. Stfucture and Properties of Amylose

As early as 1858 Nageli came to the conclusion that the starch
grain was not homogeneous (141). Meyer (142a) in 1895 stated that
the starch granule consists of two parts, a-amylose and B—amylose.
Maguenne and Roux (142) showed that amylose,which comprises 20-25%
of the starch granule, is.completely converted into; maltose in
the piesence of malt diastase.

Hirst and co-workers (18) concluded from methylation studies
that amylose and amylopectin had the same chemical structure, the
differences in properties being due to differences in micellar
formation. End-group analysis of both amylose and amylopectin
gave a chain length of 23-24 glucose units corresponding to a
molecular weight of 5000. Samec (68) expressed the view that
amylose contains no phosphorus and that the insolubility and paate-
forming properties of amylopectin are due to its phosphorus content,
The latter view is no.longer considered tenable,

Taylor (143) assumed that retrograded amylose consisted of
highly-associated chains so that sheaf-like bundles were formed...
On the basis of kinetics of hydrolysis Freudenberg (130)
concluded that theie was little difference between amylose and amy-

lopectin. |

Proof that actual differences do exist has been obtained

primarily through enéymic studies. B8Samec (144) showed that amylose

and amylopectin can be distinguished by their different reactions
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with enzymes. Thus while amylases of animal and vegetable origin
cleave amylose to maltose;amylopectin‘is hydrolyzed to maltose

only to the extent of 70%.

The recent work on amylose, including his own researches,has

been summarized by Meyer (9), and is reviewed below.

(1) Behaviour in Aqueous Solution

(a) Amylose can be separated into fractions having diffefent
solubilities (50), by precipitation from water solution. The
finely di&ided precipitates, oﬁ standing, become water-insoluble
due to a.slow increase in crystallite size,

(b) The greater the purity of the fractions, the gieater the
effect of crystallite size on the solubility.

(c) Aqueous solutions of amylose undergo "aging" or "retro-
gradation", a phenomenon indicated by (1) increased resistance
towards,the~a¢tion of g-amylase ahd (2) precipitability of the
retrograded fraction. Pure amylose solutions will retrograde in

a few hours.

(2) Chemical Properties

(a) With alkalies,amylose forms salt-like compounds whiéh

are sparingly soluble in water.

(b) Amylose has an acidic dissociation constant of about

5 x 10712,

(c) It yields an unstable addition compound with chloral

hydrate.
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(d) Amylose can be esterified and etherified. Triacetyl-

amylose and trimethylamylose form solid elastic films on evapor-

. ation from solvents.

(e) Amylose is completely hydrolyzed by g-amylase,

(3) Structure of Amylose

Methylation studies on amylose (145) (17) (146) show that
hydrolysis of the fully-methylated products yields 0.4% of 2,3, 4,
6- te trame thylme thyl glucoside. The principa} product was 2,3,6-
trimethylmethyl glucoside indicating that the glucose residues are
combined by 1,4 linkages. The molecular weight (end group analysis)
was 50,000, corresponding to about 250 glﬁcose unifs.‘ Since there
was only 0.4% tetraﬁethjlmethyl glucoside the éhain of the amylosé
molecule cannot be branched.

Crude amylose from corn starch was separated into fractions
ranging in.molecuiar weight-from 10,000 to 60,000 (50). From
optical rotation measurements amylose was shown to consist of a
chain of glucose residues with o-1,4-linkages. Free aldehyde |
grdups were determined (1U45), one aldehyde group being present in

200 glucose residues,

D. Structure and Properties of Amylopectin

(1) Properties

(a) Amylopectin has long been known to differ from amylose

in solubility and pastleorming properties, these differences now



being regardedionly as quantitative in character.

(b) Amylopectin constitutes the bulk of the starch (80-90%).

(¢c) Amylopectin is hydrolyzed by p-amylase only to the
extent of 55-65%. |

(d) Amylopectin may be reéolved into fraetions by dissolut-
ion with aqueous choral hydrate (33%).

(e) The solubility of amylopectin in water depends on the
degree of aggregation of the branched molecules. Fairly stable
solutions are obtainable in dilute alkali.

(f) Cereal starch amylopectins do not contain chemically-

bound phosphorus in contrast with the reserve starch amylopectins

(69).

(2) 8tructure _
Haworth (39) showed that at least part 6f the starch molecule
consisted of branched chains from the results of his end-group
analyses which indicated the presehce of 4—5% tetramethylglucose
residues. Meyer et al (145) found with corn amylopectin a value
of 3.84%. A branched structure hypothesis was proposed by |
Staudinger (190) in an attempt to reconcile nis macromolecular
conception of starch structure with Haworth's results indiéating
.a much shorter chain structure (147) (49). He suggesfed that in
the starch molecule a side chain of 20 glucose groups'is combined
with every second glucose residue ofvthe main chain in such a way

that this side chain is conmnected alternately by ether linkages to
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carbon atoms in the 3 and 6 positions of the respective glucose
groups. Freudenberg (62) has also accumulated evidence from end-
grouﬁ measurements indicating a branched chain structure for at
least part of the starch molecule, He showed later that these
branched portions are.linked through the C-6 position.

Studies have been made oﬁ the nature of the bonds which link
the branched chains in the starch molecule (148) (149). oOn the
basis of the reaction velocity and activation energy of the dis-
aggregation process involved in hydrolytic degradation ,the linkage
is regardéd as é normal covalent bond. Union through the C-o
‘position is shown by the isolation of 2,3-dimethyl glucose (3%).

Meyér et al (9) claim that this accumulated evidence of
Haworth, Hirst, Staudinger and Freudenberg indicates a branched
structure for amylo?ectiﬁ.

Recent enzymic investigations on amylopectin also emphasize
this branched nature (150). Among the products of decomposition
using malt amylase a trisaccharide was isolafed ih which one of
the hydroxyl groups was attached to the C-6 carbon atom. The
isolated trisaccharide was assumed to have either the structure

I. or II.

_o-

CHaoH CHaoM
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In another series of investigations (9) amylopectin was de-
graded by g-amylase with production of a high—molecular~weight
residual substance (45%). This product termed "residual dextrin I"
or "erythrogranulose" contained tetrahydroxyl end—groﬁps (9%)
indicating that no destrﬁction of branched positions by the enzyme
had occurred. Since residual dextrin I is attacked by ua-glucosidase
but not by B-glucosidase, apparently the branching link is an q-
bond. Removal of the branching groups in this manner yielded
residual dextrin II which is non-resistant to hyarolysis by B
amylase., The latter splits off maltose by the action of B—amylase
and produces residual dextrin III. These results may be compared
with those obtained by Hanes (33).

‘ Amylopectin is oxidized only slightly by alkaline silver or
| copper solutions indicatiﬁg the presence of one aldehyde group to
about 1500 to 3000 glucose units.

Hess (146) applied the Haworth methylation-hydrolysis method
of end-group assay to both amylose and amylopectin, the relative

degrees of polymerization for the two substances being 233 and 23

glucose units respectively. The value for amylose agrees with
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that obtained by other workers using different methods e.g.

~

aldehyde determination and methylation,

Beckmann and Coles (151) have attempted to show diagrammatic-
ally the constitution of amylopectin based on their work on the
molecular weight of a-amylodextrin. They use the Haworth post-
ulation of 30 glucose residues as constituting the fundamental

unit of the starch molecule,

V. The Structure of Starch: Summary of Present Conceptions

A. Haworth 8chool

Haworth has nevér attempted to define the individﬁal struct-
ures of amylose and amylopectin;l He has assumed (18) that there
is no difference, chemically, between them. More interest has
been shown recently by workers in the fieid on therprdblem of the
structural differences between the two fractions,

Without attempting to structurally distinguish between amylose

and amylopectin, Haworth visualizes the starch aggrégate as follows,

The so-called "polymeric link", at first unspecified, is now de-

signated as o-1,6-glucosidic in character,.

- 2“-—30 Glucose Rests "Polymeric" Bond
a-1,0-glucosidic
i (¥¢somaltose link)

Glucose rests linked by 1,4-o-glucosidic
, bonds .
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He believes there is not sufficient evidence to provide a clearer
representation of the starch molecule. However, the investigator
apparently has failed to evaluate the recent results on enzymic
degradation which, in the opinion of other workers (9) (125%,

indicate the existence of a branched chain structure.

B. Hess' Investigations

While Hess has put forward no concrete model for the starch
mqlecule as a result of his methylation studies with various co-
workers,he envisages an averaée chain length of some 52 units as
compared with Haworths 24-30. In solution these units are
considered to be united by secondary valence forces in contrast
to Haworths union through a''polymeric" bond. 1In more recent work,
Hess finds the degrees of polymeriéation of amylose and amylopectin'
to be 238 and 23 respéctively. This result is assuméd to be
indicative of a distinct difference in constitution between the

two components.

C. B8taudingers Views

Staudinger (190) has put forth much evidence in favor of his
macromolecular theory of &tarch structure in an attempt to
reconcile the long chain conception with that of Haworth's shorter
one, His proposed structuré can’be represented diagrammatically

as follows:
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D. Freudenberg's Theories

In earlier investigations. (4) (5) Freudenberg was a pioponent
of a straight chain structure for starch. More recentl& (62),a8
a result of his work on methylation studies and end-group analyses,
he has accepted Staudinger's views of a branched chain, the branch-
ing taking place at the C-6 atom. Freudenberg (191) considers that
Schardinger's dextrins "are combined chemically with the

true starch chains in the following manner:
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0—0
/ N\,
— 0 0 0 a ////p 0] 0]
0
a = Schardinger dextrin
| b = branched glucose chains
0 :

0= glucose residue
Schardinger ring with branched chains

This view of the constitution of starch explains many of the
phenomena observable when starch is attacked by enzymes, but there

is scant chemical evidence to support it.

E. Speculations of Caesar and Cushing (152)

Founded entirely on physical Bpeculatidns based upon atomic
models these authors have suggested a structure for amylose which
reconciles the Haworth short-chain picture with other views indicat—
ing much greater complexity. They suggest that'amylose chains
exist as a type of helical "spring". These are twisted around one
another to form a sort of '"rope" miéelle, the latter possibly
forming the building block of the granular package known as starch.
Retrogradation of amylose is pictured as a dehydration process,
Watei present between the springs of the amylose aggregate is

squeezed out following which the forces R?OH-'—-gLR have free play.



F. Coles and Beckmann Theories (151)

These workers have constructed a model of starch which
satisfies the data obtained by centrifugal studies of a-amylo-
dextrin and is also in agreement with the results of end-group
analyses, It is based on the following considerations:

1. The Haworth unit of 30 glucose residues is a fundamental
unit of the starch molecule,

2. The evidence of Freudenberg and Meyer indicates that these
unite are linked by 1,6-o-glucosidic bonds.

3. The‘experimental evidence supplied by Hanes and otners
indicates that the fission of maltose under the infiuence of g~
amylase starts at the 2,3%,4,6-tetrahydroxyglucose end of the chain,

4, It is assumed that during the process each molecule is
degraded to the same extent.

5. -The physical prOperties of starch are explained more
satisfactorily by a disc-like rather than by a chain-like structure.
The o-amylodextrin is pictured as a Haworth unit with two

branched chains. Each of these is in turn again doubly branched,
giving finally a structure of 16-17 Haworth units, If one branch
of'each pair is situated near the end of the precediﬁg branch the
molecule would not be hydrolyzed further by p-amylase since only
1,6-linkages and an aldehydic end-group are exposed, By continuing
the branching process one step fﬁrther theré is obtained a model

structure for the lower molecular weight component (measured by
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the ultracentrifuge) of potato starch having 34 Haworth building
units.
The model for a-amylodextrin is shown in Fig. I and that

for the second 1ower_molecu1ar weight component in Fig., II.
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G. K. H. Meyer's Views

A branched-chain structure for starch was proposed as early

as 1930 (153) by Meyer and Mark. In recent work (9) Meyer has
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amplified the original conceptioR principally as a result of the
recent work on enzyme hydrolysis. Amylose and amylopectin are
considered to be separate and distinct strﬁctural entities. The
amyloses are unbianched and have molecular weights ranging from
10,000 to 100,000. They contain free tetrahydroxyl glucose
groups (0.4%) per chain of 250 glucose units, so that branching
is impossible. The amyloses are hydrolyzed completely by B—amylase.
Triaceﬁylamylose and trimethylamylose resemble the corresponding
cellulose derivatives, | |
Amylopectin must possess a branched-chain structure.
Posternak's (69) isolation of glucose56-ph08phoric acid,from
poﬁato starch by enzymic hydrolysis, indicates the presence of

the following unit in the amylopectin,.

CH20PO(OH)o

Meyer postulates the presence of the following groups as
branching points in his residual dextrin I (erythrogranulose)

obtained from amylopectin by the action of p-amylase: (page 63)
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The a-1,6-glucosidic links in these aggregates are hydrolyzed
by o-glucosidase giving residual dextrin II. Further action is
then possible with B—amylase (the interrupting 1,6 linkages having
been removed) with the production of residual dextrin III.

According to Meyer these results can be explained,only by a

reticulate type of structure as shown below.

O/Qoo Ooo \‘ ...... .
OQOQ _ r'4 % s ‘e-Q - e e S -
%00 / /0'00 |

OOOO¢ %\l NSISEL PARTS

BETwWEEN BRANCHES

hoog
| i\ oo°°°°°

8-9 GLUCOBE LNITS

outside br'énohes ,
15-18 glucose units

"Amylopectin
Successive stages of enzyme hydrolysis
0 = glucose rest A = aldehydic end-group
~=-—-—— end of initial degradatlon by B-amylase yielding residual
dextrln I

— hydrolysis continued by arglucosldase yielding residual dextrin

 —— II, hydrolyzable by B-amylase
= -—end of further attack by B-amylase yielding residual

dextrin III.




65.

The amylopectins_thuslare assumed to be branched{ their molecular.
weights exceed 300,000,'and they have about 4% free tetrahydroxyl
glucose end content. Their,ethers‘and esters form brittle inex-

tensible films.

H. Hanes' Synthesis of 8tarch

Details will be given in the succeeding section»of'Héneé'
method of enzymic synthesis of a starch-like substance from glucose-
l-phosphate, Tﬁis material is composed of glucose units united
by a-1,4-glucosidic linkages resembling in this respect native
starch., From end group analysis results there appear to bel80-9Q
glucose residues in‘the chain. The low end;grdup content indicates
a non-branched structure as is the case with amylose, The question
is s8till undecided as to whether this synthetic product actually.
ocours in natural 8tarch or whether it is only a laboratory

synthetic product.
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VI. The Bacterial and Enzymic Synthesis of Carbohydrates - .

A. Bacterial Synthesis of gglysaccharides.

1. Bacterial Cellulose

Bacteria have 1oﬁg been known to possess the power of synthes-
izing a variety of polysaccharides. Early workers concerned them-
selvesvchiefly with the task of determining the optimum conditions
for the process and identifying the prpducfs with knowﬁ natural
substances, Hibbert and Tarr (163. determined the optimum condit-
ions for the prepgrafion of bacterial polysaccharide membranes

synthesized by the action of Acetobacter xylinum on such simple

- substances as glucose, fructose, glycerol, sucrose,mannitol or
galéctose, and later Hibbert and Barsha>(l70) showed that these
membranes were composed in each case of highly hydrated cellulose
dhemically identical with cotton cellulose. The specific agency at
work in these_ayntheSes was not identified, but there was reason to

believe that the formation of these polysaccharides was brought about

by enzymic action.

2. The Levans

A second group of polysaccharides produced by bacferial synthesis
and having apparently the same basic structure are the levans, in-
vestigated by Harrison, Tarr and Hibbert (171). Two levans, later

found to be identical (172), (173) are formed by the action of

Bacillus subtirig and Bacillus mesentericus,., It was shown that the




essential condition for the formation of thé polysaccharide is a
“terminal ;frucmbfuranose grouping in the substrate molecule. Such
a group is present in both sucrose and‘raffinose from which the
levans were synthesized. Hibbert and Tarr also showed that levan-

like substances (171) could be synthesized by a bacteria-free.

enzyme product prepared from Bacillus mesentericus. The chemical
constitution of these bacterial synthesized levans has been in-
vestigated by Hibbert and Tarr, and by Hawort? (179) and found to

| consist of fructofuranose units linked through the 2 and 6 hydroxyl
groups. End-group analyses indidate that the polysaccharide consists
of about 10-12 units of fructose. More receﬁtly,Stacey (180). has-

prepared levans f rom B} megateriun, Bact;‘pruni and Bact. prupicola

and has shown them to be polyfructoses represented by a chain of

10-12 contiguous fructofuranose units linked through positions 2

and 6 as in the levan formed by B. subtilis.

3. Dextrans
The formation of the polysaccharide dextran obtained by the

of
action,Leuconostoc mesenteroides on sucrose was studied by Tarr and

Hibbert (174). Polysacqharide formation appareﬁtly took place in
appreciable amounts only'in sucrose solutions although,in the case
of two strains of bacteria, small amounts were observed in solutions
of glucose. More recently, Hehre (175) has obtained a similar poly-

saccharide from sucrose by the useof.acompletely sterile bécterial

extract prepared from cultures of Leuconostoc mesenteroides. TUnder
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these conditions the living micro-organisms could have played no
part in the reaction, the effect being entirely that brought about
by enzymic effect. The product,obtained was similar in both chemic-
al and serolbgical properties to the dextran formed by cultures of
the living bacteria. The1chemical structﬁre of dextran has been
investigated by Hibbert (178) and found to consist entirely of glu-
cose anhydride units.,  Hehre (175} has suggested that x molecules
of sucrose are converted into x molecules of fructose plué a dextran
polymer of x glucose anhydride units, the mechanism suggested. being
similar to that proposed for the living bacteria.

" This woTk on_baqterial.synthesis is interesting in relation to
the formation of carbohydrates in plants,since,acédrding to the
most recent .conception of photosynthesis (1lgl) enzymes are assigned
a share in this complex reaction. Bacterial synthesis providesl
proof of the specificity of their action and the existence of
enzymes,capable of‘producing;interconversion of the sugais, is now

indicated (176), (177).

B. The Enzymic Synthesis of Starch

The most interesting development in the synthesis of carbohyd-
rates by enzymes is that described by Hanes (105) who has synthes—
ized starch enzymatically by means of a phosphorylase extracted
from potatoes. He showed that extracts from ungerminated peas

contain an enzymic system, which, in the presence of inorganic
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phosphate, catalyzes the formation of hexosephosphates from starch .
or various carbohydrates of the starch-maltose series. The first
stage in this transformation (catalyzed by the enzyme phoSphoryiase)
consists in the conversion of starch to glucose—l—phosPhate; by a
reversible type of reaction. Both starch and glucose-l-phosphate,
however, take part in alternate reactions catalyzed by separate

enzymes, as indicated in the following diagram,

I. (Phosphorylase)

_+ phosphate

Starch = glucose-1-phosphate
' - phosphate ‘ '
5 III. |
(phosphoglucose-conversion
' enzymes )
II. + ,
amy lase water _ ‘
* o reducing hexose-6-phosphates
dextrins - + | Iv.
maltose phosphate (enzyme + dialyzable
glucose | co-enzyme)

fructose-1,6-diphosphate

The re#ersible reaction I. was carefully investigated. The
enzyme phosphorylase which catalyzes the reaction has been found to
occur in a number of higher plants, particulérly potatoeg. It can
be obtained free from the enzymes which catalyze reactions II. and IIIL

The reversibility of the transformationéystarch + inorganic |

phosphate === glucose~l-phosphate, is shown by the fact that the
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reaction proceeds in either direction until the ratio of inorganic
orthophosphate to glucose-l-phosphate attains a value which is not
significantly alteredvby wide variations in the concentrations of
the reactants or the enzyme, but which does vary considerably with
alterations. in the concentration of hydrogen ions, The reaction
}velOCity ig greatly increased by small additions of starch or
maltose,

.In certain characteristics (e.g. nitrogen and phosphorus
content, reducing power, rotatory power) the synthetic product is
indistinguishable from natural starch.;'However, it is less soluble
in water and retrogrades more easily than natural starch, The blue
color produced with iodine has greater brilliancy and intensity
than that formed with natural starch. The synthetic product is
completely hydrolyzed by p-amylose while natural whole starch is
only 60% converted; Thus the synthetic product resembles g~amylose
rather than whole starch.

The results of this enzymic synthesis of starch have an iﬁport-
ant bearing on the quest;on of the metabolism of carbohydrates in
the plant. Glucose-l-phosphate is considered by Hanes to occupy a
position of central metabolic importance. It is the direct preéursor
of starch and it forms the initial reactant in the sequence of inter-
conversions leading to the formation of fructose-diphosphate., Also,
starch may be considered to constitute an accessory supply of hexose

phosphate.
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Some interesting observations have been made recently by Bois,
Chubb and Nadeau on the possibility of an enzymic interconversion
of the three disaccharides maltosé, cellobiose: and sucrose (176),
(177). These authors claim that cellobiose and sucrose are
produced by the enzymic hydrolysis of starch by‘sugar maple sap
and birch sap, and it is inferred that these disaccharides exist
preformed in starch. However; the only reasonable conclusion would
seem to be that the hydrolytic products of starch depend upon the
enzyme employed and that configurational rearrangement is apparent-
1y possible, |

The starch content of the roots of the sugar maple has been
investigated (176). In winter, starch graine are present in the
.veesels of the roots, but when the sap starts to run in the'spring,
these starch grains disappear. This transformation is probably |
the result of enzymic action. The sugars produéed as a result of
this transformation are sucrose and cellobiose. Thus the sap of
the sugar maple contains "sucrogenic" and "cellobiogenic" amylases.
Similarly birch sap (177) may contain a "cellobiogenicH™ amylasé

and probably a "glucogenic!" amylase.
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VII. Starch Nitrates: Prgpaiation, Properties, Structure,
and Stabilization -

A. General Introduction

Most of the early work, (from 1833-) on sfarch'nitrates7is
concerned with methods of preparation, stabilization and use in
explosives. Numerous experiments were conducted to determine the
optimum yield of maximum nitrogen content, the variavbles investig-
ated being choice of nitrating agent, duration of the reaétion and
" reaction temperatﬁre. The nitrating agents used include nitric
acid, mixtures of nitric and sulphuric acids in various concentra-
tions, mixtures of nitric‘and phosphoric acids, and ﬂitrogen
pentoxide, | |

Numerous pre-treatments of the starch have been tried, includ-
ing oxidation, removal of combined phosphorus etc., together with
various degradation methods in order to obtain a more easily
nitrated product. None of these has been found effective for the
synthesis of a highly-nitrated stable product. While numerous
methods of stabilization have been described and patented, in
general,only,temporéry stabilization is effected and the cauae of
the instability still remains unknown.

Chemical and physical methods have not been applied hitherto
to a study of the nitrates of starch as fully as they have to

cellulose nitrates, -Pheuse of x-ray'analysis has not proven of
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much value in the case of starch nitrate and difficulty hgs been
experienced in interpreting viscometric and osmotic pressure
results. However, newer methods of fractionation are expected
to result in a greater knowledge of the structure of starch and
better x-ray technique to give a more exact knowledge of fhe

structure, properties and constitution of the nitrates,

B. Summary.of Methods of Preparation

1. Modifications of the Starch prior to Nitration

In 1917, Sadtler (154) claimed to have produced a stable
starch nitrate containing 12-13%,3% nitrogen as a result of a
Specialiprebtreatment‘of the starch. This consisted.in treating
staich in finely-powdered form for two to four hours at room temp-
erature with a dilute solution of sodium hydroxide to remove fat
and proteins and to swell the granules. The product was then
washed with water, treated with calcium hypochlorite solution (2%)’
washed thoroughly, dried and nitrated. The nitrated product was
claimed to possess the desirable properties of a good commercial
explosive. _

Grard (155) used a pre-treatment which undoubtedly resulted
in degradation by hydrolysis, Starch was moistened with 35% of its
weight of water and heated in an autoclave at 150° for 15 minutes,
to yield a plastic mass which could be extruded through a 0.2mm.

die as long fine threads. These'hardened on €xposure to air or on
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washing with alcohol. After drying they were easily powdered

prior to nitration.
These two methods of pre-treatment are merely representative
of the various methods employed earlier. Further modifications

- will be discussed in the survey of the patent literature,

2. Nitrating Agents

Most of the investigators used aqueous mixtures of nitric
vand sulphuric acids. Different proportions of these three con-
stituents have been recommended, but in all cases nitric acid is
present in largest quantity, usually 65 to 75%. Some of the early
workers, notably Will (156),uaed nitric acid alone as a nitrating
agent, the nitrated product being precipitated either with water
or concentrated sulphuric acid. He obtained in good yields
products, containing 13.90 to 14.04 % nitrogen and claimed marked
stability for his product. Berl and Butler (157) used a mixture
of nitfic and fuming sulphuric acids and obtained nitrates contain-
ing 12.86 to 13.85% nitrogen. Nitrating conditions were investig-
ated thoroughly by Hackel and Urbanski and reported in a series of
papers (158). From their results on the nitration of potato
starch using only nitric acid the following conclusions were drawn:
(1) An increase in the acid concentration (as compared with
the weight of starch used) causes an increase in the nitrogen
content and viscosity of the nitrate.

(2) Starch nitrates precipitated by water show a higher
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chemical stability than those pfecipitated by sulphuric acid.

In nifrating starch with mixed acids a maximum nitrogen conteﬂ
is'obtained when water and sulphuric acid are in equimolecular |
proportions, provided the sulphuric acid content is not too low.

On the other hand too high a concentration of sulphuric acid results
in the formation of esters 6f sulphuric acid. With greater than
20% water present, nitration is irregular and the yields are low.

Nitric—phOSphoric'acid mixtures have been used (159) to
produce a nitrate containing 13.0% nitrogggfés with cellulose, the
use of phosphoric acid gave a broduct which was less degraded
viscometrically than that obtained with sulphuric acid. (Centola
(160)}used various mixed acid concentrations and nitration periods,
»thé nitrates being charécterized by x-ray analySis.

| Finally, it is interestihg to note the use of nitrogen pent-
oxide as a nitrating agent (161).” Cellulose is nitratable by this
reagent to the extent of 14% nitrogen content and starch to 13.85%.

Starch thus can be nitrated by the customary methods and the
same considerations are applicable to both cellulose and starch,

In general starch is more difficult to nitrate than cellulose and
the process involvesva greater degree of degradation. A complete

review of methods of nitration has been published by Marshall (162),

%. Qther Factors Involved in Nitration

Two iﬁportant féctors are time and temperature of the reaction.

Increase of the temperature above 0°C causes a lowering of the



nitrogen content, the yield and the viscosity of the nitrates;

and an increase in ethanol solubility (l5§). The changes are
probably due to secondary oxidation reactions induced by the rise
~in temperature. With increasing reaction time the nitrogen content
of the product rises rapidly, ihitially, the increase becoming
later progressively smallér. Increase in the nitration period

also favors the secondafy reaction mentioned above which results

in a decrease of viséosity, ah increase in solubility and a lower;

ing of the yield.

4. purification of the Nitrated Starch

This.usually consiéts first of all in the removal of the
?excess'of'nitrating acids by a series of extractions generally
with hot water alone,ﬁbut sometimes also involwing dilﬁte alkali,
Prolonged boiling is necessary, as in thé‘case of cellulose nitrate,
in order to remové ali of the nitrating acids and to decompose the
sulfate esters. According to Hackel and Urbanski (158) such
stabilizing treatments have a detrimental effect, resulting in
denitration and an increase in alcohol solubility. Even washing
the product with cold water containing 1% sodium carbonate gives
products of lowered stability according to these investigators.
Any treatment subsequént to the treatment with boiling water is

considered to be a special stabilization. Substances used for this

purpose will be considered in a later section.
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C. SBurvey of the Patent Literature

A complete survey of the patent literature is unnécessary for
this review because it does nqt aid materially in a solution of
the present problem, namely the cause of starch nitrate instability.
The theoietical principle involved in the various patented methods
of nitration and stabilization is usuaily unknown so tnat the
methods given are purely empirical. The following important
factors are covered in the patent literature. (1) Pretreatment of
starch (2) Nitrating methods (3) Nitrostarch explosives (4)
Stabilization. |

Most of the pre-treatments recomménded involve marked degrad-
ation of the starch, as for example use of dilute alkali, or
‘oxidation. The nitrating methods used are typical for poly-
saccharides as described in the literature, and involve farious
concentrations of mixed acid. Usually some special type of nitrat-
ing apparatus is employed.

Numerous explosive mixtures of nitrostarsh and other products
have been described, a typical one containing the following
components: nitrostarch 60-70%, ammonium nitrate 19-9%, calcium
nitrate 4-8% and water 17-13% (lo2). In many of‘the patents the
starch nitrate is mixed with certain stabilizers for the purpose
of increasing the stability e.g. - oyanamide and its salts,
diphenylamine, aﬁmonium salts of phosphoric, chromic, acetic,

propionic and tartaric acids, urea and substituted ureas, substit-
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uted anilines and many other slightly alkaline substances, Ethanol

was recently described as a stabilizing agent for starch nitrate

(392).

D. }chemical and Physical Pfoperties of the Nitrates -

1. Solubility

Starch nitrate is soluble in most of the solvents which
dissolve cellulose nitrate,jln both cases,'a 80l and not a true
solution being formed. Amenglthe best solvents for both of these
nitrates are acetone, fatty acid esters and glycol monoethyl ether.
Ether-ethanol mixtures make fair solvents especially if the nitrate
is a somewhat degraded product.

The EOlvent action of any particular liquid seems to depend
mainly upon the chain length and nitrogen content of the'nitrate;
For example, ethanol will dissolve starch nitrates of relatively

‘short chain length and low nitrogen contents. The solubilizing
effect of the solvent decreases with increase in chain length and
nitrogen content. Acetone is one of the best solvents for a starch
nitrate of high nitrogen content and chain length, It does not
dissolve fractions of lower nitrogen content or lower chain length.

These fractions, however, are soluble in acetone-water mixtures.

2. Hygroscopicity

The hygroscopicity of a starch nitrate is in some way connected

with stability, possibly as a function of nitrogen content,
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Products of lower nitrogen content are usually hygroscopic, as

is the case with starch itself,

3. _Explosive Properties

The expldsive properties of twelve samples of starch nitrate
varying in nitrogen content from 13.43 to 6.49% were determined
by Hackel and Urbanski (158) and the following propertiee found
to have a direct relationship to the nitrogen content; ‘(a) rate
of detonation, (b) lead block exPansion test, (c) copper cylinder
compression and (d) sensitivity. Samples having less than 9%
nitrogen weré found to have only minor explosive properties.

A étable nitrostarch containing 13.2% nitrogen has been
claimed recently (163). The product has a high dgﬁsity and con-
siderable expiosive power; on a volumé basis its pdwer is equal
to that of T.N.T., but on a weight basis only &5-95% of the power.
When freshly-prepared it had an ignition temperatﬁre of 4OO°F.
(T.N.T. &70°F.) and like T.N.T. was insensitive to the impact of

a rifle.bullet,.

4, Viscosity

The viscosity of starch nitrates has probably been investigated
more than any other physical property. Staudinger (56) showed
AviscometriCally that starch fractions suffered degiadatioﬁ during
nitration. Berl and Butler compared the viscosities of cellulose
and starch nitrates (157). These latter workers found that a 5%

solution of cellulose nitrate in acetone had more than 9000'times
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- the viscosity of a corresponding starch nitrate>solutioﬁ, the
nitrogen content being the same in both cases. That the viscosity
is dependent upon the conditions of nitration used was shown by
Hackel and Urbanski (158). In nitrating with nitric-phosphoric
acid mixtures (159) the viscosity showed a flat maximum after a
nitration period of twelve hours. They (164) found that starch
preparations having different viscosities gave nitrostarches ha&ing

almost the same viscosities.

5. Fractiohation 6f éﬁgrch¥nitrate
| Although.mﬁch io}k has been done on the fractionation of
cellulose nitrate (165), little attention has been paid to that
of étarch. Berl and Kunze (159) using a freezing technique separ-
ated starch nitrate into two components which, they claimed, were
amylose and amylopectin nitrates reSpectivelj. The amylose nitrate
contained 11.,6% nitrogen and the amylopectin 12.1%. In agreement
with the work of Meyer (9),‘am&lopectin nitrate showed a lower
viscosity than the corresponding compound of amylose. Centola (160.)
has separated amylose and amylopectin nitrates on the basis of their
solubilities in methanol. Nitrated amylose is said to be soluble
in methanol whereas amylopectin nitrate is not. Starch nitrate
containing 12.45% nitrogen gave a nitroamylose containing 12.50%
nitrogen and an amylopectin nitrate containing 12.34% nitrogen.
Snelling (166) has shown that starch nitrate can be separated

into three fractions on the basis of their solubilities in methanol.
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‘'These were isolated by extraction of the crude starch nitrate

iith methanol at about -15 to.-20°C., lea%ing an undisgolved portion
(Fraction I). On warming the alcoholic extract,part of the dissolv-
ed starch nitrate is precipitated (Fraction II) leaving the third
and largest fraction (III) in solufion; Ethanol may be substitufed

for methanol.

6. X-Ray Studies

Unlike cellulose nitfate, starch nitrates have not been
characterized to any great extent by means of x-ray technique.
Berl and Kunze (159) found the number of x-ray interference rings
was decreased from Six to three on nitrating potato starch; on
de-nitration of the nitrate, however, the regenerated starch showed
8ix rings.

The nitrogen content of the starch nitrate determines the
type of x-ray diagram produced (160). Nitrates with 12,4% nitrogen
have a fairly regular structure, both the positions and intensities
of the interference lines resembling those of unstable cellulose
nitrate containing 12.0% nitrogen. With decrease in the nitrogen
content, the diffraction lines became less distinct;'apparentlf
the degree of crystallinity decreases with decrease in the nitrogen
content, These results led the author to postulate that the lower
nitrogen-containing products were composed of starch molecules with
their hydroxyl groﬁps incompletely esterified, instead of mixtures

of unaltered starch molecules and completely esterified molecules.
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Apparently starch esterifies wore rapidly than cellulose, a8 is
evident from the fact that x-ray analysis of‘the product formed
by a very short nitration freatment of starch indicates a definite
lattice structure; in the case of cellulose the time interval for
the lattice appearance is much longer.

In contrastwﬁtryfhaabove author, Kolaczkowska and Urbanski
(167) bvelieve that nitrated potato starch and soluble starch give

the same principal interference rings.

E. The Problem of the Stability of Nitrated Starch

The properties of nitrated starch indicate its much greater
insﬁability as compared with cellulose nitrate. It would appear
that the cause of this phenomenon lies in the structural differences
between the two parent materials. C(Cellulose exists in the form
of long linear chains of glucose anhydride residues which are
connected through 1,4-B-iinkages. There is no tendency toward the
formation of branched chains as in starch; In the case of cellulose
these long cthains are‘united laterally by secondary valence bonds
and Van der Waal's forces to produce the crystalline micelle.

- Starch, on the other hand, has a much uore neterogeneous composition.
Significant evidence exist8 indicating the presence of branched

and unbranched chains (amylopectin and amylose in starch, the

latter showing certain resemblances to cellulose). Furthermoie,

‘ starch differs from cellulose in having its glucose units joined

through 1,4 o-linkages which are more susceptible to rupture than
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the g—linkéges. These differences in chemical structure léad to
a variety df,different physical manifestations in the two |
substances.

Cellulose nitrate is essentially stable, once the excess of
nitrating acids, shorter chains, partially nitrated fractioné and
foreigh esters have been removed, This is not the case withﬂﬁhe
nitrates of starch. Careful purification by the methods used for
cellulose nitrate fails to yield a stable product,

There have been many suggestions made as to the possible
causes for the instability of nitrated starch (108). Some of
these concern particle sizé, the presence of carboxyl groups, of
short chain molecules, partial nitration of certain hydroxyl
groups, different types of nitrogeh linkages and the effects due
té a mixture of amy lose and amylobeotin nitrate. Thé purpose of
this study was to investigate the causes responsible for this

instability.
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‘These were isolated by extraction of the crude starch nitrate

iith methanol at about -15 to -20¢°C., lea§ing an undisgolved portion
(Fraction I). On warming the alcoholic extract,part of the dissolv-
ed starch nitrate is precipitated (Fraction II) leaving the third
and largest fraction (III) ih solufion; Ethanol may be subs tituted

for methanol.

6. X-Ray Studies

Unlike cellulose nitfate, starch nitrates have not been
characterized to any great extent by means of x-ray technique.'
Berl and-Kunze (159) found the number of x-ray interference rings
was decreased from six to taree on nitrating potato starch; on
de~nitration of the nitrate,lhowevei, the regenerated starch showed
8ix rings,

The nitrogen content of the starch nitrate determines the
type of x-ray diagram produced (160). Nitrates with 12.4% nitrogen
have a fairly regular structure, both the positions and intensities
of the interference lines resembling those of unstgble cellulose
nitrate containing 12.0% nitrogen. With decrease in the hitrogen
content, the diffraction lines became less distinct;‘apbarentl&
the degree of crystallinity decreases with decrease in the nitrogen
content, These results led the author to postulate that the lower
nitrogen-containing products were composed of starch molecules with
théir hydroxyl groﬁps incoﬁpletely esterified, instead of mixtures

of unaltered starch molecules and completely esterified molecules.
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Addendum to Introduction

Since the preceding - review was written, a paper has been
published (210) dealing with the degradation of starch by B.
macerans to yield so-called Schardinger dextrins (p. 46). Evidence
is produced to indicate that these substances are synthesized by
the enzyme from those components of starch which are most readily
modified by acid treatment.

' 1. Both Schardinger dextrins are resistant to barley diastase
and therefore eanﬂét be true units: of amylose,

2, The SchardingerAdéxtrins;are not related to the "limit
dextrins® produced,from whole starch by barley diastase, because

the latter do not yield Schardinger dextrins on treatment with

 §;7maberans.
- 3. AAcid—degraded starches yield little 6r no 8chardinger
dextrins, | o

The *me‘rcaptalét'icn'method (p. 20) has recently (211) beenf
- employed to determine the degree of polymerization of a starch-
like polysaccharide prepared by enzymic synthesis (105, p. 68)
and indicates the presence of 32 * 1l glucose units in this

synthetic polysaccharide chain,
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'DISCUSSION OF RESULTS

I. The Nature and Oblgctives of the Investigation

From the data oontained in the Historical Introduction, it is
readily seen that the chemistry of starch is at an'interesting
stage of evolutionary development, and that its fundamental structure
is a matter of marked uncertainty. The methods employed in starch
chemistry have not been as exact as those in other chemical fields
and physioo-éhemical methods have not been employed with as much
success as in the case of cellulose. The lelowing concept of the
structure of starch was assumed as a basis‘for the experimental
work:‘ 1, B8tarch is a poiysaccparide of plant origin composed of
two principal constituents, namely, amylose and amylopectin in a
proportion of about 1l:4. These possess markedly different physical
properties and chemical structures, Despite this faot, much of the
earlier research on starch was-carried out with "whole" starch,
without any serious attempt being made to isolate these two
products, 2. Each of these components is a glucose anhydride
polymer with the glucose anhydride units in the principal chains
linked through the 1,4 positions; cross linkages occur at the
1,6~-positions, 3. Non-carbohydrate constituents such as nitrogen,
phosphorus and fatty acids are present in starch in small but
variable amounts., U, Finally, it may be assumed that starch is
a heterogeneous substance. Different starches are found to vary
in the proportions of the two components mentioned above. Further,

each component is, in turn, not a homogeneous product,
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A réview of the literature on the nitrates of starch, shows
that here also many.contradictioné exist and that while there
is much information concerning their preparation, and dealing
with their etabilization,'little attempt has been made to base
r_the latter on fundamental principles in order to determine its
cause. Such studies as x-ray analysis and viscosity measurements
which have provided valuable information in the cése of ceilulose
nitrate have, either not as yet been applied to starch nitrate,
or have proven thus far, to be of little value. This is probably
due to the fact that these studies were carried out on nitrates
prepared from~non-fractionated starches} indeed, no efficient
fractionation of starch nitrate was attempted.

Available information conéerning starch nitrates suggested
that the first task to be accomplished was the devélopment of
suitable mefhodS‘for the investigation ofthe!rpQ:vpertigs. It
appeared that,by assystematic fractionation of whole stérch
nitrate, the extent of its heterogeneity could be reduced very
markedly and hence a means provided for dete;mining the cause of
its instability., This was carried out and the physical and
chemical characteristics of the fractions determined by the custom-
ary analytical methods. A aecond technique developed for studying
the properties of the nitrate was that of denitration. Finally,
fractionation of starch itself, before nitration, was undertaken
in an attempt to obtain more homogeneous initial producte. In the
course of the work, the effect of various stabilizers was investig-

ated, although this phase of the work was considered to be of
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secondary importance.

The second objective of this research was an inveétigation
of the instability of starch nitrate and its relationship to the
chemical structure 6f starch. It was necessary, therefore, to
characterize starch nitrates,obtained by various methods, so as
to permit the evaluation of factors responeible for their in-
stability.

Thirdly, it was part of the assignment to determiﬁe if starch.
nitrate could be used as anm éxplosive.

Iﬁ the Experimental section, a description is given.of the

methods. employed in the attempt to reach these objectives,

!

II. Methods of Enquiry into the Properties of Nitrated Starches

In this section are disquesed the general usefulness and
validity of certain methods applied to the study offstarch and

its nitrates.

A. The Nitration Teéchnique

At the outset,it was necessary to choose a satisfactory method
of nitration which could be used in all experiments, and thus
provide a basis for logical comparison. As indicated in the
Intrgduétion (p. 74), many methods of nitration were avai;able.

The one which gave the best results not only in yields and nitrogen
content but was also characterized by simplicity of application
was that of Will and Lenz (156). Mixed acid nitration was less
satisfactory than use of nitric acid alone followed by precipitation

of the ester with concentrated sulfuric acid. Also, there is less



88.

opportunity for the formation of starch sulfates in this case,

.B. Analytical Methods

1. Viscometric Measurements

A survey of the general applications of the viscometric method
was given in the Introduction (p. 17). This method does not give
absolute molecular weights in the case of such a heterogeneous
substance as starch, exhibiting as it does various degrees of
| chain branching. However, the viscometric resuits obtained
indicate the heterogeneity of starch nitrate,i.e. the presence
of various molecula:4weight mo lecules,and also show that a high

degree of fractionation . wag - accomplished by the methods used,

2, Determination of Stability

Many tests have been devised to measure tﬁe stability of
- nitrated polysacéharides of the nitrocellulose typé of explosive
(162). 1In most of these the heat stability of the product under
examination is measured. In the present investigation, the two
most widely-used tests, namely the Abel Heat test and the
Bergmann-Junk test, have been employed.

(a) The Abel Heat Tesat

This test 15“Bimple in theory and'easy to perform on almost
any explosive which decomposes with formation of nitrogen péroxide.
It consists of heating a weighed sample in a épecial test tube,
placed in a definite position in a standard heating bath maintained
at a constant temperature, and then measuring the time taken for

the nitrogen peroxide evolved to react sufficiently on a specially-
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prepared test-paper, suspended in a prescribed manner in a
specific position relative to the sample, to give a color equiv-
alent in depth and shade to that shown by a standard tint paper.
The test paper prepared by impregnating with starch and potassium
iodide is, just before use, treated in a certain.manner with a
non-drying solution of glycerol and water, The color indication
is given at the interface of the dry and wet sections of the test-
paper. It is generally assumed that the Abel test indicates the
physico-chemical condition of an explosive, from the point of
view of the ease of decqmpoaition which may exist due to the
presence of minute aﬁounté of foreign substances.

The main objection to the Abel heat test is its extreme
sensitiveness, In cases where no interfering factors exist, it
has been calculated that the standard tint can be produced by as
little as 0.000135 ng. ofﬁhitrogen per@xide; Hany,precautibns
must be taken, as for example non—-exposure of samples to direct
sunlight. Variations in results of the heat test may be due to
internal as well as external factors, e.g., gases other than
nitrogen perox&de, notably ozone,apparently lower stability. On
the other hand, mercuric chloride in very low concentrations in
the explosive produces a masking effect and leads to a false inter-
pretation of stability, since it retards the effect of nitrogen
peroxide formation and thus its effect on the paper. Similarly,
the presence of ethyl acetaté or ethanol in gelatinized explosives
gives rise to abnorﬁally high apparent stébilitiea. Moisture in

the explosive sample must be regulated carefully for the same reason,
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For example, a cellulose nifrate,whioh is too dry will give a
high Abel test due to the fact that the test paper will lose
moisture to a certain extent. On the other hand, a product of
high moisture content will likewise‘give a high test due to
abéorption of nitrogen peroxide in the condensed vapours on the
sides of the tube.

As indicated in the Experimental section (p. I33) the technique
of the Abel test was simplified, and all precautions:taken. The
Abel Heat test values‘obtaiéed are therefore considered to represent
the amount of impurity present in the sample at the time of the
test and to indicate the initial stages of decompoéition during

the time of the test.

(b) The Bergmann-Junk Test

The Bergmann-Junk test is used primarily for explosives of
the cellulose nitréte type and ié a meaéure‘of the degree of
decomposition which occurs when a definite weight of sample is
maintained at a}témperature of 132 ¥ 0.2¢0. for a period of fwo
hours. In econtrast with the Abel test, the Bergmann-Junk is-
quantitative and ié not affected to nearly the same extent by
‘added adulterants, Furthermgre, it indicates the stability that
may be expected over a long period of storage, sincé the products
of decomposition are left in contact with the nitrate during the
entire heating period. This test is also dependent on the moisture
content of the samples and is influenced by the presence of certain

- impurities such as urea.
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The Bergmann-Junk test as applied to starch nitrates was
modified in one respeot only, namely, the size of sample used.
Instead of the customary 2.0 g. sample, amounts weighing 0.5 g.

were used and compared with a similar quantity of cellulose nitrate,

C. Fractionation Methods for Starch Nitrates

There are three fractionation methods applicable to a high
polymeric substance such as starch nitrate, namely, (1) fractiohal
dissolution, (2) fractional precipitation and (3) solvent fraction-
ation, the last being a Bpécial technique developed by Lovell and
Hibbert (196) for use with lignin, These methods depend upon the
different solubility characteristics exhibited by fractions of
varying molecular weight and-chemical.constitution. Such fractions
are usually present in high polymeric substances, especially those
of natural ocourrence, for example, starch, the hetexogeneity of
which has been indicated by many workers (9, 125, 21; 56).

Each of these fractionation methods was applied, in turn, to
whole starch nitrate in an attempt to obtain products having some
degree of homogeneity. The first two methods were also épplied to

the nitrates of amylose and amylopectin.

l. Fractional Dissolution Methods

In order that solution of a solid substance may occur,
solyation forces must overcome the two cohesions (van der Waal's
forces) existing between molecules of solute and of solvent res-

pectively. The solute cohesion in the case of a polymer is deter-
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mined by the shape and length of the chain and is usually much
smaller for braﬁched chain polymers than for the linear chain
type; the latter are, therefore, much less soluble. The extent =
of solvation is also determined by the chemical nature of the
groups attached to the polymer chain, especially in relation to
the chemical structure‘of the solvent.

The fractional dissolution method was fully developed and
tested first with cellulose nitrate (1ll1.4% N) by Rogovin and
Glazman (201). These authors claim a number of important advantages
for this technique over that of fractional precipitation (discussed
later, p. 95). Lower memobers of the polyﬁer, homo logous series
are consistently adsorbed.on the higher members when these are
precipitated dut first, whereas,in the dissolution method, these
low members are removed first. Also the reverse effect (adsorption
of high ﬁembers on the lowér) cannot occu:;‘ This must therefore -
lead to a moré uniform fractionation with a more consistent repro-
ducibility. Secondly, there is no uncertainty regarding "precipit-
ation thresholds" (the concentration of non-solient present when
the dissolved polymer just begins to settle out) in the extraction
method. Thirdly, resulte (201) indicate that some separation on
the basis of chemical composition is possible.

A disadvantage of the dissolution method is that solute and
solvent are qot in complete and intimate contact,i;e. the process
involves a heterogeneous syétem. |

The solubility of a nitrated starch depends upon (1) its

chain length, (2) its degree of association and the power of the



3.

éolﬁent to break associgtive bonds and (3) the nitrogen content.

At the end of the nitration reaction, there is present a hetero-
geneous mass of varying chain lengths, degrees of association and
nitrogen contents., Thus the use of fractional dissolution for

fhe fractionation of starch nitrafes, permits a separation based

on both physicai and chemical‘prOpertieé. Shorter, non-associated
' chains, especially those of léﬁer nitrogen content,are removed,
leaving a product which may be visualized as a micellar mass formed
of tightly-interlocking chains. The 8ize of this residual product

will depend upon the dissociating power of the solvent used,

2. Fractional Precipitation Methods

The fractiénal precipitation method has the advantage (as
compared with'dissolutiqn metnods) that only one homogeneous
phase,va~solﬁtion,‘is involved. Thus the precipitant has an equal
chance of contacting all the molecules of the-dissolved solute.

In 1ts‘simpleét form it involves twé liquids, a solvent and
non-solvent, the choices of which are of prime importance both
in regard to the sensitivity of the méthod and the form of the
precipitated phase. An unfortunate choice of solvent and non-
.solvent may result in failure to obtain a'fractionation due to
the fact that most of the solute separates at once (too high
sensitivity).

One of the first problems encountered in applying the fraction-
al precipitation technique is the determination of the "precipit-
ation threshold" (p. 92). This is different for each sample of
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material and must be determined in each case. The first attempt
to solve this difficulty was made in 1928 by Kumichel (202) who
discovered that the addition of a precipitant to a solution of a
high polymer brings about an initial decrease in the solution
viscosity to-asconstant value,which is not lowered by further
addition of precipitant. until the solute just begins to pre-
cipitate; a sharp break occurs in the viscosity-solution composition
curve at this point.

In prelimina:yvinvestigations,on the fractional precipitation
6f starch nitrate,‘itAwaé fouhd that the most suitable solvent
was a mixture of acetone and ethaﬁol (1:1). The fractions sep-
arated from this solvent in a more manageable form than when ofher
liquids were used, Likewise, it was fqund that water was the
most suitable precipitant, A temperature gradient was used to
cause more rapid precipitation énd torinciéase thegéensitivity.

By‘use_of the fractional precipifation method,it was possible
to éeparaté stéfch nitrateé into a number of fractions which
differed appreciably in relative viscosity and nitrogen content,
and the method thus made possible a more detailed study of these

products,

3. 8Solvent Fractionation

This method of fractionation, as applied to lignins (196);
depends upon the fact that substances of different chemiocal
structure are distributed in different amounts between fwo non-

miscible solvents. The simplest case in this type‘of fractionation
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ié one involving fwo immiscible solvents for the substance to be
fractionated. 1In order to secure two layers, it is necessary in
most cases to inborporate water into the system since all common
organic solvents are mutually miscible in all proportions. 1In
the case of ligniné the best solvent system is the combination
éhlofoform, aqueous methanol, carbon tetrachloride,
Various organic solvents and non-solvents for starch nitrate
were first investigated; qualitative data are reported below(p,96¢,
The more promising of these solvents were used in three-
11Quid éombinations,i.e. aqueous s8olvent plus some other liquid
of lesser solvent power. Subsequently, four liquid combinations
were tried., The difficulty encountered in all of these systems
was that the distribution of the "good" solvent between the two
liquid layers was always very one-sided with the result that
'extraction‘by the aqueous layer was almeost negligible, so that
only small amounts of starch nitrate could be used. Other difficult

| ies arose in the formation of emulsions and colloidal suspensions
which destroyed the possibilities of any system in which they
occurred. | '

Af ter much experimentation not reported in detail in this
thesis the solvent fractionation of starch was considered

impractical.
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Solubility of Starch Nitrate

. 8olubility of

S8olvent solvent in water Solubility of starch nitrate
Tetrachloroethane insol. sl. sol., suspension formed
Butylene glycol insol. 8l., sol,, viscous suspension
Cyclohexanone insol. very sol.
Pentachloroethane | insol. 8l. sol., suspension formed
Benzaldehyde .. 0.33/100 cc. very sol.
Nitrobenzene 0.19/100 cc. good solvent
Anisole insol. fair solvent
Aniline ' inso;. slightly sol.

Butyl acetate 0.5/100 cc. good solvent
| Nitromethane ~ s8l. sol.

Glacial acetic acid completely sol.
Pyridine = completely sol.
Acetone completely sol.

Ethylene glycol mono-
ethyl ether sol.

good solvent
fair solvent
fair solvent

good solvent

géod solvent

D. The Denitration of Nitrated Starches

l. Purposes of Denitration

The denitration of cellulose nitrate is one of the final

steps in a process which was important for many years in the prep-

aration of one variety of rayon silk., However, little work has
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been done on the denitrgtion of starch nitrate; certainly none of
a Quantitative nafure. The proceéa offers a method of following
the chemical decomposition of starch nitrate and thus is a measure
of the chemical stability of the substance, the subject of this
research. The stability as measured by denitration was compared
with that indicated by the heat tests,

Denitration studies of the ethanol-soluble (unstable) fraction
(p.I58 ) were used in an attempt to explain its relative instability.
It was hoped that the denitration results on the nitrated amylose
and amyldpectin fraction might provide an explanation of the differ-

ehdeé between the amylose and amylopectin derived’from "native"

starch,

2. Factors Involved in Denitration

(a) Denitration Reagent

Many reagents have been used for the'denitration of cellulose
nitrate, for example, alkali hydrosulfides, mixtures of nitric and
sulfuric acids; ammonium sulfide and ammonium hydrosulfide. The
action of alkali hydrosulfides on starch nitrate proved to be too .
severe and ammonium hydrosulfide was finally selected as most
suitable.

(b) Temperature of Denitration

This is the second most important factor, Nadai (197)
found that an increase of 10¢ in reaction temperature doubled the
rate of denitration of cellulose nitrate by sodium hydrosulfide.'A

A similar effect was found in the case of starch nitrate using
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temperatures of 25°, 30°, 35° and 40°. The temperature finally

selected for denitration experiments was 359,

3. Preliminary Denitration Experiments

(a) The Denitration Blank

A blank run was made with ammonium hydrosﬁlfide to deter-
‘mine its bebaviour during eight hours at 35°, that is under the
experimental éonditiona to be used in the denitration studies.

The results are shown graphically in Fig. I. Considerable decomp-
dsition occurs asvthe temperature is raised from room temperature

to 35°; when equilibrium is reached, there is relatively little

change over a period of eight hours,

(b) Denitration of Staroh and Cellulose Nitrates

These were denitrated under identical conditions, Compara-
tive rate curves (Fig. II) indicate that starch nitrate denitrates
faster than cellulose nitrate.

(c) Reproducibility of the Denitration Curves

When the experimental conditions (p.IW2 ) are followed
closely, excellent reproducibility is possible (Fig., V).

E. Fractionation of 8tarch

1. General Discussion

The earlier methods for the fractionation of starch have been
reviewed (p. 47). Two more recent methods are that of Schoch (199)

and a modification (of same) by Kerr (203%). The former is based
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on the selectiﬁe precipitating action’of n-butanol toward starch
sols, two products of markedly different physical and chemical
charécteriatics being obtained. The "butanol-precipitated" fraction
aﬁeragesVEE% of native corn starch; no value has been given for
the "non-precipitated" fraction. The method of Kerr (203) is
gimilar except that the precipitant consists of a mixture of n--
_ butanol and methanol which is added tb'a corn starch paste. The
1ess-aolubie portion, about 45% of the total, was shown to differ
from the more soluble pbrtidn‘in having a higher conversion limit
when treated with g-amylase (203) and also in its higher alkali
lability (p.II2 ). | |

In the author's investigations, starch was fractionated by
the method of Tanret (189) and of Paoéu (140), (with the modif-
ications noted below (p.I4g)), into cotton-adsorbable and non-
 adsorbable fractions designated as "amylose" and “amyiopectin"
respectively., The purpose of this fractionation was to obtain,
if poésible, homogeneous products Suitable for nitration and the
characteristice of the nitrates indicate that this was accomplished
to a coneiderﬁble degree, However, this method of separation can-
not be taken as evidence that starch consists of only two
componente, since, on the basis of previous work employing fraction-
ation techniques, it would seem there are present at lesst three

major components (204).

2. The Components of Starch as Revealed by Fractionation Studies

There are two major concepts regarding the ﬁumber of constit-



100.

uents in starch, namely the multiple amylose concept (203, 204)
and the two component concept (9, 199, 205). In support of the
former view, Kerr claims to have divided potato starch into three
constituent amyloses. With corn starch, which, in addition con-
tains "gamma-amylose" (206)Anot found in potato starch, there are
four amyloses present. A further difference between corn and
potato starch is the apparently larger proportion of the more
highly branched fraction present in the latter. ‘

Evidence for the two-component concept is to be found in
Schoch's (199) fractionation of‘stérch into two cdmponents by a
single precipifation, and secondly in the work of Bates, French
and Rundle (205), who have shown that starch probably consists of
only two components which show a distinct difference in their
reactions with iodine to form complexes. Heterogeneity in degree
of branching of starch molecules is)therefore, cdnsidered to Dbe
discontinuoﬁs;that is, there is a limited number of components
eaqh with a fair uniformity in degree of branching, and separated
from other components by a significant difference in this property.

Further evidence is provided by the butanol precipitation
method of fractionation in that starches from different sources
vary in the number of components. For example, waxy maize starch
contains no butanol-precipitable fraction (amylose). Other starches,
namely waxy barley and waxy rice have been shown by iodine—cbmplex
formation (205) to consist mostly of amylopectin.

The method of starch fractionation involving adsorption of

one constituent on cotton cellulose seems to indicate the presence
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of two or more constituents. Although the adsorbed and non-
adsorbed fractibns have different properties and yield derivatives
having differexit properties, (Table X, Fig. VII-XI), this does
nét entirely preclude the poesibility that there are molecules of
a nature intermediate betieen amylose and amylopectin as the
adsorption method does not yield the theoretical amount of amylo-
pectin., There is a portion of the starch granule; apparently
strongly adsorbed on cotton cellulose, that is not removed by

either hot or cold water (Fig. XV).

III. Early Experiments on Nitration

A. Use of S8tarch Swollen with Pyridine

Pyridine’and pyridine-water solutions have been used as
swelling agents for starch in the quantitative preparation\of
such compounds as tritosyl—,-ditoayl—é-iodo- and trivenzylstarch
(195). |

Starch was>treated with pyridine by the writer to obtain a
swollen starch of maximum nitratability. Apparéntly hydrolysis
during nitration was more pronounced, thé yield of nitrated starch
being lower thén with untreated starcnh (Table I, p.IUI ). As its
stability was very low, as measured by the Abel test, the method

was abandoned,

B. ©Nitration of 8tarch in Formic Acid S8olution

The object was to obtain a solution of dissociated starch

molecules which would permit of intimate contact of nitric acid
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with- the hydroxyl groups in the starch aggregate. Formic acid
reacts upon starch under these conditions %o give a monoformate
and oxidation of this formate ester with periodic acid indicates
that the formyl group is located primarily, but not exclusively,
on the carbon atom in the 6-position (207). |
Nitration of this formic-acid-treated product gave a low
yield of nitrate (95%) having a low nitrogen content (Table I).
The nitrated product, presumably a mixed ester,was obtained
in such low yield and with such a low nitrogen content. that this

method of pretreatment of the starch was discontinued.

- 0. Renitration of étarch Nitrate

Stéréh nitrate of nitrogen content 12.6% was reﬁitrated in
acetone solution (Table I). The results were unsatisfactory, the
low yields indicating that considerable hyd®plysis had occurred
with no increase in nitrogen content. These results togefher

with the low stability led to the abandonment of the method.

D. Nitration of Starch Swollgn According to the Haworth Procedure

Haworth (39) prepared starch for acetylation by allowing it
to swell in boiling water for thirty minutes and then precipitating
the swollen product by addition of ethanol. In this way he obtains
a starch giving an almost quantitative yield of a tri-acetate.
In this investigation, corn starch was prepared for nitration by
a similar method with the results shown in Table I. Inasmuch as
the yield and atability were low, the method was not investigated

further.
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E. Conclusions Regarding Nitration

From the results of the experiments just outlined, it was
concluded that pre-treatment of the starch resulted in degradation
with no increase in stability or nitrogen content, and,therefore,
the method of nitration descrioved below (p.I29 ) was used in all

subsequent experiments and found to give satisfactory results

(6, 7 Table I).

IV. Results of Fractionation:

Characteristics of the Fractionated Products

A. Fractional Dissolution

1., Fractional Dissolution of Whole 8tarch Nitrate

(a) Introduction

Fractional dissolution in these experiments involved
extraction with cold ethanol and in Bome cases further treatment
with hot ethanol, acetone-ethanol, and ether (Fig. XVI, XVII).

With ethanol, the dissolved material amounted to 8-10% of the
crude nitrate and in the further extraqtions.with éther solvents
to 20-25%. The characteristics of the ethanol-soluble fiactions and
ethanol-insoluble fractions are given in 7ZTables IV, V, VI and
shown graphically in Fig. IV, VI, XVI, XVII .

(b) Nitrogen Content

The nitrogen content of the readily extractable fractions
was, in all cases, lower than that of the residual products (Tables

IV, V). It varied from about 6 to 9% in the various ethanol-
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soluble fractions.

(¢) Viscosities of Ethanol-Soluble Fractions

Viscosity determinations on the ethanol-soluble fractions
(Table IV) showed considerable variation in molecular complexity.

They had a lower relative viscosity (Table IV) which is not sur-
prising since shorter chains show greater solubility in ethanol

and in solvents generally.

(d) Stability Teats

In all cases, the ethanol-s8oluble portion of starch nitrate
was found to have a lower stability as judged by the_Abel test;
~while the residual products possessed greatly increased stabilities
a8 indicated by both the Abel and the Bergmann-Junk tests (Tables
V, VI). A residual product obtained by ethanol extraction (Fig.
XVII, No. 3) on examination by the latter test was found to evolve
2.97 mg. of nitrogen per gram sample. This value apparently
represented the maximum degree of stability attainable by ethanol
extraction, as the best #alue obtained with other products treated
similarly was 2.27 mg. of nitrogen per gram. Samples of unextracted
starch nitrate were very unstable under the conditions of this
test, The maximum instability allowed commercially in the case of
cellulose nitrate is that corresponding to an evolution of 1.25 mg.
of nitrogen per gram of sample.

Thus, in the case of whole starch nitrate, ethanolic extraction

2
with consequent removal of low-molecular weight material. reéults

in an appreciable increase in stability,
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THE INCREASE IN NITROGEN CONTENT OF THE RESIDUAL NITRATED

STARCHES ISOLATED BY REPEATED ETHANOL BEXTRACTION UNDER VARYING

CONDITIONS RUNS PARALLEL TO AN INCREASE IN TaEIR VISCOSITY AND

S8TABILITY,

(e) Results of Denitzation

The denitration curve (Fig. VI) of the ethanol-soluble
fraction from whole starch nitrate shows three well-defined rates
of denitration, each separatéd by a flat portion of the curve
where the rate is relatively constant. This change of rate was
observable also (Fig. IV, Curve I) with the most soluble (that is,
least precipitable and most unstable) fractions in all precipit~
ation procedures invéstigated.

The cause of these differences . in the rate of denitration’is
not known. Inasmuch as whole starch nitrate consists of various
miceilar sizes and different degrees éf molecular aggregation
resulting from chain branching, presumably. differences will exist
in the ease of accessibility of the various nitrate groups to the
denitration reagent. It is also possible that structural dissim-‘
ilarities in the two starch components, amylose and amylopectin,
may play an important role in this connection. The differences in
rates of denitration may also be associated with the relative ease
| of removal of nitrate groups from secondary and primary hydroxyl
positions respectively. In any case, these differences are found

only in the case of the unstable, more 8oluble fractions of nitrated
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starch having lower nitrogen content and viscosity,

Denitration of the ethanol-soluble fraction of starch nitrate

was stopped prior to completion (Fig. XVII) and the reaction
products ispolated as indicated in Fig, Xiv; and examined for
viscosity, nitrogen content, stability and‘iodine coloration (Fig.
XVII).

| The soluble starch (Fig. XVII, 6) isolated from the denitration
‘ liquors was a white‘amorphous powder, readily soluble in cold
water even after drying. ’It gave anpurple color with iodine in
water solution indicating its probable structure to be of the

amy lopectin rather than the'amylose type. Degradation during the
denitration process was ind;éatedfsince the viscosity of this

- 8oluble fraction was much lower than that of the original ethanol-
soluble nitrate, That thisffeco#ered etareh'(F;g. xvrx;ie) was
éomplétely denitrated was shown‘ih the total absence of nitrogen,

It is eignificant that this nitrogen-free soluble amylopectin-

like material constituted the greater part of the less stable

ethanol-soluble fraction of whole starch nitrate.

The residual partially-denitrated starch nitrate (Fig. XVII,
4, 5) was divided into aqueous-acetone soluble and insoluble
-fractions differing markedly both in nitrogen content and viscosity;
The insoluble fraction, in fact, is seen to possess a higher
reduced viscosity than the original ethanol-soluble material from
which it was derived; It was rendered water-soluble by treatment
with warm dilute alkali (2%) whereby complete denitration was

" effected. The neutralized starch solution gave a bright blue color
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with iodine indicating its amylose etruéture. This denitrated

’

product represented only a small part (8%) of the original,unstable

ethanol-soluble fraction of whole starch nitrate,

The nitrate (Fig. XVII, 4) from which the water-soluble denit-
rated product was derived, possessed a remarkable stability as

determined by the Abel test (40 min,).

THESE RESULTS INDICATE THAT THE INSTABILITY OF STARCH NITRATE

IS ASSQCIATED PRIMARILY WITH THE AMYLOPECTIN CONSTITUENT OF THE

STARCH MOLECULE.

(f) Explosive Properiies of the Residual "Ethanol-insgluble

Fraction of Whole Starch Nitrate (Fig. XVI, Table VI)

Tests* carried out included the Ignition test, the Maohiﬁe
Impact test and the Trauzl Lead Block test. In the Ignition test,
brown fumes appeared at a lower temperature (about 1705) than in
~ the case of cellulose nitrate (182°), Also, the actual ignition
temperature was about five degrees lower, The Machine Impact test
indicated a sensitivity some two to three times greater than that

of trinitrotoluene.

The Trauzl Lead Block test is a measure of the power of aﬁ
explosive. Briefly, it is based upon the volume of the cavity
formed when a given weight of explosive is fired in a bore-hole
made in a block of pure lead. With starch nitrate, the increase
in volume was 358 cc., as oombared with Trinitrotoluene 254 cc.,

* (Oarried out through the courtesy of Mr. M.C. Fletcher,
Dep't, of Mines and Resources, Ottawa.
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Nitroglycerine 540 cc., Tetranitromethylaniline 375 cc., Dynamite

300 oc., and Cellulose nitrate 290 cc. (208) .

2. Fractional Dissolution of Amylose and Amylopectin Nitrates

The amylose and amylopectin weie obtained by the fractionation
of starch (Fig. XV) and nitrated by the standard procedure (p.I29 ),
The amylopectin nitrate was 86% ethanol-soluble, whereas only 20%
of the amylose nitrate was soluble, (Table II), a result of marked
significance in view of the previous findings (p.IO6 ) that the
ethanol-soluble (unstable) fraction (Fig. XVII, Tables IV, V)

from whole starch nitrate was essentially amylopectin in type,

The ethanol-soluble and insoluble fractions obtained from
amy lopectin and amylose respectively, (Table II), were analyzed
for nitrogen content and stability (Table VII). The ethanol-
gsoluble portions contained slightly less'nitrogen than the in-
8oluble fractions, |

A high stability (Abel test) was found with both the soluble
and insoluble amylose nitrate fractions, those of the correéponding
agylopectin’nitratea being less stable. Prior to testing, all
.~ traces of ethanol were carefully removed by repeated boiling in -
distilled water, drying and extraction with petroleum ether,

The Bergmann-Junk test confirmed these Abel Heat test resﬁlts
in that the amylose nitratee had a higher stability than the amy-
lopectin nitrates, It is of interest that the treatment of crude
amylopectin and amylose nitrates with ethanol in the fractionation

process actually brought about an increase in the stability of both
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" the alcohol-soluble and alcohol-insoluble fractions.

B. Fractional Precipitation Methods

1. Fractional Precipitation of Whole Starch Nitrate

(a) Introduction

Fractional precipitation of starch nitréte was carried out
using an acetone-ethanol mixture as solvent and increasingly
larger amounts of water as the precipitant (p.I52 ). The procedure
yielded a number of fractions of varying nitrogen contents and
molecular weights (indicated by reduced viscosities (Tables III,
VIII)).
(b) Nitrogen Contents (Table VIII)

- The more readily precipitable fractions are seen to have

“the highervnitrqgen contents, while the_lést fraction to precipit-

ate (most soluble) was always of appreciably lower nitrogen content,

(c) Viscosity (Table VIII)

Fractions 1-6 are seen to have approximately similar mol-

-ecular sizes as judged by their reduced viscosity values. The less
readily precipitable products (&, 9) (the most soluble) have the
lowest viscosities and nitrogen content indicating a definite

correlation between these two properties,

.. (d) Stability of the Precipitated Fréctions
As indicated (Table IX) the most soluble (that is, least
precipitable) starch nitrate fraction obtained by any fractional
precipitation procedure, is the least stable. Furthermore. it.

seems to be a general rule. that the fractions of maximum stability
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- appear midway in the series, rather than initially,
It is probable that the bulk of the extraneous products
present in the crude nitrate and responsible for lowering the

stability is precipitated along with the first fraction,

(e) Denitration Studies

Denitration sgudies were made upon certain of the fractions
obtained by the fractional precipitation procedure (Tables III, IX).
" Smooth denitration curves were found (Fig. III) with all fractions
except the last to precipitate (most soluble) which exhibited
rate chénges (Fig. 1IV) similar to those observed with an ethanol-
soluble fractioﬁ (Fig. VI, XVII). The curves for the most stable
fraction (Table IX, 6) and the least stable (Table IX, 7) are
shown in Fig. III. The differences in the rates of denitration
are_quite-rema;iable; In Fig. IV the curves for the denitration
of a final fraction of maximum solubility and of an ethanoipSQIuble
'fraction are shown and it is evident they show a close parallelism,

In genéral, with,each?ghe precipitated fractions (Table IX)
a féir correlation was observed between stability and rate of
denitration, those fractions of low stability having a high rate

of denitration.

2, Fractional Precipitation of Amylose and Amylopectin Nitrates

(a) Nitrogen Qontent, Viscosity and 8tability

Fractional precipitation (Table III) of amylose and amy-
lopectin nitrates prepared from the isolated amylose and amylopectin

(Fig. XV) yielded in each case eight fractions varying in nitrogen
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.content and reduced viscosity (Table X). ¢The same relative general
trends are observable in the nitrogen contént and viscosities of
the various fractions found for tnhe similar fractions of whole
atardh; 1. The nitrogen content of the first six fractioﬁs shows
little variation, the last fraction (most soluble) is considerably
lower; 2. The viscosity of the initially precipitable fractions
is much higher,

It is important to note the consistently lower viscosity of
the amylopectin nitrate fractions as compared with the correspond-
ing amylose products, a result in conformity with the theory of a
branched-chain structure for amylopectin as compared with the
long chain linear type postudated for amylose. The results also
point to the effectiveness of the cotton-adsorption process used
by the writer for the separation of the two starch componente
(Fig. XV). |

Results obtained by the Abel and Bergmann-Junk tests (Table X)
show: 1.i Unfractionated amylose nitrate is more stable thanv
unfractionated amylopeotin, 2. Each fractionally precipitated
product from the former was more stable than the corresponding
- fraction from the latter, Also the same general stability trends
are evident here as found for whole starch nitrate (Table IX) in
that the final precipitates (most soluble) are least stable, while

ma ximum stability is found in the products isolated midway,

(b) Denitration Experiments

The greater rate of denitration of the fractions of amylo-

pectin nitrate compared with the corresponding fractions of amylose
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nitrate (Fig. VIII-XI) indicate the greater relative ease of
hydrolysis of the former, this presumably in turn being associated
with the relativé stabilities.

The reason for the marked'diffe:ence in behaviour of the two
nitrated starch componente i8 unknown, but presumably has its
origin in the marked difference in structure of a branched chain
polymer as compared with one of the linear type. 1In the former
there is a less complete chain association, so that the sctivation
energy required for reaction of nitrate groups is less than with
the linear type of polymer. .

Moreover, it is also probable. that secondary intramolecular
effects due to closer spatial proximity-of reactive groups in the
nitrated "repeating"‘units of the branched chain molecule are more

‘pronounced than in the corresponding linear type amylose structure.

(c) Action of Alkali on the Nitrates of Starch, Amylose

and Amylopectin

The effect exerted by alkali on starches has been defined
by Taylor (198) and Schoch (199) as "Alkali-Lability" and according
to the latter aufhor represents the amount of 0.1 N sodium hydro-
xide consumed by one gram of starch when heated in this solution
.for one hour at 100°. 8tarches which have not been subjected to
hydrolysis have a negligible. or low "alkali-lability" value (198&).
Schoch believes that this alkéli consumption results from the sole
interaction of the alkali with free terminal aldehyde groupe and
he has shown (199). that the a-1,4- and the p-1,4-glucosidic
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linkages in maltose and cellobiose respectively are stable to alkali,
The consumption of alkali on heating amylose and amylopectin

respectively for fifteen minutes was negligible in both cases,

while with the nitrated products it amounts to 3.81 and 2,81 milli-

equivalents of 0.3982 N sodium hydroxide respectively, indicating

considerable hydrolysis during the nitration procedure, Presumably,

this involved liberation of additional terminal free aldehyde

groups (199) to an equal extent in both cases since the basic chain

Structure of amyloée and amylopectin is the same (a-1,l4~-glucosidic

linkages). Thus the higher alkali consumptidn of amylose nitrate

is associated with a greater.stabiiity of this substance kTable

X, XII) as compared with the lower alkali lability of the less |

stable amylopectin nitrate. THE INSTABILITY OF THESE POLYSAQCHAR=

- IDE NITRATES CANNOT,THEE; BE ASSOCIATED WITH THE PRESENCE OF FREE

ALDEHYDE GROUPS, A CONCLUSION BORNE QUT BY THE FACT THAT THE MORE

STABLE _CELLULOSE NITRATE IS MORE READILY ATTACKED BY ALKALI THAN

EITHER AMYLOSE NITRATE OR AMYLOPECTIN NITRATE, (Table XII)

~Whole starch nitrate, when treated with sodium hydroxide (1.6%),
was decomposed to the extent of 60%, whereas cellulose nitrate was
tbtally destroyed under the sgme conditions, With one-half per
cent alkali, 20% of starch nitrate was decomposed. The result of
this alkali treatment, apparently,is the removal of material of low

molecular weight and nitrogen content, since the residual product
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had suffered no denitration (Table XI). However, the stability
of the starch nitrate (Table XI) was not increased to the same
extent a8 that effected by ethanol extraction.

When the individual fractions of amylose and amylopectin
nitrate (Table III) were treated with alkali (Table XII) they
consumed varying amounts of sodium hydroxide, the amounts increas-
ing fairly uniformly from the first to the last fraction (lowest
nitrogen content and viscosity), a behaviour especially noticeable
in the case of amylopectin. The amylose fractions consumed more
alkali than the corresponding amylopectin fractioms.

No satisfactory explanafion of these results can be given,
but they emphasize further}the heterogeneity of the components of
starch and its nitrates, The fact that greater alkali consumption
is found with the lowfmoiecglar weight material supports the belief
»that_alkali reacts oniy with terminal groups. A structural simi-
larity of amylose and cellulose is indicated since nitrates of
both consumé-more~alkali than the supposedly branched amylopectin

ffaétion.

V. Use of Ethanol a8 a Stabilizing Agent

for S8tarch Nitrates

Fractional dissolution (Fig. XVI, XVII; Tables II, IV) of
starch nitrate using ethanol was shown to yield products of greater
stability and possessing good explosive characteristics (Table VI).

The ethanol presumably functions in a dual capacity: 1. As an
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extraction reagent for certain unstable portions of starch nitrate
and 2. a® a stabilizer. However, treatment with ethanol apparently
does not stabilize all fractions (Table V) as thoee portions of
starch nitrate extractable by cold ethanol remain unstable.
Fractional dissolution wita ethanol increases the stability

of both amylose and amylopectin nitrates as discussed previously

(p. I08 )(Table VII).

VI. A Study of Maltose and Cellobiose Qctanitrates

A. Purpose of Study

The nitrates of malfdse and cellobiose were prepared and
studied for the purpose of comparing the properties, particularly -
stabilities,of the fundamental building units of starch and cellm-
lbseF respectively. cellobiose'ogtanitraté-has not been character-
ized prewiously. | o | |

The two major chemical differences between starch and cellulose
are (a) the type of élycoéidic'linkage (a~ and g~ respectively)
and (b) the presence of branched chains in the former. It seemed
that any differencesAdue to glycosidic linkageé (o= or p-) might
be made apparent from a sthdy of these disaccharides, and that
these would provide a possible explanation of the relative in-

stability of starch nitrate.

B. Preparation and Purification

The nitrates of maltose and.cellobiose were prepared as white

amorphous solide in high yield by the usual nitration method (p.I29).
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Like the oorreSponding polysaccharides they wereAinsbluble in
water and were precipitated from their solution in concentrated
nitric acid by the addition of concentrated sulfuricvacid.

The fact that cellobiose nitrate was obtained in higher yields

(191%) than maltose octanitrate (183%) indicated that during nit-
ration hydrolysis took place to a somewhat greater exteant in the
case of the lattér, a result to be expected in view of the
presence of the a-linkage in maltgse (209).

The products were purified by an’initial treatment with
chércoal and anhydrous sodium sulfate in methanol solution, The
maltose derivative was then recrystallized from diethyl ether
and the cellobiose derivative from ethanol. The crude nitratés
were much more soluble in methanol,ethanol, diethyl éther etc.,
than when more highly purified; this being especially true of
cellobioée octanitrate. Both substances showed a maiked tendéncy
to separate from solution in the amorphoﬁs state, but crystalliz-
ation'could be induced by very slow concentration of these solutions
at room temperature. The crystalline structure of both compounds
appeared to be the same, namely needles arranged in the form of
tiny rosettes. |

The melting poinf of the crude products was very indefinite
- {70-90°) due to the presence of glucose pentanitrate (m.p. 109),

The purified maltose octanitrate melted at 163-164° and the cello-

biose octanitrate at 154-1550°,
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C. Properties of the Nitrates

Their analyses (Table XIV) corresponded to the pure octanitrates,

The Abel test indicated that the cellobiose nitrate was the
more stable while neither compound was of sufficient stability
to withstand the Bergmann-Junk test for the usual period (2 hours),

Denitration experiments (Fig. XII) indicated that the initial
rate of decomposition of maltose nitrate was g;eater than that for
cellobiose,

On alkali treatment (p.1g4 )(Table XIV) cellobiose octanitrate
consumed more alkali than did the maltose compound; 7.97 and 13,82
milliequivalents of sodium hydroxide (0.0567 N) respectively. This
result is to be compared with previous experiments (Table XI) where
cellulose nitrate consumed more alkali than starch nitrate,

ON THE BASIS OF THESE RESULTS IT WAS CONCLUDED THAT CELLOBIOSE

OCTANITRATE POSSESSES SLIGHTLY GREATER STABILITY THAN MALTOSE

OCTANITRATE AND THAT,;E THIS DIFFERENCE IS8 CUMULATIVE, THEN

CELLULOSE NITRATE SHOULD BE INHERENTLY MORE STABLE THAN STARCH

NITRATE.
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Experimental iethods and nesults

I. The Nitration Technique lmployed

A. Preparation of Nitric Acia

Colorless nitric acid (98.6%) was prepared as required by
distillation (00-70°, 20-30 mm.) from a 1l:1 mixture of nitric
(1.42 sp. gr., or commercial fuming nitric) and conceantrated sul-

phuric acids (1.84 sp. gr.) in an all-ground-glass set-up.

B. Preparation of the Sample

An adequate supply of the best Guality corn starch was
generously provided by tne Canada Starch Co. of Hontreal and
thie was used througnout tnese experiments,

The starch to be nitrated was ground in a mortar, dried for
three hours in a current of warm air st a temperature of 10¢°
and stored in a vacuum desiccator., Starch dried in this manner
contained 5-&% moisture.

C. Nitration Procedure

Nitrations were carried out according to tie Will ana Lenz
method (156) which involves the use of concentrated nitric acid
as the nitrating agent and concentrated sulfuric acid as the
precipitant. A typical example of tne procedure is as follows:
Concentrated nitric acid (sp. gr. 1.5, 1200 cc.) in a three litre,
three-necked flask, fitted witn a stirring motor, was placed in
a brine bath at a temperature of -7°C. Corn starch (120 g.},
suspended in chloroform or otner inert liquid, was added to tne

nitric acid solution from a separatory funnel over a period of



forty-five minutes during which time the mixture was stirred vigor-
ously, and the temperature maintained at -7°., Nitration was
completed by continuing the stirring in nitric acid for a period of
8ix hours at the same temperature and tnen adaing concentrated
sulfuric acid (600 cc.) over a period of one and one-half hours.
The nitrated starch was isolated by pouring tne nitration mixture
on to vigorousliy-stirred finely-cnopped ice and tne product
separated by filtration, It was wasned on tne filter with large
quantities of cold distilled water until tne filtrate was no
longer acid to litmus, The white, finely-granular product was
placed in five litres of distilled water in a tnree-neckea flask
fitted with a reflux condenser, and boiled for at least one
hundred fifty hours using two changes of water, one after fifty
and the second after one hundred hours,respectively. At the end
of this period the product was filtered and an aliquot portion
cautiously dried and weighed. (Yield, 204 g. or 170%*)(iab1e I
0.141)

This nitration technique was modified slightly in the case
of isolated amylose and amylopectin respectively by decreasing
the length of time of the reaction from six to two hours, all
otner conditions being the same. In all other cases, the above
procedure was strictly followed.

* % yields are based upon the theoretical value for starch
nitrate (182.7 g. trom 100 g. starch)



II. Analytical liethods Euployed for the

Characterization of the Nitration Products

A. Determination of Nitrogen Content

Determinations of nitrogen content were made by two methods
(a) The Bowman-Scott method (193, using certain modifications
and (b) the Dupont nitrometer metnod (194).

The Bowman-Scott method was carried out as follows:

l. ©Preparation of Reagents

Standard nitric acid was prepared of such strength that one
cc. of the solution contained approximately tne same quantity of
nitrogen as a sample of starch nitrate weigning 0.05 g, and
containing 12,5-13.0% nitrogen. Standard ferrous sultfate (FeSUy.
7H,0) solution was prepared of such strength tnat about 5.0 cc.
of the solution was equivalent to one cc., of tie above standard
nitric acid solution when used according to the conditions of
the Bowman-Scott method, The nitric acid and ferrous sulfate
solutions usually employed were O0.45 N and 0.25 M respectively,
The strength of the ferrous sulfate solution was determined in
terms of grams of nitrogen per cc.,before each set of analyses,
by titration against a standard nitric acid solution in the
following manner: A one cc, sample of standard nitric acid
was added slowly and with coolingto2h cc. concentrated sulfuric
acid. The samples were then placed in an ice-bath and, in turn,
titrated to a permanent end point (colorless to pinkish-brown)

with standard ferrous sulfate solution. The eguivalence of one



cc. of ferrous sulfate solution in grams of nitrogen is given

by the expression.

1 x Hormality HxOz % 1y
1000 cc's  FeSDy used

2. Determination of nitrogen in Starch iitrates (Bowman-Scott metnod)

The samples were dried at o3° for a period of three hours in
an Abderhalden. Duplicate samples of about 0.05 g. were weighed
out and dissolved in 25 cc. of concentrated sulfuric acid at room
temperature. The samples were then titrated as described above
in the standardization of the ferrous sulfate (p. 131l ),

Determinations of nitrogen with the Dupont Nitrometer were

carried out according to the usual procedure (194).

B. Determination of Viscosities

1. Solvents employed

Pure acetone was generally employed as a solvent for all
starch nitrates. The solvent was prepared in a dry and dust-free
state by distilling from potassium permanganate, drying over solid
potassium carbonate and redistilling in an all-ground glass
apparatus., Ethylene-glycol monoetayl e¢tner was employed as solvent
for certain starch nitrates. This solvent was purified by distill-
ation of tne stock material at atmospheric pressure in an all-glass
apparatus,

Hydrazine hydrate was used as a solvent to determine the
relative viscosities of starch, amylose and amylopectin. This was

purified by distillation of tne stock solution at atmospheric

pressure,
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2. Method employed

The relative viscosities were determined by the capillary
flow method using an Ostwald Viscometer 1in & taermostatically-

controlled constant temperature patn (temperature control of

I 0.05°0).

Relative viscosities tns) were calculated from the expression

time of flow for solution , density (solution)
time of flow for solvent density (solvent)

Viscosities of starch nitrate solutions are expressed as Specific
Viscosities b\Sp) and as Reduced Viscosities C\;educed =1\Sp/conc.)
where’\Sp =7\r-l and*\reduced =7\sp/conc.,with the concentration
(conc.) expressed as "basic mols per litre". (A "basic molecular

weight" in the case of starch nitrate is 290 g.).

C. Determination of Stabilities

The stabilities of the starch nitrate samples were determined
by two methods, namely the abel Heat test and the Bergmann-Junk
test (162).

1, The Abel Heat Test

The Abel Heat test was modified in some details for tine
purposes of this investigation, but tne essential features were
not changed., The moet important modification was in tne type of
batn employed to maintain the samples at tne required tempersture
of 76.7°C (170°F). The standard Abel Heat bath usually employed
is not thnermostatically-controlled and is difficult to maintain
at the required temperature. The bath used (Fig.allla i-4/con-

sisted of a metal container about twelve inches deep and ten
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inches in diameter with a tightly-fitting, removable 1lid. The
outside surface of this vessel was surrounded by several layers
of asbestos, Through separate orifices in the 1lid there were
fitted a strong mechanical stirrer, a thermo-regulator and a

knife-edge heater, These fixtures were held in place by tightly-

Fig. XIII

@ STIRRER
\ THERMOMETER

( —1 ABEL TEST-TuBE
THERMo- REGULATOR u KNIFE- €EDGE HEATER
~ ;
\ e

Heating Bath for Abel Test
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fitting rubover stoppers so that the vessel, when sealed, was steam-
tignt. In addition,the 1id was provided with six openings eaca
fitted with a one-holed rubber stopper of such size as to accom-
modate the standard Abel test tube. The water in the batn was
raised to a temperature of about 75°C by means of a Bunsen burner
and then increased to the required 76.7°C by means of the knife-
edge heater, and maintained at this value by means of tne thermo-
regulator which was of the usual type (filled with mercury and
carbon tetracihloride).

Tests were carried out in duplicate using 0.5 g. samples.
These were first dried at 63° in an Abderhalden for one hour,
then allowed to stand in an open dish at room temperature at a
relative humidity of 55-65%. This insured a moistu{e content of
about 1%. The starch-iodide test papers were standardized by
testing a known sample of cellulose nitrate. The starch-iodide
test paper was held in position in the Avel test-tube by means of
a hooked glass rod inserted tarougn a rubber stopper. After use,
these glass hooks and rubber stoppers were boiled for a few
minutes in a dilute solution of Sodium hydroxide (0.5%) and taen
in distilled water. They were tnen dried at 50° on a piece of
clean filter paper. The remainder of the procedure was that

officially specified for the 4Abel test (l62).

2. The Bergmann-Junk Test

The nitrated starches were tested for stability by means of
the Bergmann-Junk test using 0.5 g. samples instead of the 2,0 g,

samples prescribed in the official test. Cellulose nitrate samples
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(0.5 g.) were used as a standard. These Bergmann-Junk tests were
carried out by the Department of Mines and Resources, Explosives

Division, Ottawa, Canada, under the direction of ur., i.C. Fletcner.

D. The C.I.L. Explosion Test

The C.I.L. explosion test is designed to measure the tem-
perature at which a substance explodes under tne influence of heat,
and is therefore a measure of the neat-stavility of the suostance.
To carry out the test an oil-~batn fitted witn a mecnanical stirrer
was used. The bath was heated by mean8 of a gas burner so tnat,
from a temperature of 100°,the temperature increased at a uniform
rate of about 2° per minute. A loosely-fitting cover was provided
witn openings tanrough which a four-inch Pyrex test tube was fitted,
the lower portion of the test-tupe being immersed in tine oil-bath
to a depth of one inch.

The procedure was as follows: Duplicate samples of 0.03 g.
were weighed out and transferred to four-inch pPyrex test tubes.
These were closed with loosely-fitting corks and transferred to
tne oil-bath. The temperature at wanich brown fumes appeared was
noted and also that at which the corks were blown from the test-

tubes. Duplicate samples should agree witain 2o,

E. liscellaneous Tests

In addition to tne tests enunerated above, the following

tests,used to characterize explosives, were kindly carried out

)
on certain starch nitrates for tne writer by tne Department of
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Mines and Resources, Explosives LDivision, Ottawa, Canada
1. 1Ignition temperature test
2. Macihine Impact test

3. Trauzl Lead Block test

III. Nitration Experiments Involving

various Pretreatments of the Starch

In the early part of this investigation,various miscellaneous
experiments were carried out on tae nitration of starches which
had previously been subjected to the action of various chemical
reagents,wnich pretreatment, it was hoped, mignt increase tne
ease o nitration. These experiments are described in the

following section.

A, 8tarch Swollen with Pyridine

Corn starch (30 g.) was added to one litre of cold distilled
water with stirring,the mixture heated to tne boiling-point, and
maintained tnere for thirty minutes. Pyriaine (300 cc.) was added
and tne mixture distilled, until most of tne pyridine-water azeo-
trope had been removed. The starch was precipitated from tne
paste by means of ethanol, and recovered by centrifuging. The
precinpitated starch was washed with ethanol and ether and dried
in a vacuum desiccator.

The pyridine-treated corn starch was now nitrated according
to the method previously described (p. 129). The product was

stabilized as usual by boiling with distilled water and examined
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for nitrogen content and stability. The results are given in

Table I,(p. 141 )%,

B. Nitration of Starch in Formic Acid

Dried corn starch (10 g.) was dissolved in 95% formic acid
(180 cc.). The starch was added in small amounts to minimize
formation of lumps. The solution was very viscoue at first, out
pecame less 80 on standing for about one-half nour. Tae starch-
formic acid solution was nitrated by the usual procedure (p.129 ).
The nitrated product, on precipitation into ice-water,was a white
flocculent powder, It differed from other nitrated starches in
that it formed a gummy mass when placed in not water., This gum
reverted to its original flocculent powdery form, however, when
it was again placed in cold water. Accordingly, the product was

washed with cold distilled water and dried at 55° (Table 1 , p.l4l),

C. Nitration with Mixed Acids

The same procedure was followed when mixed acids, instead of
nitric acid alone, were used for nitration. The nitrating wixture
analyzed as follows: nitric acid, 7b6.2%; sulfuric acid, 22.4%;

water, l.4%, (Table I, p.l4l ),

D. Effect of Renitration

The sample chosen for renitration contained 12.55% nitrogen

and had been prepared by the mixed acid metuod. The nitrate (% g.)

* All products described in tais section were examined for
their nitrogen content and stability.
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was dissolved in acetone (50 cc.) and added to conc. nitric acid
(sp. gr. 1.5, 35 cc.) with vigorous stirring, the temperature
being maintained at -7° by means of a brine bath. Nitration in
nitric acid alone was allowed to proceed for one hour. Sulfuric
acid (96.5%, 35 cc.) was then added slowly to the mixture with
vigorous stirring. The precipitated product was poured on to
finely-chopped ice, filtered, and washed with hot distilled water
until free of excess nitrating acids, and finally subjected to

two stabilizing water boils, each of fifty hours’duration. (Table

I p. 141).

E. ©Nitration of Starch Swollen According to the Haworth Method

Starch was prepared for nitration, according to the method
of Haworth (33). Corn starch (30 g.) was adaed to cold distilled
water (500 cc.) with stirring and tne mixture heated to the
boiling-point and maintained tnere for thirty minutes with con-
tinued stirring. The starch was precipitated from its paste by
the addition of ethanol (250 cc.) to the cold solution. The
ethanolic solution was decanted, as far as possible, and the
remainder separated by centrifuging. The precipitated starch was
washed with ethanol and ether and dried in a vacuum desiccator,

This swollen product was nitrated witn nitric acid according
to the procedure previously described (p. L¢3 ), the time of
nitration being reduced in this case to one and one half hours.
It was noted that’in this case, the starch dissolved in the nitric

acid, whereas this did not occur in previous experiments with un-
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treated starca (Table I, p.1k4l1).

F. Nitration of Amylose and of Amylopectin

Purified amylose and amylopectin prepared from corn starch
by the adsorption method (p. lyo) were nitrated respectively in
the manner previously described for whole starch (p. 129 ) except
that the nitration period was reduced to two aours, Both starch
fractions were added to tae nitration mixture in the dry state

and each dissolved almost immediately (Table I, p. i4l ).

IV. The Denitration of Nitrated Starches

In order to characterize further the various starch nitrates,
their fractionated products, and the nitrates of tae isolated

amylose and amylopectin, the following procedure was developed.

A. Development of the Denitration Technigque

l, Reagent Employed

The reagent adopted was a solution of ammonium hydrosulfide
(about 4.5%) containing a small amount of etnanol. Alkali hydro-
sulfides proved to be unsatisfactory. The reagent was prepared
in the following manner: Ammonium hydroxide (5N, 450 cc.) was
saturated at goC, with washed hydrogen sulfide gas, The cold
saturated solution was filtered and to tine saturated filtrate
50 cc. absolute ethanol added and tne mixture dailuted to 2500 cc.
with water. This reagent was stored in rubber-stoppered flasks

in a refrigerator until used. Its strength, in terms of cc, of

iodine, was determined before each denitration.



TABLE I.

Nitration Experiments

Treatment Yield (%) Characteristics of Nitrated Product
received by starch on nitration pPanysical %N  Stability(Abel) Stability(B&Jj
l, Starch swollen with faint yellow
pyridine 153 - product, 11.1% 0.5 min. decomposed,
burns poorly, 2-3% min,
large residue
2. Nitration of starch in faint yellow
formic acid 95 powder, b.g 15 min, 4.1y

burns poorly
large residue

3. Mixed acid nitration 125 faint yellow 12,6 2 min, 10.51
product
4. Renitration of a nitrate white product 12.0
obtained by mixed acid 79 {(vefore; 15 min. 3.81
nitration of starch at -7° 12,4 (after)

5. Starch swollen by
Haworth method 154 white product 12.67 10 min. £.97

(33min. in bath)

6. Starch fractionated into wnite products:
(a) amylose 167 fine powder 13,15 11 min, 11,17
(b) amylopectin 165 finely granular 13,3 6 min. 15.20
{. Crude dried corn starch 170 fine, white
granular product 13,96 30 min,

(EtOH-treated) ----

* Bergmann-Junk: wg. of N, evolved per 1.08.sample of nitrate

"ThT
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2., Procedure

| All denitrations were carried out at a constant temperature
(35°) in the usual type of thermostatically-controlled water bath.
One half gram samples were added to 50 cc. of tue above denitration
solution, and the mixture placed in a three-necked flask fitted
with a motor-driven mercury-seal stirrer. The flask was kept
tightly sealed except when the samples for titration were being
withdrawn (every fifteen minutes). Stirring was stopped in each
case one minute before removal of the sample to allow the starch
nitrate to settle. These one cc. samples were withdrawn by‘means
of a graduated one cc, pipette, a piece of filter paper being
fastened over the end of the pipette by means of a cotton thread

to prevent the removal of any starch nitrate, By following this
sampling procedure no difficulty was experienced in obtaining
reproducible results serving to show the course of tne denitration
process, The one cc. portions were run into 200 cc. cold distilled
water and immediately titrated with standard iodine solution,
Denitration curves were cobtained by plotting cc. of standard iodine

solution as ordinates against time in minutes,

B. Denitration Experiments and Reproducibiiity of the (Curves

1, The Denitration Blank

A denitration blank was run on the reagent in order to determ-
ine any changes taking place at 35° during the usual period pre-

scribed for the denitration experiments. The curve for this blank

run is shown in Fig. I



143,

2. Action of the Denitrating Agent on Corn Starch

The action of tne denitrating agent on unmodified corn starch
wag determined under the conditions of denitration described above.
It was found that over a period of eignt hours the consumption of

the reagent by the starch was negligible,.

%. Qomparison of Starch and Cellulose

Nitrates of starch and cellulose were denitrated under
similar conditions., It was found that the rate for starch was

greater tnan that for cellulose. The two curves are s8hown in

Fig. I1

4, Reproducibility of the Denitration Curves

When the conditions specified above (p. i42) for denitration
were followed, an excellent reproducibility was obtainable as
shown for a precipitated fraction of starch nitrate in Fig. VUV .
Denitration curves for various other fractions of starch nitrate

are given in the appropriate sectiouns.

C. Recovery of the Products of Denitration

In order to s8tudy completely the results of denitration of
the starch fractions, it was necessary to separaté and to purify
the denitrated products. The following procedure was developed,
the results indicating that it was satisfactory (Fig. XIV).

The denitration mixture was removed from the bath and placed

in a brine bath (-7°C°) for a few minutes. This caused the un-



1hd,

dissolved material to settlie out and also inhibited further
denitration. The cold supernatant ligquor was removed, and the
residue separated from the remaining denitration liquor by centri-
fuging while still cold. The undissolved material was thus re-
covered practically free from sulfur. The supernatant liquor
recovered after centrifuging was combined with the main portion

of the denitration liguor.

Colloidal and difficultly-filterable sulfur were removed by
neutralization of the denitration liquor with acetic acid, and
warming with charcoal for a few minutes. The filtrate was dialyzed
in a Cellophane sack at a temperature of 40°. Dialysis for about
ten hours was sufficient to remove inorganic ions. The dialysate
was filtered and concentrated in vacuo to a small volume, from
which the soluble starch precipitated on the addition of two
volumes of ethanol. It was purified by two re-precipitations
from water solution by means of ethanol.

The undissolved residue (4,Fig.XIV) was freed from admixed

sulphur by dissolving in acetone or an acetone-water mixture,.
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Fig. X1V .

Flow Sheet: Recovery of the Denitration Products

Denitration Mixture

Place in brine bath

Centrifuge while cold

Undissolved Residue (4) Denitration Liguor (B)
| |
Dissolve in acetone Neutralize-acetic acid,
I
or acetone-water warm with charcoal,
| I
[ | filter
Insoluble Solution of :
residue nitrate
(discard)
I
Filtrate Precipitate
! (discard)

Dialyze in
cellophfne sack

fiﬁter

Filtrate Precipitate

Evavporate to
small volume,

Ppt. starch with

ethanol
centr%fuge
' l
Precipitated Starch gentrifugate
Purgfy by (discard)

ethanolic precipitation

from water



V. Separation of Amylose and Amylopectin from Corn Starch

by the Adsorption of Amylose on Cotton Cellulose

To study the component parts of starch, a fractionation of
a sample of corn starch was carried out by the method which consists
in adsorbing the amylose on purified cotton cellulose, (189) (140)
leaving thne amylopectin in solution.

The fractionation was carried out in the following manner:
(Fig. XV ) Corn starch (10G g.) was added to five litres of
distilled water and taoe mixture boiled for two hours to insure
complete rupture of tne granules. Five pounds of pure absorbent
cotton were introduced into the cotton solution aand allowed to
stand for one and one-half hours at room temperature. The paste-
soaked cotton was thnen placed in a large earthenware filter and
the liquid remaining from the five litres of starch solution
removed by suction filtration. The filtrate (Liquid A) was re-
served for future work. The cotton was washed with five, four-
litre portions of cold distilled water, and the wasn waters added
to the original filtrate., The cotton was washed wita further
portions of cold distilled water until the filtrate gave no color
with iodine, indicating absence of amylopectin., The cotton was
then subjected to live steam while still on tne filter, and
suction applied, The hot moist cotton winile still hot was treated
repeatedly witn boiling water,using a total of about 15 litres, in

order to remove the adsorbed amylose. The filtrate (Liquid B)
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gave a brignt blue color witn iodine, The absorbent cotton can

be used repeatedly.

Treatment of Liguid "B" (amylose fraction)

As amylose retrogrades easily, care must be taken to con-
centrate tne amylose solution as rapidly as poSsible. It was,
therefore, concentrated to about 700-800 cc. at a bath temperature
not exceeding 55°, and the amylose precipitated quantitatively by
the addition of an equal volume of etnanol. The product was separ-
ated by centrifuging as a fine, white precipitate and was readily
dehydrated by the use of 80% etnanol followed by a further centri-
fuging and by grinding under absolute etnanol. The final product,
a white powder, was stored in ethanol to prevent drying and
consequent retrogradation. Yield of dry product (calculated by
drying &n aliguot portion) was 21,5 g. or 21.5% of the starch

granule,

Treatment of tne Amylopectin fraction (4)

Liquid "A" was freed from amylose oy soaking wads of cotton
in the solution until such time as a cotton wad after wringing out
and washing thoroughly with cold water gave no iodiue color on hot
water elution. The twenty litres of solution were then concentrated
at 50-55° (20-25 mm.) to 500 cc. The addition of an equal volume
of ethanol caused precipitation of a flocculent, sticky mass of
amy lopectin, The product was centrifuged and dehydrated with

ethanol, washed with ether and dried in a desiccator. vYield: 5%.2 g,
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Fractionation of Starch by the Adsorption Process

Corn Starch (100 g.)
|
Suspend in 5 1.|distilled water.

Boil, with stirring for 2 hours.
o
2% Starch Paste

|
Pour onto 5 lbs. pure absorbent cotton
|
Stand 1|1/2 hours

Filter offgfxcess liguid

I i
crude cotton-amylose adsorbate

Liquid A I

(Amylopectin + some amylose) wash with five, four litre portions

cold Yater
| . ! \
wasnings fairly pure cotton amylose adsorbate
combine witl . 7 |
ligquid WA™" wasn with cold water until no

combined washings iodine ¢olor is produced
and liguid "A™" _
| Pure Cotton-amylose adsorbate

soak cotton wads in

solution to remove pass steam into cotton
amylose
o wash with 15 litres of boiling water
Pure Amylopectin in h I
Aqueous solution Filtrate cotLon
| Licuid B purify for re-use

conc. to 500 cc. at Hhe
conc. to 720 cc. at Hye

(20-?5 mm . ) ’ (20~25 mm.)
add 1 vol. etnanol add 1 vol. etnanol
| centl;ifugeI | centrifuge
Solution Precipitate Soiﬁtion Preci%itate
(reggggg dehg%i:;§1With (recover Dehydratg with ethanol
EtOH) 8tore under EtQH

] ith i i I
wash wi etner Yield of Amylose - 21.5 g.

l
ary

pure amylopectin - H3.2 g.
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VI. Fractionation kethods applied to Starcn Nitrates

The following methods of fractionation were applied to starch
nitrate in order to obtain more homogeneous products8 characteriz-

able with a greater degree of exactitude,

A, Fractional Dissolution

1. Fractionation of Whole Starch Nitrate

Ethanol (95-98&%) was used as tne solvent in fractional dis-
solution studies. The nitrated starch was dried (at 55°) prior
to treatment with the ethanol,as the presence of more than 5%
water greatly reduces tine solubility of nitrated starch in ethanol,
Ethanolic extraction was carried out by suspending tae starch
nitrate (20 g.) in ethanol (250 cc.) and stirring tae mixture
vigorously at room temperature for three hours, the process being
twice repeated. In most cases,it was necessary to grind the
nitrate in etaanol in a mortar in order to remove lumps. The
undissolved residue was separated by filtration,

The etnanolic extract was concentrated to swall volume (50°,
20-25 mm.) until the dissolved nitrate precipitated, and tais was
completed by the addition of petroleum etner, The nitrate was
separated by filtration and petroleum ether removed by drying at
50°. The product was then boiled with water (2 litres) under
reflux for fifteen to twenty hours to insure removal of tane ethanol.
The insoluble residue was treated in a similar manner, About

8-10% of the total nitrate (Fig. XVII) was removed in this way,
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The extraction of starch nitrates with cold ethanol was
extended in certain cases to include furtner extractions as
recommended by Will (150), The procedure was as follows: Nitrated
starch (20 g.) was extracted by stirring at room temperature with
two portions of ethagol (250 cc.) (98%) for periods of taree
hours. The undissolved residue was removed by centrifuging and
then extracted for a period of eignt hours in a Soxhlet, using
ethanol as the solvent. The residue left after this treatment
was dissolved in acetone and an equal volume of etnanol (98%)
added to the mixture. When the acetone was removed under reduced
pressure, the nitrated starch precipitated from the remaining
ethanol, The solution and residue were separated by centrifugation.
The dried product remaining from the acetone-ethanol treatment was
then extracted for three hours with dietnyl ether in a $oxhlet.

The residue was placed in three litres of distilled water and
boiled at reflux temperature for twenty hours to remove traces of
solvent, A small aliquot portion was dried (55°) and the remainder
left in the wet condition until needed,

The various ethanolic extracts obtained by cold ethanol
extraction, hot ethanol extraction and by acetone-ethanol treét—
ment were each concentrated at 50° (20-25 mm,.) to small volume.
Fach precipitated nitrate was dissolved in & small quantity of
acetone and precipitated by the addition of water, The products
were washed by boiling with water at reflux temperature. The

results of such a fractionation are shown in the flow shee?

(Fig.XVI, p. 151),
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Fiz. XV1. Fractional Dissolution of Whole Starch Nitrate

Crude Nitrated Starch (20 g.)

Extract twice with
cold ethanol (250 cc.)

[
Residue

|
Extract in a

soxhlet for & hours
with ethanol

Filtiate

Concentrate, dissolve

in acetone and precipitate
product with water

Cold alcohol extract (1.72 g.)

Residue

Dissolve in 175 cc.

acetone, add 175 cc.

ethanol, evaporate
acetone

[
Filtrate

Concentrate, dissolve in

acetone and precipitate pro-
duct with water

Hot alcohol extract (U.48 g.)

r
Residue
|
Extract for
three hours with
ether in a

|
Filtrate

Concentrate, dissolve in
acetone and precipitate product

/// with water

hcetone-alcohol extract (1,15 g.)

l
Eto0 extract

soxhlet
-
Residue
|
Dry welight Concentrate, dissolve in
-15.48 g, acetone and precipitate product

with water

/

Ether-extract (0.5% g.)



2. Fractionation of Amylose and of Amylopectin Nitrates

Sixty grams of each nitrate were placed in a litre of ethanol
(98-99%) and stirred for a period of ten hours at room temperature,
and the residue separated by centrifuging and filtration. The
ethanolic extract in each case was evaporated to small volume
(30-35°, 20-25 mm.). In the case of the amylopectin extract, the
nitrate was precipitated by the addition of petroleum ether (30-50°)
and in the case of the amylose extract by tne addition of water.
The extracted nitrates were placed in two litres of distilled
water and the solution boiled under a reflux condenser for twelve
houre in order to replace the solvent. In similar manner, tae
residues left undissolved by ethanol were treated by boiling in

water for twelve hours to remove ethanol. Results are shown in

Table II, (p. 153).

B. Fractional Precioitation

This was effected by use of a 1l:1 mixture of acetone and
ethanol as solvent, water as precipitant and use of a temperature
gradient to insure more rapid and definite precipitation. The
same method was used for both starch nitrates and amylose and
amylopectin nitrates, Starch nitrate (20 g.) was dissolved in
acetone (170 cc.), an equal volume of ethanol (98;) added, and
the mixture filtered to remove impurities. Distilled water was
added from a burette to tne solution witnh vigorous mechanical

stirring until a slight turbidity developed, the solution being



TABLE II.

Fractional Dissolution of Amylose ana Amylopectin Nitrates

(1) Amylose Witrate

Product Weight (g.) % EtOH soluble

Amylose nitrate 60.0

Residue

EtOH-insoluble 46.0 12,3 x 100 = 20.5%
60

Extract

Et0H-soluble 12,3

(2) Amylopectin Nitrate

Amylopectin nitrate 00.0
Residue
EtOH-insoluble 6.9 52 x 100 = 86.7%

00

Extract

EtOH-soluble h2.0
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placed in a brine bata (-7°,. after fifteen to thirty minutes,

a precipitate settled out as a sticky mass. (This stickiness

was due to the fact that the nitrate molecules were solvated witn
acetone and ethanol.). The greater part of tne supernatant liguor
was poured off and tue precipitated fraction obtained by centri-~
fuging while cold as a clear,sticky mass.

The fraction was transferred to a shallow, tared crystalliz-
ing dish and concentrated at 40-50° to a thick consistency.
Petroleum ether (30-50), was added to precipitate the nitrate,
which was filtered, dried and subsequently extracted with petroleum
ether to remove acetone and ethanol.

A similar procedure was used for each fraction. The final
oproduct remaining in solution after addition of about three
volumes of distilled water ~was recovered by concentrating (40—500,
20-25 mm,,) the acetone-ethanol-water solution to small volume and
then proceeding as above., Table III gives tne results with crude

starch nitrate, amylose and amylopectin nitrates,
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TABLE III.

Fractional Precipitation of Crude Starch Nitrate

Amylose Nitrate and Amylopectin Nitrate

Starch Nitrate Amylose Nitrate Amylopectin Nitrate
Fraction wt. (g.) Fraction Wt.(2.) Fraction Wi.(g.)
crude product 20 crude product 60 crude product 60
1 %.95 1 L. .45 1 2.26
2 6.91 e 12.5 2 4,07
3 4.10 3 445 3 6.40
i 1,17 4 5.28 b4 9.48
5 1.62 5 9.25 5 12.55%
o 1.00 ) 6.05 o l.07
I 0.89 { 5403 { 9.99
Total i§f€£ 8 2.51 8 0.95
Recovery  98.1 ot use2 Total 47.35
Recovery 97.6% ~ Recovery 9. 7%

VII. Characteristics of Fractionated Products

A, Starch Nitrates obtained by Fractional Dissclution

The relationsnip of the nitrogen contents to the viscosities
of the various fractions of a starch nitrate obtained by fractional
dissolution with ethanol is shown in Table IV and the Abel stabil-

ities of a similar series of products obtained as shown in Fig. XVI

(n.151 ) are given in Table V,
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TABLE IV,

Characteristice of Products obtained from Wnole Starch Hitrate

by Fractional Dissolution

ell M & Abel
Fraction (see Fig II) Content Specific viscosity Stability
Exp. No. I

Cold ethanol extract 9.1 0.1910 -
Hot ethanol extract 5,81 0.5777 —
Acetone-ethanol fraction 10.55 0.8129 —
Residual product 13.43 55 min,

Ignition point - 183%°

Brown fumes - 1065°

Exp. No. @

Cold ethanol extract %.99 0.0357 . —
Acetone-ethanol extract 10.0% 0.40%80 —
Residual product 13.96 0.509 30 min,

Ignition point - 185°
Brown fumes - 173°

The unstable fraction of starch nitrate obtained by a cold
ethanol extraction (p. 149 ) amounted to about 10% of the total
product (Table V).

This ethanol-soluble, unstable product (5.7 g.) was denitrated

by the method previously described(Fig. Vi p. I22). The products
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of denitration including the soluble recovered starch and the
incompletely denitrated, undissolved residue were isolated by
_ the method described earlier (p. 143). The origin of these
various products is shown in Fig.XVIIoh which are inserted

nitrogen contents, Specific viscosities and Abel heat values,

TABLE V.

Stabilities of Products from Fractional Dissolution

of S8tarch Nifrate

Fraction Abel Btﬁbility (min.)
Unfractionated | -. 3
1, Cold ethanol extract ' 3
2. Hot ethanol extract 7
3. Acetone-ethanol extract ' | 25
4. Ether extract | 20
5. Residual product 4o

The “residual products" resulting from the ethanolic extract-
ion (Table IV) were examined for certain explosive characteristics
by the Explosives Division of the Department of Mines and Resources,

Ottawa, and the results are shown in Table VI.



Fig. XVI1

Ethanol-soluble Fraction from Starch Nitrate and Denitration Products

Crude Nitrated Starch (1)

N. cont. = 12.03%
Abel stability -~ 2 min,

Reduced viscosity - 677.5’
Extract 100 ,g. with cold ethanol

Ethanol Ext. (2)

Residue f EtOH ext!
es rom Et0H ext'n (3) (5.72 g.) . vagont. = 9.9%

N. cont = 12.45% - . -
| Abel stability - 3 min, A
Abel stability - 4O min. .
- - Reduced viscosity - 505,3 *
Reduced viscosity - 968.8
. Denitratelwith NH, H8 (4-5%) sol'n 35°
l |
Recovered Starch (1.5 g.) (6) Recovered starch nitrate
N. cont. = 0% Extract with ethanol,
* : ' acetone-water mixture
Reduced viscosity - 378.2
| [ i
Solu?legortign (5) Insoluble residue (U4)
0.087 g.
(0.40 g.)
N. cont. = 1,71
B . N. cont. = 2.22%
Reduced viscosity - 340.6 Reduced viscosity - 7678 *

* Reduced viscosity x 10°

Abel stability - 40 min.



Explosive Characteristics of EtOH-insoluble 8tarch Nitrate
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TABLE VI.

Ignition Machine Impact test LAbel
Moisture temperature | HammeT drop  Hammer drop Sensitivity N [test
I
Brown Cms % Times TNT | Nitro-
% |[tgnites|fumes INT = 100%| TNT = lOmeter min,
°Q °0 |
Residual Product
Exp. No. 1 (Table IV)
0.68 | 1830 167° 4y 27.5 3.64 |13.43| 55
with
flame
ﬁesidual Product
Exp. No. 2 (Table 1V)
0.55 |185° | 173° 58 36.2 2,76 [13.96( 30
with
flame
Trauzl lead block test (50% of each product)
Net expansion 358 cc.
Net expansion, TNT standard, 256 cc)

B, Fractional Dissolution of Amylose and Amylopectin Nitrates

In Table II above were s8hown the results of ethanol extraction

of amylose and amylopectin nitrates.

These products were character-

ized by nitrogen contents, Abel stabilities and stabilities as

measured by the Bergmann-Junk test (Table VII),
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TABLE VII.

Characteristicé of Amylose and Amylopectin Nitrates

of
Product Oruge product % N Abel heat value Bergmann-Junk*
_ : - Mg. No -
Crude amylose , :
nitrate 100 12,96 10 - 7.28
EtOH-insol. amylose
nitrate 79.5 13.28 Lo 2.62
EtQOH-s0l. amylose .
nitrate 20.5 11,62 55 1.90
Crude amylopectin
nitrate = 100 12.25 . L 15,20
EtOH-insol. amylo-
pectin nitrate 13.3 12.58 16 O 3.Th
EtOH-s0l. amylo- ‘
pectin nitrate 86.7 11.82 13 2,23

* Mg. of Ny evolved per - 1,0 g. sample of nitrate

C. Fractional precipitation of whole Starch Nitrate

Starch nitrate was fractionated by precipitation from
ethanol-acetone solution using water as ﬁhe preéipitant in the
manner previously described (p. 152). The following Table VIII
shows the nitrogen contents and reduced viscosities of the

prodﬁcts of a typical fractionation.
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TABLE VIII.

Nitrogen Contents and Viscosities of Fractionated

S8tarch Nitrate

Fraction % N ' Reduced viscosity

content Mep/c x 102
1 12,6 906.9
2 12.3 878.5
3 12.8 | 898.1
L 12,5 - #68.8
5 11.8 900.1
6 11.95 : - 8hk3
7 10.50 632.2
8 9.35 | 384 .2
9

5.83 o 195.0

Table IX shows the relative stabilities of a similar series
of precipitated products (previously described , Table III).
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TABLE IX.

Stability of Fractionally Precipitated Nitrates

Fraction Abel value
unfractionated 3.
1 5
2 5
3 5
4 15
5 6
6 16
7 3

Denitration curves are shown in Fig. III .

D. Fractional Precigitaﬁion of Amylose and Amxlopectinvﬂitrates

The method: used to fraotionate amy lose and amylopectin
nitrates by precipitation from acetone-ethanol solution has
already been described (p. 152) and the results given in Table III.
These products were examined for their nitrogen contents, viscosit-
ies and stabilities. Certain of them werevdenitrated by the method
described earlier (p. 142). Values for the former set of character-

istics are given in Table X. Denitration curves are shown in

Figs.VII-XI.
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TABLE X.

Characteristics of Fractions of Amylose and Amylopectin Nitrates

_Amylose Nitrate

("\ reduced=0) Abel Value Bergmann-*

Fraction % N Reduced Viscosity (min) Junk (Mg No)
Crude 12.78 63.1 3.5 11.17
1 12.45 163.6 14 _—
2 12.49 113.3 13 2.2y
3 12,61 5.3 19 1.46
4 12.76  60.9 28 —
5 13.28 51.2 20 2,03
6 11.31 65.5 21 | 1.22
7 9.60 k2.6 20 0.65
8 7.78 12,8 1 unstable

Amylopectin Nitrate

Orude 13.31 - 10,09 3.5 15.20
1 11.2 20.3 | 2 L —
2 13,18 13.1 7 2.53
3 129  9.89 g 2.60
L 13.6 11,75 8 2.94
5 13.31 9.45 15 2.36

6 13,02 7.90 9 —_—
7 12,59 - 6.99 T - 2.73
8 176 6.95 3 ~ unstable

* Mg. of Na evolved per 1.0 g. sample of nitrate
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VIII. The Action of Alkalli on the Nitrates of Starch

A. 'General_grocedure

Certain starch nitratés were examined for their stability
towards hot dilute alkali., This was measured as follows: A
suspension of starch nitrate (0.5’g,) in standard sodium hydro-
xide solution (25 cc.) was refluxed for fifteen minutes with
intermittent shaking of the flask, Cold distilled water (50 cc.)
was then added through the condenser and the sodution titrated
at 15° with standard nitrio acid using phenolphthalein as indicator,

Two concentrations of éodium hydroxide (0.3982 N and 0.1132 N)
were used in different experiments |

Larger amounts of crude starch nitrate than those above were
treated with sodium hydroxide solutions to determine the amount
of nitrate consumed, The residual product from the alkali treat-
ment was freed from alkali by boiling under reflux with distilled

water for periods of fifty hours.

B. Miscellaneous Experiments on the Alkali Treatment of Starch

Nitrates

1. Crude Starch Nitrate

Crudd starch nitrate (5 g.) was treated with alkali as des-
cribed above (p. 164 ). The residual starch nitrate was white in
color, while the alkaline extr}act was deep reddish brown, The
dried undigested residue weighed 2 g. Nitrogen content and
stability are given in Table XI. o
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Orude starch nitrate was also treated with 0.5% alkeli and
the stability of the resulting product determined (Table XI).

2. Cellulose Nitrate

For purposes of comparison cellulose nitrate (0.5 g.) was
treated with sodium hydroxide (0.3982 N) in the manner previously
applied (p.164 ) to starch nitrate. The effect: of 0,5% alkali

on cellulose nitrate was also investigated (Table XI).

TABLE XI.

,Treatment of S8tarch Nitrates with Alkali

Treatment ‘ Effect on
Starch Nitrate Cellulose Nitrate
5 g. refluxed for ©partial digestion, 0.5 g. sample, 25 cc.
30 min. with 1.6% . dissolving 60% alkali, complete digestion
NaOH -~ of nitrate to dark red solution

% N before -\;2583% cc: alkali consumed = 18,65
% N after - 13.32%

Abel value for residual
product - 25 min,

Bergmann~Junk* - 10.53 mg. No

Ash - 0,31%
as above with partial digestion practically comple
o ove w dissolving 20% of product dissolﬂtionp *
-5% NaoH ' with f
ormation of dark
Bergmann-Junk*- &.12 mg Ny red liquid

* Mg. of Ny evolved per 1.0 g. sample of nitrate.
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3.

Amylose, Amylopectin and their Derivatives

Amylose and amylopectin, their nitrates and various portions

of their nitrates were treated with sodium hydroxide solution

as desoribed above (p. NWSYM THNEMgL ts are shown in Table XII.

TABLE XII.

Alkali Treatment of Amylose, Amylopectin and_their Nitrates

Product Treatment Result
Amylose 250 mg. sample completely soluble in solution
refluxed in 25 cc. NaOH consumed —negligible
NaoH (0.3982 W) , g1ig
for 15 min.
| Amylopectin as above flocculent globules remaihed
undissolved
NaQOK consumed —negligible
Unfractionated 0.5 g... sample clear, amber-colored filtrate
amylose nitrate refluxed cc. alkali consumed - 9.55

in 25 cc. NaOH
(0.3982 N) for 1Gmin,

as for amylose

Unfractionated
amy lopectin nitrate
nitrate

Fractionated

amylose nitrate
product described
in Tables III, X.

250 mg. samples
refluxed with 25 cc
NaOH (0.1132 N)

for one hour

2 "
3 '

Fraction 1

N cont. before - 13,15%
N cont. after - 12.95%

clear, amber-colored filtrate
cc,t alkall consumed - 7.05
N cont. before - 13,259
N cont, after - 13,029

(No. of .

milli-equivalents of NaQH
consumed per g. of nitrate)

10.8

6.0k
15.15

(continued)
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TABLE XII. (cont.)

Product Treatment Result

250 mg. samples refluxed '
with 25 cc. NaOH (0.1132 N) “T7.72

4 for one hour
5 " 12.09
6 " 50.8
7 " | 71.5
& " 61.1
Fractionated -
amylopectin nitrate
(see Tables III,X.) )
Fractionl - i | e | 2.9k
| 2 " S 2.73
3 . 4,26
4 " 4, 54
5 " | b.77
'6 .o | 12.8
7 "o - 15.88
8 ’ | 81,1

Cellulose nitrate conditions as
. above 110,1
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1X. ‘The use of Alcohols as _@tabilizing Agents

for Starch Nitrates

(a) ~Ethanol
The use of ethanol as a stabilizer for starch nitrates wes

discussed in an earlier - 8ection (p.~114) with respect to previous

experiments (Tables IV, V, VII, IX).

(b) n-Butanol and Cyclohexanol

Starch nitrate was extracted with each of these alcohols by
the same procedure used with ethanol Extractions were ocarried
out at 50° for three hours. The residuea were treated with

petroleum ether to remove the solvent and examined for stability

by the Bergmann-Junk test (Table XIII)

TABLE XIII,
Effect of "Stabilizers® on Starch Nitrates
Stabilizer - : __Bergmann-Junk Téct*
EtOH : - : 2.97 mg. N,
n-Butanol 3.88 mg. Np
Cyclohexanol 4.1 mg. N,

. 'mg. of N, evolved by 1.0 g. sample of nitrate
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X. A Study of Maltose and Celloblose Nitrates

A. Preparation
The cellobiose used was prepared from cellobiose octaacetate

by hydrolysis with sodium methylate in absolute methanol (200).

Cellobiose (13 g.) was nitrated, according to the procedure

used for whole starch (p. 129), with nitric acid (95 cc. sp. g.1l.5)

and sulfuric acid (110 cc., 96.5%). The cellobiose dissolved
immediately in the nitric acid and the nitration was allowed to
proceed for one hour. .Gonéentrated éulfuric acid precipitated.
the nitrate as a gummy mass, which was g:ound in a mortar with
ice w&ter to yield a pulverulent,mﬁsa. The product waé filtered
and washed until aoidrfrée.

Maltose (Kahlbaum) was nitrated in a manner identical with
that used for cellobiose. | |

Both nitrates were white amorphous solids, insoluble in
water. The crude products were nhsfable, especially the maltose
preparation, which decomposed slowly -at 50-5h°,

The yields of crude products were: Maltose nitrate 183,24,
cellobiose nitrate 191.0% (theoretical, 205.3%).

B. Purification

1. Maltose Qctanitrate

A methanolic solution of crude maltose octanitrate was treat-
ed with charcoal at 40-50°, then dried with anhydrous sodium

sulfate. The removal of methanol under reduced pressure at room
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temperature caused the nitrate to separate in crystalline form
(needles in rosette formation) ( m.p. 95°). The crystals were
treated with diethyl ether to remove glucose pentanitrate, leav-
ing an insoluble residue of maltose octanitrate (m.p. 163-4° with
decomposition). The ether-soluble portion of the crude crystal-
line product was allowed to stand at room temperature, and, on
evaporation of the solvent, deposited a good yield of crystalline
maltose octanitrate (m.p. 163-4°). Reported value, 163-4o (156).

2, (Qellobiose Octanitrate

The crude product was treated Qith méthanol, charcoal and

' anhydrous sodium sulfate as was the maltoae»octaniﬁrate.- The
firet:crop of crude crystals had an indefinite melting point of
85-95°, .These crystals were recrystallized from ethanol and
gave a product melting at 149—50°. Recrystalliization from ether~
methanol solution (2:1) raised the melting point to (154%) which}

did not change on subsequent recryftallizations.

C. Properties of the Nitrates

The nitrates were examined for their nitrogen contents,
molecular weight,stability and their alkali lability with the

reeq}ts shown in Table XIV.

D. Denitration Studies

The nitrates of maltose and cellobiose were denitrated by the

usual procedure (p. L42 ) with the results shown in Fig. xI1.
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TABLE XIV.

Properties of Maltose and Cellobiose Qctanitrates

Property Maltose octanitrate Cellobiose octanitrate

Nitrogen content
% 15.87

15.91
(theoretical - 15.95) :
Molecular weight 699 - - o 698
' ' (calculated -~ 702) '
Abel test 18 | 32
(min.)
B?rgmann-Junk Both ‘products too unstable to stand
mgﬁegfg§ : _the test
Alkali - lability* - 7.97 . 13.82

* Milliequivalents of NaOH (.0567 N) consumed during
30 min, refluxing. | —
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Summary and Conclusions

1. Corn starch has been separated into its individual components,
amylose and amylopectin,by means of preferential adsorption on
cellulose. (Tanret — Pacsu method). Each of the three products
(whole starch and its two constituents:::non—branched and branched
chains respectively) have been nitrated by the use of concentrated
nitric acid (98.6%). The nitrates from amylose and amylobectin
possess markedly different properties, the former being much more
stable. The experimental results (viscosity, alkali consumption,
denitration) are in accordance withfthe theory of a branched chain

structure for amylopectin and the linear type for amylose.

2. The greater relative instability of amylopectin nitrafe ié

shown by the Bergmann-Junk test end is not due to the presence of
free aldehyde groups; tne alkali consﬁqption is much greater for
amy lose nitrates (and also for cellulose nitrate) than for amylo-

pectin nitrates.

3. Fractional precipitation methods have been applied to each of

the crude products and fractions isolated having a varying nitrogen
content, molecular complexity and stability, thus permitting of a
more detailed study of starch structure and of the fundamental
causes of the instability of the nitrated products. The results
proved the heterogeneous nature of the nitrates and showed that

the fractions of low-molecular weight and low nitrogen content,
particularly of the branched chain type%are characterized by

marked instability. /
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i, Fractional dieéolution of the same three crude nitrates by

use of ethanol resulted in the removal of certain fractions large-
ly responsible for the instability of the original products. The
ethanol-soluble material from whole starch nitrate is probably
largely amylopectin nitrate as judged by denitration studies,
solubility experiments and stability tests. 1In all caeés, the

non-branched chain starch constituents gave the most stable nitrates.

5. The ethanol-~-soluble fractions from whole starch nitrate are

not stabilized during their isolation by use of ethanol although
the residual fractions possess increased stability. Both the
soluble and insoluble fractions of amylose nitrate are stabilizable

by ethanol; those from amylopectin to a less marked degree.

6. The rate of denitration of whole starch nitrate of amylose
and of amylopéctin nitrates by ammonium hydrosulfide was investig-
ated. The method serves to differentiate nitrate fractions having

varying degrees of stability.

7. Pretreatment of whole starch by (a) swelling in pyridine (b)
dissolution in formic acid (c) swelling by water and (d) renitration
in acetone gave products which when nitrated were characterized
by much greater instability and lower yield than when whole; un-

treated starch was used.

8. Nitration employing nitric acid alone was found more useful
and édvantageous than that using mixed acids in that higher yields

of products with an over-all greater stability were obtained.
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9. (Qellobiose octanitrate is more stable than maltose octanitrate
as measured by the Abel test and both are less stable than cellulose
and starch nitrates. Neither of the octanitrates is sufficiently
stable to permit of the application of the Bergmann-junk test, If
the stability of the cellulose-nitrate building unit, namely,
cellobiose octanitrate,carries over into its polymeric form, it
would be expected-gnd it is: actually a well-known fact --\that
cellulose nitrate,_(characterized by 1,4—5 glucosidic linkages)
should be 1nheren£ly more stable than starch njtrate ( o-1,4-

glucosidic linkages).
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