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I. INTRODUCTION

Developments have taken plece in the field of starch
chemistry during the past decade that have resulted in & much
more rapid accumulation of facts on baslc starch structure
than was possible heretofore. Among thesse innovations, three
in‘particular are outstanding, and investigations contribut-
ing to thelr development will be reviewed in detail elsewhere.
However, they musat be mentioned here because of the fundamen-
tal nature of thelr relation to the present investigation.

First, In chronologlcal order, was the eveolution of the
idea that starch chains might, under certalin condltions,
assumeé & helical configuration. From it arose s new concep-
tlon of the nature of the starch~iodine complex. In 1t the
iodine molecules were arranged in a line coinelding with the
axis of a long cylinder formed by the convolutions of the
starch helix., The fact that starch may assume a hellieal ar-
~rangement under particular conditlons need not conflict with
evidence that has besen found for the existence of other con~ |
figurations in starch. In naturally occcurring starch gran-
ules and in retrograded preparations, the starch chains
apparently possess a linear formatlon.

The second development, almost colncident with the first,

was the establishment of & branched structure in starch.
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Starch was known to consist of glucose units linked together
in a straight line. Evidence was found that indicated the
probability of branches occurring at intervals, the linkage
involved being different than that which held the units
together in the chain proper.

The third, and newest, factor in the clarification of
atarch structure wes the fresh support given the two~-component
theory by efficlent methods éf fractionating starch. In
eassence the two-component theory states that most starches
are made up of two constlituents both of which are baslcally
starch substance in their composition of glucose units; but
one 1s entirely stralght chain molecules, the other highl&
branched molecules. The former has been called amylose, the
latter amylopectin. Recent ssparation procedurss leading to
two clear-cut fractions lend considerable strength to the
two-component hypothesis.

The establishment of branched chaln structure, a neces-~
gity to the’two-eampanent theory Iin 1ts present state, 1is also
of intersst from the viewpoint of the hellcal concept of
starch structure. It offers an explanation for tha differ-
ences observed 1n the -behavior toward lodine of the two starch
fraatieﬁa. It would be expected that the fraction composed
of long, stralght-chain amylose molecules would be more
efficlent in providing the helices fa? complex formatlon than
would the branched amylopectin fraction. When this probsa-

bility is combined with the actual fact that amylose does
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have & markedly greater affinity for lodine, the starch-
lodine complex assumes a position of importance in relation
toc the entire picture of starch structure.

The present Investigation 1s essentislly a study of the
starch~iodline complex. It 1s limited in scope to the forma-
tion of the complex in aqueous solution. The emphasis 1s
placed on the behavior toward lodine of the fractions, rather
than of whole starch. The methods used depend chiefly upon
measurements of 1edin& activity during the process of complex
formation. The 1odine activity measurements were made by
means of a potentlometric method inveolving the use of an
lodine electrode. Under proper conditlions the logarithm of
the lodine activity 18 a linesar functlon of the electrode
potentlal. This method provides a means of esatimating gquan~
titatively the amount of lodine in the complex at any stage
of its formation, ss8 well as the tenacity with which it is
held.

The purpose of the Investigation ls, in the broadest
sense, two-fold. The first, and probably the most baslc,
objective 1s the acoumulation of knowledge concerning the
iodine complex: to compile data on the factors that promote,
contribute to, or inhibit complex formation. The second pur-~
pose of the 1nvestigatiaﬁ is the one that wss uppermost in
mind when the work was originally planned. It was hoped
then to establish an analytical procedure whereby the affin-
ity for lodine of the two starch fractions might be determined
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guantitatively. Furthermore, 1t was resalized that such a
method would do much toward effecting a elariflcation of some
of the problems of starch structure. It may be sald here
that this purpose has been fulfilled in an exeesdingly satis-
factory manner. The applications to even the most general,
and seemlngly remots, §r§blams have exceeded sll aarlier
axpectatliona.

| As 8 oconsequence of the work to be described In follow-~
ing sections, it 1s now possible to evaluate the efficiency
of a fractionation procedure and to determine the structure,
purity and homogeneity of the fractions. In the case of the
amylose component it 1s possible even to estimate the
molecular sige. The méthaﬁa developed permit guantitative
analytical determination of the amylose and amylopectin com-
ponents of natural and modified starches and, to a certain
extent, their derivatlives.

Some space has been devoted to observations made upon a

number of substances whose nature is belleved to be analogous

to that of the starch-iodine complex.



IT. FOUNDATIONS OF THE PRESENT INVESTIGATION

A, New Concepts of the Molecular Structure of Starch

1. The branched-chain theory

The iééa of a branched structure for atarah was proposed
by Staudinger and Busemann {(1). They were convinced, on the
basis of their viscosity measurements, that starch existed as
macro molecules rather than as larga aggregations or micelles
composed of smell molecules. The latter explanation had been
offered by Haworth (2)., His contention was that the starch
moleculs ceuld‘@aaseas only about 25 glucose residues, because
mathylaﬁien studies had discovered one terminal tetramethyl
glucose molecule for every 25 trimethyl glucose molecules.
However, his views wers not only in disagreement with molecu-
lar weights determined by physical means, but they could not
be reconclled with the low reducing value exhiblted by starch.
According to Haworth's supposition there should have been an
aldehydlec glucose unit for each one capable of forming the
tetramethyl compound, which would have resulted in a high
reducing value. He explained thils away by assuming the alde-
hyde groups were obscured In some manner In the aggregate,
perhaps btaking part in secondary bonds.

Haworth, Hirst and Isherwood {(3) proposed a branched

structure for glycogen to explain the presence of dimethyl
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glucose among the products obtained upon hydrolysis of the
methylated substance. Freudenberg and Boppel (4) found
2,35~dimethyl glucose in the hydrolysate of methylated starch.
it was present in quantity epproximately equivalent to the
tetramathyl derivative. They concluded that the branches
were connected to the principal chain by an a-1,8-glucosidic
linkage w@ich.waa responsible for the dimethyl glucose
formation.

Further evidence for the branched structure in starch is
provided by the actlon of the enzyme, 3 -amylase, which attacks
the non~reducing end of the starch chain, cleaving off maltose
groups until 1t encounters & linkage other than the or-1,4~-
glucosidlic bond (5). Starch ls only partiaslly digested, the
enzyme being halted spparently by the branch polnts. If the
X=1,8=~ link&gaa involved in the branching are hydrolyzed off
by oc-glucosidase, the material is digested further by
p-amylase, but again the action 1s halted before complete
digestion (6, 7).

2. Fractionation and the two~component concept

The establishment of branching in starch did not neces-
sarily lead to the agnclusion that all starch molecules were
branched, but rather provided an explanation for the exlstence
of the different fractions or constituents that had been
aéparatad by various procedures. Refeﬁanee may be made to

Semec (8), Radley (9), and Walton (10} for reviews of early



attemptes to explain the nature of the heterogensity of

starch, and for details of methods used in attempted frac~
tionations. The great variatlon in properties of the products
of these fractionation procedures led to considerable confu-
sion. The presence of many molecular specieas In starch seemed
quite probable until, in recent years, efficlent fractiona-
tion procedures were developed. The most interesting of such
methods is that of Schoch (11) who found that when a hot
starch solutlion was saturated with n-butanol and then allowed
to cool slowly, a portion of the starch was precipitated in
the form of microscoplc, six-lobed rosettes, the exact form

of which verlied somewhat with different starches. This pre-
cipitated materlal carried with 1t practically all the
jodine~-binding ability posseszed by the whole starch, giving
an intense, pure blue color. On the other hand the unpre-
cipltated fraction gave a relatively weak, purple color with
ioé ine.

The shove-mentioned behavior with lodine, together with
other propertles, permits the classification of Schoch's pre-
éipitat@é and unprecipitated fractlions as amylose and amylo-
pectin, respectively, where these two terms have the meanings
assigned to them by K. H. Meyer (6, 7). The other properties
used by Meyer in classifying starch fractions are quantitative
conversion to maltose by S~amylase and strong retrogradation
tendencies In the case of amylose, while amylopectin shows

l1ittle or no disposition to retrograde and is only partially
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converted by f-amylase. Meyert's studies were made on frac-
tions prepared by hot water extraction of amylose from the
partially swollen starch granule (12}, This method is not as
efficient as Schoch's procedure In effecting the separation

of the fractions, However, by employing various modifica-
tions, Meyer was able to prepare relatively pure amylose (13).
e was quick to aepply the methylation procedure to its char-
acterization (14). He obtained a yield of 2,3,4,6-tetramethyl
glucose In the case of amylose, corresponding to one end-group
per 300 gluaése units. This valus corresponded closely to

the molecular weight debermined by osmotle pressure measure-
ments on the aceﬁylate& amylose. Hies amylopectin fraction
produced one terminal glucose unit out of every twenty-eight.
Meyer, In this way, ldentifled the amylose component with
long straight chains of glucose residues linked by &-1,4-
glucosidic bonds and the amylopectin with a branched atructure.

A third method of separating the components of starch
depends upon adsorption of amylose on cotton fibres. HNoted
first by Tanret (15) and later by Pacsu and Mullen (16), this
phenomenon was used by Baldwin {(17) in effecting a fractiona~
tion of starch.

The new fractionation procedures have strengthened the
pesition of the two-component concept, but it has not yet
galned unanimous acceptance. Only recently Kerr (18) and
Kerr and Trubell (19) published procedures for the preparation

of gemma-amylose, which they belleve is a third component of
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starch. However, Schoch's nearly quantitative fractionation
showed that if mwore than two components exlst, they mus§ fall
Into one of two main groups, represented by his butanol-
precipltated fractlon and his soluble fraction. Ho one has
yet demonstrated that elther of these groups contalns a sub-
fractlion of sufficlently individueal ahﬁracﬁar to Justify
classification as a third constituent of starch. On the
other hand, 1t is one of the purposes of this dissertation to
submit arguments for the homogeneity of bthe amylose and

amylopectin fractions.

3. The helical configuration and the starch-icdine complex

The idea of a hellcal conflguration for starch chains
originated with Hanes (5) and was slaborated upon by Freuden-
berg and co-workers (20). Hanes had found that the rapid
initial digestion of starch by X-amylase produced a large
amount of dextrin averaging about six glucose units 1n length.
He proposed the helleal configuration to explain this phe-
nomenon. Freudenberg used the same explanation for formation
of the cyeliec Schardinger dextrins by B. macerans. Caesar
and Cushing (21) conatructed models of the starch chain with
Fisher-Herschfelder atoms end maintained that a helical con-
figuration wes a necessity.

Katz (22) discovered an F-ray diffraction pattern in
starch pastes and in alcochol-precipitated starch (23) that

was gquite different from the patterns obtalned with natural
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starch granules or retrograded starches. Bear (24) suggested
thet this pattern, which Ratz had called the "V" spectrum,
might be ldentifled with the helical starch configuration.
French (25) then demonstrated that materials having good "v"
type diffraction patterns readily took up quantities of
iodine vapor to give intensely colored complexes. This was
true whether the materials were wet or perfectly dry, but
Schoch's butanol-precipitated amyloses gave the clearest pat-
terns. D3oth Hanes and Freudenberg had suggested the possi-
bility of the iodine molecules being located inside the coils
of the helix. The X-ray diagram of the lodine complex was
guite similar to the "V" pattern.

Bundle and Baldwin (26) showed that the dichrolsm of
flow exhiblted by amylose-iodine complex in solutlion was coms
patible with a helical stareh chaln containing iodine mole-
cules arranged slong its esxis. Rundle and French (27) studled
the optical properties of the swmall crystals occurring in
butanol-precipltated amylose, both before and after treabtment
with lodine. They concluded that the crystals were made up
of closely packed amylose helices. Rundle and French (28)
and Rundle and Edwards (29) made X-ray studies of the amylose-
1odine complex and of starch in the "V" configuration. They
woere sble t& index the patterns using lattices which could be
interpreted in terms of a helical configuration for the
starch chains.

It must be remembered that the belical configuration is



not postulated as the only form in which starch may exist.

In the granule and in retrograded preparations 1t certainly
has an entirely different configuration (30). Recently,
Rundle, Daasch and French (31} have prepared films and fibers
in which the starch has an extended configuration, as deter-
mined by interpretations of X-ray diffraction patterns.

These preparations become birefringent when stretched.

The new concept of the starch-iodine asmplax described
in the preceding paragraphs has practiceally eliminated the
clder theoriesa., Most workers in the starch fleld up to
recent times subscribed to one of two suppositions concerning
the union of starch and lodine. Many claimed that ilodine
formed a definite chemlcal compound or, perhaps, & series of
compounds with starch, elither wlth or without the inclusion
of potasaium ilodide. Other Investigators believed that the
starch merely adsorbed the lcdine. A few workers proposed
other mechaniéms for interaction between thé two, but most of
them were easily disproved. This earlier work has been sum-
marized in reviews by Seamec (8), Radley (9), and Barger (32),
whila’Waltcn {10) has compiled a comprehensive bibliography

with abstracts of many articles.

B. Potentiometric Determination of Iodine Actlivity

1. Application to the study of starch

The work that has been done in the past on the composition



of the starch~lodine complex has served to emphasize its
empirical nature and 1ts Instablility. The composition, and
even the constitutlion, depends on the conditions under which
complex formation takes place. Once formed, the complex is
unstable and will glve up lodine readily if exterior condi-
tions permit. This has always been a source of error in the
isolation and sccurate analysis of the complex. In asqueous
solutions, or even if merely suspended in water, the con-
tents of constituent substences In the complex vary with
thelr concentrations in the solution. This behavior is dem-
onstrated in the work of Lottermoser (33) and Murray (34).
Lottermoser attempted to follow the action of starch in
taking up iodine by following the change of iodine concentra-
tion in the solution with the aid of the iodine electrode. He
was an’exggnant of the adsorptlion theory and claimed that hils
results fit the Freundlich equation, X = ps“f In a later re-
port (33a), howsver, he took a less decided stand on thils
point and concluded that the lodine in the caﬁplex was not in
true equilibrium with the iodine in solution, since the same
amanﬁt of lodine was not held by the amylose when the desired
composition was approached from opposits sides. It is diffi-
cult to determine why he falled to observe the great departure
from true adsorptlion behavior given by 8 starch~containing
emylose. Since he used & soluble starch prepared by coocking in
alkali, it was probably degraded. Lottermoser and Murray used
the iodine electrode in combination with partition of iodine

between carbon tetrachloride and the aguecus starch phase to
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determine the amounts of iodlde and tri-icdide taken up by
the starch, as well as the amount of lodine. Murray's con-
clusions were quite different than were Lottermoser’s. He
plotted the amount of lodine bound sgainst a function of
lodine concentration obtaining an end point corresponding to
about one iodine molecule for avéry 8ix glucose residues.

" The work was done on whole corn starch. The nature of the
caleulations involved in Murray's method were such as to make
the accuracy of the above conclusion questionable.

The methods to be presented in thls theals depend almost
entirely aﬁ potentiometric measurements of lodine activity in
solutions of starch and of 1ts components and derivatives.

It will not be out of place, therefore, to devote a few psra-
graphs to the theory of the electrode system used and related
methods.

2. Helated methods

Baldwin (75) bas made an extensive Iinvestigation of the
nature of the starch-iodine complex based echlefly on spectro-
vhotometric methods. He made a number of worthwhile observa-
tions, among which esre the following., First, lcdine 1s taksn
up more readily by amylaae‘than by amylopectin, and the light
absorption 1s much greater in the case of the amylose-iodine.
Second, the complex can be formed in the absence of lodide ions.
Third, there is a direct relationship between chain length

of starch and the absorption maximum of the corresponding



lodine complex. Fourth, it is possible to estimate guanti-
ties of amylose and amylopectin in starches from s considera-
tion of the difference in 1light absorption qualities of their
iodine complexes. Fifth, spectrophotometric titration of
amylose with 1odine shows an end-polnt when the ratio of
glucose residues to iodine molecules is approximately 6 to 1.
All‘af these conclusions ars in accord with and lend support

to the helical ides of the starch-iodine complex. The spectro-
vhotometric titratlion with iaéine is of particular 1ntéreat

in view of results obtained in the present investigation.

3. Theory of the lodine electrode

The potential of a bright platinum wire immersed in &
solution containing lodine and iodide ions depends on the con-
centrations of these two substances according to the Nernst

equation

RT (T
4] A, , I
E=E -n}«,,ln S0 s {1)

where E is the observed potentlial with respect to the normsl
hydrogen slectrode and 1° 1s the potential of the iodine-
iodide electrode under the hypothetical conditions of unit
activity for the two substances concerned. EP was determined
by Murray es ~0.6204 volts (34). Substituting this value in
equation (I) at 25°C,

E =z -0.6204 - 0.0205 lagAéng

2/, (11)
[I77
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It will be noted that E° pertains here to the electrode Pt,
I7,Iz(aq), not to the electrode Pt,I7,I(s). E® for the
latter is ~0.5357 volts. This value was obtained by Lewis
and Randall through appllcation of thelr activity coefficlents
to data from a number of sourcss (36). The sctivity of
iodine in the case of the saturated lodine electrode is, for
all practical purposes, equsl to the solublility. Since the
solubility is known, E° for either of the above electrodes
may be calculated from a known value of E° for the other
electrods. When the normal calomel cell 1s used as reference
electrode, its potential of -0.2822 volts (36) must be sub-

tracted from E°. Equation II then becomes

E = 00,3382 ~ 0.0285 log 1357 (111)

a7

In the investigations to be presented in this disserta-
tién the iodide concentrations used are very high compared
to the lodine concentration and remain essentially constant
at 0.05 normsl. (S8ee procedure in experimental section.)
The amount of lodlde used in forming tri-iodide ion 1s negli-
gible in view of the small concentrations of lodine. Equation
(IXI1) can be simplified for any speclal iodide concentration
with the aid of the activity coefficlents of Lewis and Rendall,
The value for the activity of iodide ion in a solution of
ionic strength, M, equal to 0.05 is 0.84. Therefore, when the
normelity of potassium lodide is 0.05,

E = -0.4194 ~ .0295 log [/Ip/ (1v)
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4 similar equation may be set up for any lodide concentration.

The lodine electrode is discussed in some detall in
Kolthoff and Furman (37), Lewls and Randall (38), and Wurray
{34), The conventions regarding sign of potentials in the
above discussion are those of Lewls and Randall, but for con-
venience in preparation of graphs the potential of the slec~
trode is considered as a peéitiv& number in subsequent

assotions.
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IIT. PRESENTATION AND DISCUSSION OF RESULTS

A. Anslytical Procedure for Determination

of Starch Components

1. Development of the method

The amylose component of stareh gives a deep blue color
with lodine; the amylopectin component glves a red or pur-
plish-red color that is, relatively spesking, much less in-
tense. 1t seemed probable that this difference in color
might be accompanied by a diffaranee in the amount of iodine
bound by these two fractions. Dilute solutions of amylose
and amylopectin were titrated with lodine solution. The in-
crease of lodine activity in the solution being tiltrated was
followed by a potentiometric method. This involved simply
the measurement of the potential of an lodine elsctrode in
the solution. For full details of the procedures used in the
potentiometric iodine titrations, refer to Part IV, Experi-
mental Detalls.

It was discovered that addition of iodine to an amylo-
pectin solution caused the iodine activity of the solution
to increase in a continuous manner. This is illustrated by
Table 1 and Figure 1, which is a plot of lodine electrode
potential vs. milliliters of lodine solution added. On the
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D. 0.04 grams tapioce amylopestin

. E. 0.04 grams potato amylopeectin

- - F. 0.04 grams corn smylopectin {orude, as obtained vﬁ

B~butanol fractionation)
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Table 1. Titration of Amylopectins

{Iodine added is expressed in milliliters of 0.00081
N solution, E.M.F. as volts with respect to the normal
calomel electrode.)

I2 » ‘ i&t Ea F;
added ©0.06 X Viaxy Waxy : ‘ Cor
KI sol. rice corn _ Taploca FPoteto orn
0 0.19213 01880 0.1791 0.1787 0.1600
5 + 2075 « 2038 «2000 « 1996 +« 1859

1.0 0.2159 2147 +2115 «2073 <2061 1912

2 +2250 2226 +2198 .8171 «2141 +1969
3 «2303 «R2275 <2248 .2228 .2186 «2016
4 2282 . 2267 2212 «2051
5 2370 2335 »R309 #2293 2232 .209%7
7 2413 2372 2347 L2331 2267 <2212
9 «2400 23T .2358 2296 .2278
i0 2458

12 2433 2408 «2381 +R332 2338
13 » 2490
15 2458 +2435 . 2417 23565 . 2380
18 2529

19 .R486 -2465 .2447 .2401 .2419

25 . 2567 L2519 +28500 +2486 « 2447 .2465
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other hand, when lodine was added to an amylose solution,
the activity rose slightly at flrst, but then became almost
constant and remained ao while considerable iodine was added.
Finally, the formation of complex was completed and the
iodine activity agein Increased steadily. Plgure 2 and
Table 2 contaln curves and data for several typical amyloses.
The possibllity of using the titration curves as & means
of measuring the amounts of amylose in starches or starch
fractions was then considered. PBefore the lodine tltration
could be used in establishing an analytical method, hewavér,
it was necessary to consider the behavior of the amylose
fractions more carefully. They varied considerably in the
amount of ilodine bound and the most logical explanation was
that they were 1mpura. It hardly seomed possible that pure
amylose could be obtained by the single precipitation used in
Schoch's butanol fractionation, the method used in preparing
the corn, potato snd lily bulb amyloses. Kerr's "erystalline
amylese," prepared by bubanol precipitation of hot-water-
extracted amylose, was more likely to be uncontaminated by
amylopectin. By repeated recrystallization he was not able
to inecrease the amyloslce properties of this materisl appre-
ciably, indicating that the origlnally precipitated materlal
wag already qulite pure. It was necessary to show, then, that
the othsr amyloses behaved differently because they were
impure, not because they were fundamentally different in

"behavior toward iodine. This was proved to be true by
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B. 0.0l grams synthetic starch ,

C.
De
E.
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- Q.01 grams corn amylose

001 grems "orystalline amyloae"
- 0.01 grams lily buldb amylose

. 0401 grams potato amylose

th*



s ow 22 -

Table 2. Titration of Amyloses

(Iodine added in milliliters of 0.0010 N solution.
E.M.F. in volts, referred to the normal calomel slectrode.)

Iodine , E. M. F.

Added Corn Potato Lily "Crys- Syn-
bulb talline" thetic

0 0.1998 0.1962 0.2010 0.1926 0.1954
1l 20283 1963 2008 L2007 «2023
2 2032 .1961 L2008 .2018 .2032
3 L2032 «1966 2010 2021 2036
4 +2030 «1964 2011 2025 . 2042
5 L2031 L1971 L2012 L2027 2047
6 2054 . 1978 <2030 » 2056
7 L2039 1982 2019 2036 2066
8 + 2043 .1986 .2026 L2042 . 2075
9 205 1999 . 2045 . 2047 L2090
10 2082 2017 «2062 +2054 <2109
11 +2081 <2047 L2070 L2064 .2137
12 .2101 .21086 L2006 L2074 .2168
13 2154 2152 2080 + 2205
15 «2285 .2166 .2281
16 L2329 2320 L2226 2318
17 . «2349 L2279 <2350
18 .2388 . 2394 L2879
20 2426

21 2446 2424 2452

22 +2464
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recrystallizing a butanol-preciplitated corn amylose several
times. Ultimately this treatment resulted in a material pos~
sessing the aame 1aéina~binﬁing abllity as "crystalline
amylose." It was evident that the crude amylosss wére impure,
containing 10 to 15 per cent amylopectin. "Crystalline
amylose" was chosen as the standard amylose and the amount of
iodine it bound in cnm@léx formation was carefully estab-
lished. This value was found to be 0.187 grams per gram of
smylose in 0.05 N potassium lodide solution. It has been con-
firmed by Schoch (38). The necessity of choosing a specific
lodide concentration will be discussed, subsequently.

In establishing the figure for the amount of lodine
bound by "erystalline amylose,” the inflection point of the
curve In Figure 2 was taken as the end-polint of the titration.
A more accurate ldea of what was occurring at the inflection
polint was obtained by plotting the amount of lodine bound
per gram of amylose against the concentratlon of free lodine
in the solution, es shown in Figure 3. The curve in Flgure 2
for 0.056 N potassium lodids was used to calculate the amount
of iodine necessarily present in solution to ralse the lodine
activity to any desired potential. This amount was then sub-
tracted from the total lcdine to get the bound lodine. The
actual concentration of free iodine was calculated with the
aid of Egquation IV. The lower, nearly vertical, section of
the curve shown iIn Flgure 3 represents the binding of lodine

in complex formation. Along the upper portion of the curve
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increase in bound ilodine appears to be provortional to the
inerease in free lodine concentration. This could be accounted
for by en adsorptlion mechanism, entirely independent of com=-
plex formatlon. The twoe sections of the curve are nearly
linear and extensions may be drawn from them as shown in the
fipure. The point of intersection corresponds to the inflec-
tion peint in the curve for "ecrystalline amylose™ in Figure 2.
It seemed safe, therefore, to assume that the inflection point
corresponds closely to the end of complex formatlon provided

e small correction is made for the "blank," 1.e., the amount
of lodine necessary to raise a 0.056 N potassium lodide solu-
tlen to the potentlal of the inflection polnt.

The validity of the above assumption was tested by ti-
trating ¥nown mixtures of amylose and amylopectin, and calcu~
iating thelr percentage cowposition with the aid of the
resulting curves. Table 4 and Figure 4 contain the data and
curves obtained., Table 5 illustrates the procedure used in
calculating the composition in per canﬁ amylose and glves a
comparison between the actual and calculated values. The
correspondence is excellent.

Actually, the results of a large number of titrations
have disclosed that the accuracy and duplicability of amylose
content determinations ¢an be held within two per cent, with
only ordinary precautions regarding lodlide concentrations.
Relative values of amylose contents caloulated from titrations

conducted under carefully maintained conditions can be ob-

tained with greater accuracy.



Table 3. Data Used in Calculating Values of
Grams of Iodine Bound psr
Gram of Btarch

1) (@ (3 &) (5) (e ()

0.1910 0 100 1,738 o 0.005 ©
1997 1 o1 3.310 1.2604  .008  0.01265
2007 2 102 3.715 2.538 .010 . 0253
.2013 3 103 3.800 3.81 011 .0380
.2020 4 104 4.07 5.08 011 . 0507
.2026 5 105 4.26 6.325 012 0633
.2034 6 106 4.565 7.61 .012 L0760
.2040 7 107 4.785 8.89 013 .0888
-2048 8 108 5.125  10.16 014 1015
2059 9 109 5.495  11.32 .015 .1130
2069 10 110 6.02 12.69 .016 1267
.2081 11 111 6.455  13.96 .018 1394
.2097 12 112 7.24 15.23 .019 L1521
2117 13 1313 8.505  16.51 .023 .1649
2150 14 114 11.22 17.797 .028 1774
2202 15 115 17.38 19.04 . 047 .1899
2261 16 116  26.28 20.3 o7l 202
2311 17 117 29.8 21.8 11 215
2350 18 118  53.65 = 22.85 .15 .227
2784 19 119 70.8 24.15 .20 .2395
2411 20 120  85.1 25.4 23 .252

Column headings:

(1) E.M.F. of 1o0dine elechbrode in volts, referred to the
normel c¢alomel electrode

(2) Milliliters of 0.001 H iodine solution added

(3) Total volume of solution, milliliters 8

{4) Concentration of fres ilodine in mols per liter x 107,
caelculated from (1) by meang of Equation IV

{(5) Total iodine added in grams x 107, caieulated from (2)

(6) Free iodine in solution in grams x 10%, calculated
from {3) and (4)

{7) Iodine in the complex in grams per gram of starch; (5)
minus {(6) divided by 0.01
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Table 4; Titration of Mixtures of Amylose and Amylopectin

{Iodine added in milliliters of 0.001 N solution.
E.M.P. in volts, referred to the normal calomel electrode.)

Tedine ‘E* B F:

A% B ¢ D E P

0.2026 0.2006 0.1983 0.1958 0.1910 0.2069
2186  .2042  .2019  .2002  .1997  .2246
.2255  .2065  .2033  .2012  .2007  .2318

0
1
2
3 2297 +2094 - 2047 .2018 +2013 2562
4 2330 2187 . 2059 «2028 «2020 L2394
5 .2358 2229 «2076 +2039 +20286 .2419
6
7
8

L2382 . 22682 2101 2049 2034
2321 2139 .2062 + 2040 . 2458
.2422 +23562 2203 2079 .2048

9 2264 .2009 «2069 .24886
10 2454 +2402 2308 . 2129 - 2069
il 2345 «2182 2081
12 +2482 «2441 2374 +2245 . 2097 +2518
13 2296 #2117
14 2421 «235358 .2150
15 +2516 2486 L2372 .2202 .2542
16 2457 .2599 2261
17 2311
18 «2487 2444 .2350
19 2384 2568
20 2479 .2411

22 .2454

* ‘
The letiters refer to the mixtures shown in Figure 4,
p. 27.
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Table 5. Amylose Content of Mixtures
Caleulated from the
Data of Flgure 4

(Amounts of lodine expressed in milliliters of
0,001 ¥ solution)

s i

Mix- Total Todine Todine Iodine

ture  iodine in taken bound Amylose, %
from added 0.0 B wup by by cal
Figure KI amylo~ amylose § g‘;& Actual
4 | solution pectin avec
A .9 0.4 0.5 0 0
B 4.45 N 4 3558 24 25
c 8.0 6 B & 7ol 48 50
D 11.55 7 o W1B 10.7 73 75
E 15.5 .85 O 14.865 100 100
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Titrations were run on & number of amylose and amylo-
pectin mixtures similar to those just described in the preced-
ing paragraphs. Hesults indicated that slightly better
correlation between actual and observed amylose contents was
obtained by assuming that the end-point occurred a little
below the inflection of the curve. The difference arose
through differences in slope of the various ecurves in the
neilghborhood of the inflection polnt, the slope decreasing
with increased amylopeetin content.

The iodine titration method is c¢ertainly nothing but
emplrical. There is no stolchliometricel relationship whatso-
ever involved in the complex formation. The complex continues
to take up lodine after the so-called "end-point" has been
passed. This end-point serves only to mark approximately the
transition from & condition of the complex in which it binds
iodine with great facllity to one into which the lodine ls
forced by a greatly increased iodine setivity in the solution.
In this respect, the spectrophotometric weork of Baldwin iz of
interest (35). Apparently, the light absorption produced by
en iodine molecule in the complex is about the same regard-
less of the lodine activitiy necessary to hold it in place.
Therefore, the end-point in this method doss not occcur until
the complex is ectually saturated. For this resson Baldwin's
work permits a better estimate of the maximum amount of
iodine which amylose can take up. In low lodide concentra-

tions, 0.0025 H, the ratio of glucose residues to iodine
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molecules was about 6:1. The ilodine titration values

approached the ratioc of about 7:1 at low iodide concentrations.

2. fnalysis of starch fractions

As a result of the work that has been described thus
far, it was evident that the potentiometric ilodine titration
could be used as an analytical procedure for determination
of the purity of starch fractions. Its application to the
amylose component has already been brought out in the details
of development of the method. Curve F of Figure 1 may be
used as an example of titration of an amylopectin. Using
this curve as a basis for caleculation, the amylose content of
the crude amylopectin fractlon is about six per cent. In
practice the accuracy of the determination could be improved
by using a larger sample.

As the ratlo of amyleopectin to amyloss increased, the
amount of iodine bound by the amylopectin became an appreci-
able fraction of ?hﬁ total iodine bound. In extreme cases,
where only a few per ¢ent of amylose was present, the amylo-
pectin accounted for about one-fourth the total 1odine used.
In this event the determination of amylese content was sub-
jeet to considerable error. It was possible only if a pure
sample of amylopectin could be prepared. If this could be
accomplished, the amount of lodine bound by smylopectin alone
could be dstermined and subtracted from the total ilodine

bound. A method of effecting the purification of the
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Table 6. Titration of Amylopectin
Before and After
Cotton Treatment
(Icdine added in milliliters of 0,001 ¥ solution.
E+M.F. in volts, referred to the normal calomel electrode.)

oo

Iodine E. ﬁ:‘?‘ E., M. F.
sdded Before .After Befaré After
0 0.1943  0.1895 0.2269  0.2296
0.25 .2013 .1999 .2294 2314
.50 .2050 2059 .2314
.75 L2069 .2097 2331 2346
1.00 .2081 .2133 .2361 .2370
1.25 .2094 .2160 .2384
1.50 .2101 .2183 .2410
1.75 .2118 .2201 2420
2.00 .2144 .2220 .2439
2.25 .2172 .2240 2460
2.50 «2199 .2249 2474
2.75 .2220 2262 || 16 .2499
3.00 .2238 .2274 17 .2508
3.25 .2255 | 20 2528
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amylopectins wss offered by Tanret's cotton fractlonation
method. A solutlon of erude corn amylopectin that had been
prepared by butanol fractionation was treasted with cotton to
remove the small amount of amylose impurity. The results of
this treatment ere shown by & comparison of the curves in
Figure 5.

There have been four amylopectins prepared by the butanol
fractionation methed, those from corn, tapioca, potato, and
1ily bulb starches. The first two are obtained with some
amylose present as an impurity, the latter two appear to be
quite pure. Table 7 contains the amylose contents of the
erude smylopectins and values for grams of iodine.bound per
‘gram of amylopectin at lodine asctivities corresponding to the
potentials near which the inflection point of amylose titra-
tion curves occur. The taploca amylopectin like the corn

component was purifised by cotton treatment.

Table 7. Amount of Iedine Bound by Amylopectin

Crude amylopectin

from butanol Amylose - Grams I, bound psr gram of
fractionation (%) pure amylopectin

Gérn 7-8 032

Tapioca 1-2 013

FPotato trace .018

Lily bulb trace 016

Average 020

Gm. I, bound per gm. of pure amylose « 187
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The values for the amounts of 10&133 bound are quite simllar
for the four matari&la. The larger valus for corn amylopectin
may be due to incomplete removal of amylose by the cotton.

The average of 0.02 grams of ilodine bound by one gram of amylo-
pectin might be used as an approximation in the snalysis of a
fraction obtained from a starch whose amylopectin had not yet
besen isolated in & pure gtate. The value of the amount of

iodine bound by amylose is included in Figure 7 for comparison.

S+ Analysis of whole starches

The study of amylose-amylopectin mixtures showed that
the latter had no real effect on the amount of lodine taken
up by the former. Thils, of course, was a very fortunate state
of affalrs, although 1t dldn't prove that amylopectin could
not influence the complex formation of amylose in natural
starches by means of some mechanism Iinherent in the granuls
and not present in artifielsl mixbures. However, 1f 1t was
assumed that complete molsculayr dlspersion was achleved in
each oase before tltration, the results in the case of whole
starch would be the same as obtalined with a mixture. The
dispersion was made with alkali. Such a dispersion was com~
plete enough to permit fractionation of starch by the n-
butanol separation procedure. This would indicate that the
amylose and amylopectin molecules were not assoclated in any
way with one another in the solution. The fractlionation of

alkali-dispersed starch was carried out on 1lily bulb starch,
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the products being similar in every respect to those obtained
'fram autoclaved solutions of the same starch.

One other possibility te be considered before the poten-
tiometric iodine titration was made appliceble to whole
starches was that of interference by the minor, non-carbohydrate
constituents of natural starches. This was not realized for a
time, but it was later found that one of these constituents,
namely fatty acld or 1tes salt, had a very great effect on the
iodine titration, the nature and magnitude of which wlll be
taken up ln another section.

The interference given by fatty acid limits the applica-
tion of thé iodine titration to atarches either naturally
fat-free or artificially defatted. (See experimental section
for details of defatting procedures.)

The results of lodine titration of a number of whole
starches ars given in Pigure 6 and Table 8. With the excep~
tion of the pea starch, the starches were éith@r defatted or
naturally low in fat content. The potato and 1ily bulb starches
contained less than 0.05 per cent fat and the corn was de-
fatted. Radley (9) gives the fat contents of taploca, wheat,
aﬁd sago starches as 0.12, 0.12, and 0.11 per cent, respec~
tively. These amounts are appreciable, but are low encugh
to introduce only & small error in the titration. For this

reason the curve for taploca was included in Figure 6,
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Table 8. Titration of Whole Starches

(Iodine added in milliliters of 0.00091 N solution.
E.M.F, in volta, referred to the normsl calomel elsctrode.)

Iadine . . E# ﬁi F-

added rapioca Potato Corn ILilybulb Pea  Sago  Wheat

0.1908 0.1885 0.1814 0.1892 0.1882 0.1905 0.,1857
1980  .1937 L1895  .1873 .1974 +1935
1961 «1943 1910 .1965  .1971 2000 .1964

. 1968 .1948  .1909 .1863 .1971 2010  .1983
96 .1952 «1928  .1965  .1972 2041 . 1994
-1967 .1856  .1940 .1964  ,1973  .2062 «2005

1974 .1961  .1947 1968 L1971 »2057 «2015
.1981  .1968 «1955 .1066 1972 2066 .2021
»1990 »1975 L1968 .196% 1974 2077 . 2030

Q-3 b WO
-
ol
©w
o
o

9 2009 ~ 1983 »1970  .1968  .1976 2087 2043
10 «2036 1991 £1979 L1973 L1979 «2099 2058
i1 »2104 «2006 «1984 .1978 .1986 .2112 L2074

i2 2181 .2015 +2005 «1990 .2185 .2100
13 2230 .2052 .2011 1996 <1997 L2181 .2151
14 2264 20581 -2026 2005 «2005 .2182 +2203
15 «2287 2087 2048 2023  .2009 «2246
16 2142 «2098 2044 +2030 + 2266 «2280
17 .2180 2164 .2072 . 2043
i8 2207 2201 2125  .2067 L2334 2330
19 22359 2177 .2104
20 2269  .2205 +2150

21 « 2229 .2192 2403 »2382
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and the data for taploca, wheat, and Saga in Table 8. The
amylose contents were calculated from the iodine titration
results for the seven starches mentioned above. The results
heve been collected 1n Table 9. The corrections for lodine
bound by amylopectin were obtained from Table 7. Included in

Table ¢ 1s defatted waxy corn starch.

Table ©. Amylose Contents of Starches

Starch Amylose, % Starch  Amylose, %

Waxy corn, 0.5-1 Corn, , 26
defatted defatted

Tapiocca 18 Sago 27

Potato oy Lily bulb 27, 3

Wheat 24 Pesn 29

The amyloss contents listed here are not complled only
from the data presented in Figure 6 and Teble 8, but are the
results of numerous titrations. In some of the starch specles
the amylosé content remains much the same even though the
origin and varlety of the specimens may differ widely. This
seems to be true of corn and potato starches. Others give
in@ic&tiona of wide variation in ocomposlition. The values
given in Table 9 for 1lily bulb starch were found in two
samples of that materlal. A number of oat starches possessed
Widély varying amylose contents.

The only effective check on the accuracy of the poten-

tiometric iodine titration as a measure of the amylose
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contents of whole starches lles in an actual guantitative
separation of the two eomponents. Buch a gseparation has
never besn carried out with anywhere nesr the accurascy of
which the lodine tiﬁratiéa is cspable. However, it is the
only available way of checking snd, as carried out by Schoch'as
method, ls falrly efflieient. In many ways the two methods
are complemenbary since, In spite of alkali labile values,
extent of digestlon by p~amylase and other methods of charsc-
terizaetion, the effectiveness of Sehoch's fractionation is
best demonstrated by the lodine titratlion of the fractions
4prcﬁuaaﬁ,‘ It shows the c¢rude fractions to be generally ime
pure, and it can also be used to follow the progress of their
purification by recrystallization in the case of the smylose,
end by treatment with cotion iﬁ the case of the amylopectin.
& good inaight into the relationship between the two methods
is provided in the casse of taplocs starch. Echoch obtained
an averasge yield of 21.3 per cent precipitated by butancl
{38). On the other hand, the lodine titration indicated an
amyleose content of only 18 per cent. The lodine titration
slso showed the crude butancl preciplitate to be only 84 per
cent pure, while the amylopectin had a trace of amylose in 1it.
when fthe amount of pure amylose present in the two fractions
was totaled, it smounted to 19 per cent, only slightly more
than the 18 per cent found by ilodine titration.
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B. Factors Affecting the Iodine Titration

1. Iodide gongcentration

The concentration of potassium iodide in a solution of
starch affects the results of the potentiometric iodine tiltra-
tion in two ways. First, the amount of 1lodine bound by starch
in complex formation varies inversely with the concentration
of lodide in the solution. This was shown experimentally by
titrating aliquot portions of an amylose solution, different
amounts of 1lodlde belng added to each portlon. The results
are contained in Flgure 7 and Table 10. It was apparent that
the ilodide concentration had a great effect on the amount of
iodine bound by the amylose. This made it necessary to
astablish a certain definlite concentration for the titration
procedure. It will be recallad that’the amount of lodine
taken up by "erystalline amylose” was measured in a 0.05 N
potassium lodide solution. This value of 0.187 grams per
gram is the standard upon which the entire method 1s based,
and 1t can be used only when the proper iodide concentration
1s maintsined. If 1t becomes necessary to use a different
1odide concentration, the lodine-binding ability of the
standard amylose must be measured under the new conditions. |

In order to produce the effect just discussed, the 10&15;
must exert some Influence on the amylose-lodine complex fore
mation., The most 1egicai explanation 1s that lodlde or tri-

iodide ions as well as iodine enter the amylose helix. Their

e
Si de
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Table 10. Titration of "Crystalline Amylose"
in Various Iodide Concentrations

{Iodine added in milliliters of solution.
E.¥.F. in volts, referred to the normal cslomel
electrode.)

added . 0.5 K 0.05 ¥ 0.005 N
(0.00103 N Ip) (0.00100 ¥ Ip) (0.00092 N Iz)
0 0.1203 0.1941 0.2488
1 .1189 .1982 .2842
2 .1188 .1988 .2849
3 .1189 .1995 .2853
4 .1190 .2003 .2857
5 1199 .2010 .2863
6 .1207 .2018 .2867
7 .1212 .2026 .2875
8 .1223 .2036 .2880
9 .1233 .2045 .2885
10 .1248 .2058 .2895
11 1271 .2072 .2904
12 .1310 .2089 .2911
13 .1381 .2110 .2924
14 L1444 .2146 .2936
15 .1493 .2199 .2954
16 .1531 .2256 .2978
17 .1562 2304 .3008
18 .1586 .2342 .3050
19 .2373 . 3094

20 »1626 2400 « 5153
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number and consequently the amount of space they occupy
depends on their concentration in the solution.

An attempt wes made to extrapolate to zero lodide con-
centration, using the data of Figure 7. When the amount of
iodine bound was plotted against log of lodide concentration,
& sbtraight line was obtained. Extrapolation of such a curve
to zero concentration would Indicate an Infinite amount of
bound iodine. Obviocusly, this cannot be true. The only logi-
cal conclusion is that the curve which 1s apparently linear
in the observed range actually has a much different curvature
in the reglon of very dilute iodide solutions.

The second way in which the iodide concentration affects
the titration may be most easily explained by reference to
Equation I in Part II. It will be noted that the potentisl
corresponding to any given iodine sctivity depends on the log
of the 1odide metivity. The result Qf changes in lodide
activity 1s to shift the entire titration curve up or down
the potentlal scale, The form of the curve remsains practi-
cally unchanged, and within reasonable limits any lodide con-
centration may be used in the tiltration, subject to the con-
ditions Jjust discussed in the preceding paregraphs. However,
it is convenlient, and in some applications of the method
necessary, to maintaln the iodide concentration at some chosen
value. Needless to say, the lodide concentration of the
iodine solution used in the titration must be the same as

that of the solution to be titrated.



- 4B -

In making lodine titrations in which the potential levsl
of complex formation is to be the Important factor, it is ob-
vious that lodide concentration must be controlled with the
utmost care. In fact, wmore accurate results might be obtained
in some anplicatlions if the lodide concentretlion in the solu=-
tion to be tlitrated was determined by an analytical method.

A aerr@ctign could be a@yligd if it was found to be necessary.
The extent of errors introduced by small variatlons in iodide
activity can be caleulated sasily with the ald of a few aa-
sumptions. Differentiatlion of equation II, holding /Ig/ con-

stant, gilves

s

dE = 0.0256 9/I_ (v)

and changing to finite, but small inerements,

. AT }
AE = 0.0256 87 (V1)
[I7

Now, if we assume that the change in activity, A/I-/, is
very small compared to the total activity, /I~7, then /I~/
may be looked upon as a constant., If the concentratlon of
1odide 18 0.05 N, at which value the activity coefficient 1s
0.84, then /T77/ = 0.05 x 0.84 = 0.042, and we have

AE = 0.81 AfI77 (vir)

A similar esquation may be developed to correct for small
differences at any lodide concentration.

Equation VII was verified experimentally. A number of
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potassium iodide solutions with normalities ranging from 0.04
to 0.06 were prepared. These were titrated with lodine solu-
tion and the potentlals were plotted vg. log of mllliiliters
of 1lodine solutlion. Thls functlon produces linear curves as
shown In Flgure 8. The small graph inserted in the lower
righthand corner of the figure is self-explanatory. The slope
of‘the line/glotteé in 1%t corresponds to the constant of
Equation VII. The value of 0.70 1s a 1little higher than the
caloulated quantity In the eguatlion, 0.61l. The average of
the two, 0.85, is probably near the correct value and may be
used in caleulating the errors in potentlal due to small

differences in iodide concentration.

2. Other electrolytes

Schoeh (40) has provnosed a modificatlion of the titration
method whereln the potassium hydroxide used to dilsperse the
starch 1s neutralized with hydrochloric acid instead of
hydriodic acid, the necessary iodlde being added as a solu~
tion of the potassium salt. This introduces an amount of
chloride squivalent to the amount of i1iodide. The modifica-
tion was proposed to eliminate the necessity of preparing
and preserving an lodine-free solution of hydriodiec acid.
Solutions of amylose were prepared for titration with and
without the addition of potassium chloride. The asmount of
chloride added was equivalent to the lodide present, l.s.,

0.05 N. The results revealed only a small change in the
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Table 1l. Titration of Potessium Iodide Solutions
of Various Concentrations

{Iodine added in milliliters of 0.00091 N solution.
E. M. Fe in volts, referred to the normel calomel electrode.)

Indine ! E. ¥. F.
added 0,040 N 0.045 N 0.048 N 0.050 N 0.052 ¥ 0.065 N 0.060 N

1 0.2273 0.2836 0.2200 0.2164 0.2169 0.2137 0.2118
2 .2363  .2586  .2501  .2R78 +8875 2249 2217
] .2415  .B377 .2556  .2B338 2 .2326 2304  .2B872
4 »2451  .2413 .2391 2574 L2365  .B2344  .R311
b .2478  ,2440  .2418  .2402 » 2389 2372 L2341
7 L2518  .2480  .24B7  .2444 .2431 2414 2384
2 .2548  .2B10  .2487 » 2473 2460  .2445  .2415
iz «2582 .2543  .2621  .2B07 «2494 «2480  .2451
15 2605 2568  .2b46  .2b32 +2520 «2507 « 23478

20 2634 2599 .2578  .2B65 2554




position and shape of the curve. The amylose in the solution
contalning added chloride took up s8lightly less lodine, as
méy be seen by refarring to Pigure 9. In this respect the
ahlqride probably acts in a manner analogous to that of
iodide, actually becoming a minor constituent of the complex.

According to Lewis and Randall (36) the actlvity of the
lodide 1lon should have decreased upon increase of the ionic
strength of the solution. Using the values for lodide activi-
ties, calculations show that the entire curve should be
shifted sbout one millivolt higher on the potential scale.
This effect would likely have been more noticeable in Figure 9,
had the titrating solutlon also contained chloride.

In the case of whole starches, there are amall amounts
of inorganic impurities that contribute to the slectrolyte
content of solutions prepared for iodine titration. The
amounts present are so small, in wmost cases, as to be neglig-
ible. However, certain starches contain & considerabls amount
of phosphate. Addition of similar amounts of phosphate to
starch solutions before titration was found to have no effect

on the results obiained.

3. Fatty substances

Sehoch found that fatty acids had an inhibitory influence
on the formation of the starch~lodine complex and, therefore,
on the amount of iodine bound by starch (38). Many starches

contain a considerable amount of fat present in the granules
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as a natural constituent 1n the form of free fatty acids,
thelr soaps, or as phospholipid. Cereal starches in particu-
lar may have as much as one per cent fat cantant. For this
reason the application of the potentiometric iodine titration
procedure to many whole starahsa is considered to be of doubt~
ful value unless steps are taken to remove the fat first. Meth-
ods of removing fatty material from granular starch have been
published, as well as procedures for ilmpregnating fat-free
starch with fatty acid (40). Starch fatted by the latter pro-
cess will retain the fat even when extracted with carbon
tetrachlorids. |

Using the methods mentioned in the preceding paragraph,
corn starches of various fat contents were prepared, Further-
more, & sample of potato starch, naturally fat-free, was
impregnated with olelec acid. Its fat content after this
treatment was found to be 0.37 per cantf For details of
praceﬁurés see Part IV, Experimental Details. The following
figures are the fat contents of various corn starch prepara-
tions with the respective amounts of iodine bound per gram
of starch: 0.55, 0.038 grams; 0.20, 0.041 grams; 0.12, 0.048
grams; and 0.03, 0.051 grams. Some 1dea of the magnitudes
of the effect may be gained from Figure 10, which contains
the titration curves for the original and fatted potato
starches. The fat-free starch contains about 22 per cent
amylose. The curve for the starch containing only 0,37 per
oent fat shows an apparent amylose content of 15 per cent.
Certainly, this is enough to show the necessity of defatting
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- Table 12. Titration of Table 13. Titration of
Amylose 1n the Hatural and Fatted
Presence of Chloride. Potato Starch
{Iodine added in milliliters {Iodine added in milliliters
of 0.00081 N solution. E.M.F. of 0.00091 N solution. E.M.F.
in volts, referred to the in volts, referred to the
normal calomel electrode.) normal calomel electrodse.)

Iodine E.M.Fo

added o 05 § KI
- ~0.05 § kc1 0-05 K 31
0 . 6.1929 0.1820
1 .1929 .1890
2 L1029 L1910
5 . .1923
3.25 ,1835
4 1939 L1033
5 L1944 .1932
8 .1948 L1947
7 .1957 .1953
8 L1963 .1959
9 L1972 L1969
10 .1983 .1983
11 .2001 2002
12 2080 .2032
13 .2107 L2005
14 .2202 .2182
15 .2263 2246

16 2307 . 2290
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Fig. 10. Effect of Fatty Acid on Titration of Potato Starch

&..0.37 per cent olele acid added
‘B. 0,016 per cent natural fat sontent
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starches before applying the iodine titration.

Little work wes done on the study of fat interference
other than to show its effect on the iodine titration. Some
experiments were carried out that disclosed & number of in-
teresting facts. Potasslum oleate was found to be practically
as effective as the free olelc aclid. The approximate smount
of oleate necessary to fill the amylose helices of a solution
was caloulated, Addition of this amount caused the amylose
to lose almost all of 1ts ability to bind iodine. A more
gsoluble soap, potasﬁium’caprmate, was not nearly as effective
as the oleate. Caproate, in smounts thirty times greater
than the smount of oleate necessary to prevent lodine complex
formation, has only a small effect. Addition of fatty scid
to a solution of amyloss~lodine complex caused an incrsese in
the activity of free iodine in the solution. %his indicated
that iodine was released frowm the complex. The viseusity}cf
an amylose solutlion containing & smell amount of potassium
oleate was much less than that of & simlilar solution contain-
ing no oleste., All the above facts polnt to formation of a
complex between starch and the fatty material, with the starch
very probably in the helical configuration.

By reference to Flgure 10 it will be seen that the curve
for the starch containing fat has considerable slope through-
out. HNowhere does it approach the horizontal as does the
curve for fat-free starch. This was found to be true in the

case of corn starch, too. It may be characteristic of
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starches conbtaining fet. If such 1s the case, 1t can be pre-
dicted that pea starch {(see Figufe 6) has a low fat content.
Others, for example bean and arrowroot starches, also éppaar
to be almost fat-free. Oince these starches among others are
not available in the quantitiés necsasary for defatilng and
for fat analysls, 1t will probably e some time before suf-

ficient data will be asccumulated to test the above predictions.

4. Rate of complex formation

In setting the potentiometer to measure the potentilal of
the iodine electrods during the course of a titration, it was
noted that the potential drifted considerably immediately
after addition of lodine solution. Presumably this was dus
to a measurably slow rate of reaction between the starch and
the iodine. The change of potential was fairly rapld lmmedi-
ately after addition of a l1little lodine, but it quickly tapered
of f and became yraetie&llj’aanstant alfter a few minutes'’ time.
This phenomencn 1s of considerable importance, since too rapid
addition of lodine would result In serious changes in the
shapes of the titration curves. Under such conditions the
titration method would be of 1ittle or no value. Experlments
were run that showed intervals of two to five minutes to be
sufficient between addition of & milliliter of 0.001 N lodine
solution and the reading of the potentlial. The longer inter-
val 1s recommended for accurate work. Generally spesking, a

drift of potential of more than a few tenths of s millivolt
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per minute after five minubtes, can be considered a sign of
poor dispersion of the starch.

No further work was done on rate of complex formation,
but there is & distinet possibility of throwing some light on
the mechanism involved by conducting a thorough kinetic study.

C. The Amylose Component

1. Relative chain lengths of different amyloses

When an amylose 1ls titrated with lodine, the lodine
enters the complex so readily that the activity of the iodine
in saluﬁian remains almost unchanged untll the amylose is
nearly saturated. 1In such & case, when the potential is
ploftad agéinst milliliters of lodine solution added, the
curve has a long, almost horizontal, portion. It was ob-
served that the potential and therefore the activity of
jodine at which this portion of the curve occurred varied
with.diffsrent amyloses. At first thils was thought to be due
to variation in iodide concentration, but it was soon found
that a real diffsrence existed. Reference to Figure 2 will
disclose the magnitude of the varistions observed. This
phenomenon seemed to be caused by differences in the amyloses
themselves. Amylopectin impurity apparently had llttle effect
on the potential level of the curves. The amyloses were
assumed to be campesaﬂ‘sntirely of straight-chain molecules.

The only possible explanation seemed to be a difference in



molecular size, in other words, chain length. A clue was
found in the comparison of the butanocl-precipitated fraction
from corn starch with Kerr's "erystalline amylose.” The
average chain length of the latter was considered to be
shorter, being prepared from the hot-water-soluble portion of
the corn starch. Its potential level always fell above that
of corn amylose. The inference was drawn that long amylose
chains took up iodine at a lower electrode potentliasl. This
meant that the activity of lodine in & complex prepared with
long amylose molecules was less than in one prepared with
short molecules.

Considering the above assumptions to be true, 1t sseomed
possible to arrange the avallable amyloses in & list accord-
ing to thelir relative slizes as determined from the p@ténti&l
levels. By this procedure the amyloses fall in the followling
order of inereasing molecular welghts: “erystalline,” syn-
thetic, corn, 1lily bulb, tapiéea, and potato. In securing
this arrangement the point on the titration curve corrsespond-
ing to the addition of exactly half the amount of iodine
required by the amylose for complex formation was determined.
The potentisl of this point was designated as the "character-
istic potential” of the amylose.

Foster and Hizxon (41) have investigated the solution vis-
cositlies of the various amylosses. Their measurements place
the relative molecular weighéa in the seme order as that ob-

tained from the lodine potential measurements. An exception



wag found in the case of synthetlec amylose whose molecular
weight was lower on the scale then determined by the viscosity
m&thaﬁ. This discrepancy was believed due to considerable
hstérégenaity of chain length in the synthetic amylose. Lack
of homogeneity is indicated by the slope of the titration
cﬁrVa, a phenomenon which will be discussed in another section.
It was pointed out that different average molecular welights
are obtained by different methods of determinatlion in the case
of heterogeneous materials. Tentatlive values for the abso-
lute molecular welghts of the amyloses were listed by the
above~mentloned investigators based upon osmometric measure-
ments made on acetylated corn awylose. Their data are repro-

duced heré to facilitate discussion.

Table 14. HMolecular Weights and Characteristic
JTodine Potentials of the
Amyloses

{Glucose units) potentlal, volta
Potato amylose 500 0.197
Taploca amylose ' ’ 450 ' 200
Lily bulb amylose 510 202
Corn amylose 250 203
"Crystalline amylose" 175 . .205
Synthetic starch 85 <204
Amylodextrin fraction #3 44 .218

Table 14 may be used to estimate the accuracy attalnable

upon application of the iodine titration to the determination



of molecular size. For molscules above 100 glucose units in
length the maximum change in length required to produce a
chenge of one millivolt was 70 units. Thé instruments used
are capable of messuring changes of 0.1 millivelt with great
sccuracys Changes of E. M. F. aravéireatly proportional to
changes in lodide concentratlon as shown by Equation VII, so
that the error introduced here is d@panﬁenﬁ on the sensi~
tivity of the method employed in establishing the lodide con-
centration. Using & volumsiric method, errors of about three~
or four-tenths of & miliivolt may be expected. Actually, dif-
ferences of this order of magnitude are observed experimen-
tally bétwaen duplicate titrations run in quick succession.
This of course is the ideal casse. Even day to day changes in
the platinum electrode surface, the condition of the =alt
bridge, the potential of the reference electrode, temperature,
etc., will introduce much greater errors. In general, 1t may
be sald that in establishing the "characteristic potentials®
of the eamyloses the iocdine titration method 1s sensitive te
differences of perhaps 30 to 40 glucose units. The 1dea of
absolute accuracy is practically meaningless when applied to
the iodine titrstion method. The comparative accuracy depends
on what advantage is taken of the sensitivity. It appears
that the most logical procaﬁura would be to set up potato
amylose, the longest one yet encountered, as & atandard.

Other amyloges could then be compared to the standard under

carefully controlled conditions.
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2. Low meolecular welght amyloses

The increase in iodine setivity necessary to bring about
complex formation with the shorter, naturally occourring
amyloses led to speculation upon the behavior of very short
amylosic material. Means were sought for obtaining stralght-
chain maleeulea‘ﬂh@rtar than those present in the natural
amyloses. An amylméeﬁtrin prepared by hydrolysis in cold
sulphurlec acld was available, and certain of 1ts properties
led to the belief that 1% eanﬁainsd a great deal of stralight-
chain molecules. 'Somé of this material was fractlonated on
the basis of solubility in mixed butanel and methanol, after
being subjected teo a regular butanol fractionation to remove
all the long amylbse moleaules‘ The detalls of the frac-

" tionation and the yields as well as the procedures used to
characterize the various fractlons obtalned are contalned 1n
the experimental section.

The lodine titration curves of the original amylodextrin
and the fractions obtalined from it are shown in Figure 11.
Por convenience in comparing the results, the ylelds and
properties of the fractions are recorded in Table 15. The
first fractlon cobtained by butanol precipitation cenﬁainad
some of the original material that did not go into solutlon.
This insoluble material was probably retrograded amylose.
Prom the yleld of this fraction it is8 plain that little of

the dextrin is long enough to be precipitated by the butanol.
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Table 15. Properties of the Amylodextrin Fractlions

Fraection ,
1 2 3 4 5
Yield, per cent 2.5 1.6 4.4 13.2 &o%

Solubility in hot water  1insol- 1insol- partly soluble sol-
uble uble soluble {eloudy) uble

Retrogradation from

neutralized alkell rapid rapid rapld slow nil
dlspersion ,
Specific rotationm, Z?&?g 193°
Molecular weight (approx.):
by Rg, 6400 3200
by iedine reducing value™¥ ‘ 9600 4850
by optlical rotation 3500
Conversion byg -amylase, % 94 94

*Fraction 5 1s the residual material precipitable in
60 per cent methanol. About 15 per cent remeins 1in solution.

**%1ine and Acree, Ind. Bng. Chem., Anal. Ed., 2, 413
(1930). |

The second and third fractlons are obvlously stralght-chain
materials from the amount of iedine they take up. The fourth
fraction and the fifth fractlion, composed of the residual
material, give titration curves somewhat similar to amylo-
pectin curves., However, close inspectlion of the curve for
the fourth fraction reveals a "dip" in the curve with two
broad inflections. Both of these last two fractlons arve
essentially straight-chain material as shown by O -amylase

conversion. Thelr average molecular weights were
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Table 16. Titration of Corn Amylodextrin
and Its Fractions

(Iodine added in milliliters of 0.00096 X solution.
E. M. F. in volts, referred to the normal calomel elsctrode.)

iodine E' M. Fo

added A¥ < D B P
0 0.1969 0.1996 0.2040 0.1990 0.1969
1 2137 2216 2218 12135 .2083
2 -2183 .2203 2273 2164 "2108
3 .2210 2340 .2305 .2172 .2119
2 L0232 “2372 2327 .2179 2127
5 2053 -2398 L2351 -2185 2134
6 2274 .2419 .2370 .21953 .2140
7 12295 L2387 .2203 12148
8 2453 12403 12213 .2159
9 .2338 .2419 .2226 .2169
10 .2481 2435 .2239 2181
11 .2371 2252 12196
12 2465 .2267 .2212
13 .2515 .2285 .2034
14 .2414 .2491 .2302 2258
15 .2320 .2286
16 .2543 2340 2312
17 .2446 .2524 12360 ~2339
18 .2380
19 .2399 .2394

20 . +2574 +2552 «2419

%Letters refer to the curves of Figure 1ll.
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estimated by ferricyanide and iodine~reducing values and by
optical rotation. The residual material, representing the
major portion of the original amylodextrin, has a molscular
weight of 3200-4800, which corresponds to & chain length of
20~30 glucose units. The fourth fraction has amylose chailns
averaging about twice thils size, or about 50%10 glucose units.
The avellable methods of determining reducing values become
ﬁere insensitive with increasing molecular weights and this
latter fraction is nesr the limit of their effectiveness.

Even though the methods were sufficlently accurate, thelr use
would be limited by the increasing insolublility of the amylose
a8 1ts molecular weight inereesses. The iocdine method gave
somewhat higher values for molecular weight of both the fourth
and fifth fractions. This method requires more concentrated
solutions, and it is possible that some retrogradetion took
place during the determinstion. The sscond and third frac-
tions both exhiblted a very strong tendency to retrograde.
When their disperslons in KOH were dlluted to asbhout one per
cent amylose content and then neutralized with HC1l, they began
to retrograde almost immediately, and their solutions became
opague in the space of a few minutes. This made 1t very dif-
ficult to work with any except very dillute solutions of these
émyl&sas. The exaggerated tendency toward retrogradation ia
probably due to the hemog&naity of the fractions and the fact
that they are short enough to be easily orisented but yet long

enough to be insoluble once crystallized. As a consequence,



there is little information on fractions 2 and 3 other than
the potentiometric 1lodine curves. These curves put them on a
relative molecular weight scale that is consistent with the
order in which they were precipitated and indicate that they
are composed substantially of linear molecules.

The set of curves for the titration of the amylodextrin
fractions provide an excellent pilcture of the complex-forming
ability of very short amylose molecules. The actual amount of
iodine bound by the third fraction whose chain of glucose
residues numbers 100 or less is practically as great as that
bound by potato amylose with chalna of 500 or more glucose
- resldues. However, as the number of glucose residues de-
creases from 100 to 25, the change in the amount of iodine
taken up is tremendous, The iodine color, of course, is red
for the short molecules in the fifth fraction. The titration
curve of a very short amylose ;a Indlstinguishable from that

of an amylapaetin'

S« Homogenelty

Examination of the lodine titration curves of the amyloses
(Figure 2) revealed that most of the lower portion of the
curves had some slope and that the truly horlzontal section
was not very long. This phenomenon, coupled with the rela-
tionship between iodine potentilal and chain length discussed
in the previocus section, eaﬁs@é speculation on the posalbility

of correlating the slope of a curve with the homogeneity of
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“the corresponding amylose., There was only one other explanaw
tion that seemed at all probable. It might be that the iodine
was being added fester than the complex formatlon was taking
place. Thiz idea was disproved by varyiﬂg the rate of addi-
tion without obtaining a difference In the observed slope.

The problem was solved by mixing amyloses of different
average chain lengths, thus producing an artificiasl material
possessing a wider range of molecular weights. Such mixtures
always resulted in titration curves having grester slopes than
the natural amyloses. When two amyloses of widely different
molecular welghts were wmixed, two horizontal sections separated
by & short ainping portion were observed. This is 1llustrated
by the curves of Figure 12. Celculations show that the first
end-point in ecurve B corresponds almost exsetly to the amount
of lodine necessary for titration of the 0.005 grams of long-
chain smylose present In the solution. This means that prac-
tlically all the long-chain complex must be formed before any
appreciable amount of short-chain complex appears in the
solution. There 1s no doubt that in the process of adding
the iodins to & solution of the mixture local centers of high
concentration were built up momentarily. These werse very
likely of sufficient ilodine actlvliy to result in formation of
complex with the short-chain materisal. This short-chaln
complex must decompose when the lodine activity 1s lowered in
the solution with which 1t is in direct contact. This ls

necesgary in order that the lodine be made avallable for the
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Table 17. Titration of a Mixture of Amylodextrin
Fraction 3 and Potato Amylose '

{Iodine added in mllliliters of 0.001 ¥ solution.
Be M. P. in volts, referred to the normal calomel electrode,)

5 P

Iedine Ivdine

added .  E.M.F. saded E.H.F.
0 0.1961 l 12 0.2253
1 2000 13 L2274
2 .2012 14 - .2208
3 .2021 | 15 | .2321
4 .2034 16 2345
5 .2055 17 .2369
6 .2083 f 18 .2390
7 2136 19 2411
8 .2172 | 20 ' .2430
9 .2194 21 .2448

10 .2214 22 .2465
11 2233 23 2479
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long=-chain complex formation. The exlstence of reversible
equilibrium between the lodine in solution and that in the

complex seems to be unguestionsble.

4. Fractionation of smylose

The selectlve nature of the complex formation with regard
to the size of amyloss molecules suggested an Interesting
method of fractionating any given amylose. Potassium lodide
and potassium chloride up to 0.1 N can be added to solutions
of amylose wlthout causing precipltation. On the other hand,
amylose-lodine complex is quickly coagulated and precipitated
by such concentrations of these salts. 7Tt seemed that addi-
tion of iodine in successive measured portions would result
in preclipitation of a series of fractions of decreasing
moleculay weight.

To test the possibility of an lodins complex fractiona-
tion a mixbure of two amyloses was prepared. Equal welghts
of corn and taploca amyloses were used. These were disperssd
to form a moderately dilute solution and half the amylose was
precipitated by addition of the calculated amount of ilodine.
This first fraction was separated by centrifuging and the
remainder preclpitated in 1ike manner. For detalls see
Part IV. The two fractions and the two original amyloses were
then titrated wlth lodine potentiometrically, and the results
were compared. They may be seen by referring to Figure 13.

The curves show that the fractionation ls not as sffective as



wag desired. The slope of the curves for the two fractions
indicate a greater hetorogenelty than do those for the origin-
al amyloses. However, there was a fractionation, and it is
pogsible that much more favorsble conditions could have been
chosen. For exsmple, in order to take full advantage of the
reversibllity of the complex férmatian, the coagulating
electrolyte should not be added until after the complex for
each fraction has been formed. This would require that the
residual material be purified by dialysis, or by recovery and
redispersion, after each successive fraction ls precipitated.
Such & procedure, though tedlous, might well repay the effort,
since a knowledge of the distribution function of the chain
lengths in an amylose would be of considerable value. The
practicability of plotting such & functlon with date taken off
the iodine titration curve was considered. However, 1t was
not found to be feasible because of the uncertain nature of
the curve in those reglons corresponding to complex formation
of the very long and very short mclecules of the mixture.

(ne interesting outcome of the lodine fractionation ex-
periment is found in the "characterilstic potentials" of the
four curves shown in Flgure 15* The curves for both the
fractions fall above those of the original materials. If the
average molecular weizhts represented by the "characteristic
potentials®™ are true ones, this situation would not occur. In
order to bring about the proper relatlonship the character-
istic point would have to be taken somewhat to the left of the

present cholce.
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A. 0.01 gram of fraction 2
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Table 18. Titration of Amyloses and Fractions

{Iodine added in milliliters of 0.00091 ¥ solution.
E. M. F. in volts, referred to the normal calomel electrods.)

Todine E. ¥. P,

added ~ Corn Tapioca First Second

amylose smylose fraction fraction
o 0.1880 0.1847 0.1796 0.1813
1 <1917 .1886 .1882 .1890
2 » 18927 «1895 « 1896 <1902
3 .1930 +1901 »1803 .1913
4 1931 + 1907 1910 . 1922
5 1934 .1812 +1817 +1830
6 »1936 .1918 1923 .1938
7 »1940 L1922 1932 «1942
8 <1944 «1927 »1940 » 1950
g + 1850 - 1934 « 1850 » 1958
10 .1958 «1943 .1962 L1971
11 ,1968 19565 «1971 .1983
12 .1982 L1872 .1991 2002
13 .2003 «199%7 2022 .2028
14 L2036 2046 2078 2078
15 «2115 .2145 «2167 «2171
18 .2196 - +2215 L2231 22834

17 «2258 2266 + 2276 .2278
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5. Effect of amylose concentration on complex formatlon

When amylose solutions of varlous concentrations are
titrated with lodine, 1t is found that the horizontal portion
of the curve occurs at a higher lodine activity with lower

amylose contents. See Figure l4. This effect was first

notlced in mixtures of amylose and amylopectin and was thought
to be due to the presence of the latter component, but fur-
ther experiment showed this idea to be false. It should be
noted in Figure 14 that the experimental points fall closer
together on the curves far’thﬁ solutions of lower smylose con-
centration. Since the same interval of time was allowed
between each successive addltion of lodine and the taking of
the potentiometer reading, the complex was formed at a rate
proportional %o the total amount of available amylose present
at each concentration. This change of rate was used to
eliminate any influence that rate of formation might have on
the curves. The general phenomenon is analogous to the mass
effeect in 8 chemical ragetion. Thus one might write the
equation, Amylose + xIy = Amylose (Ip)ys end imagine

that increase in concentration of amylose would force the re-~
actlon to the right, thus reducing the lodine concentration.
The equatien,‘ﬁf course, represents a physical equilibrium
rather than a chemlical one, although in some respscts the
complex formation takes on the aspects of a chemical union.

If, as seems to be true, there ls considerable Iinteraction
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Table 129. Titration of Amylose Solutions
of Various Concentrations

(Iodine added in milliliters of 0.00091 ¥ solution.
E. M. F. in volts, referred to the normal calomel electrode.)

Iodins E.N.P,. iﬁéiﬁe EtgtF'

added "0.0025%4 0.0075% | 2998 "5 01004 0,0050%  0.0000%

0 0.2012  0.1993 0  0.1931 0.1986 0.2089
.25 .2010 . 1984  .2187
.50 .2015 . .1961  .1988  .2244
.75 .1980 . .1989

1.00 2017

1.50 «2025 « 1979

. 1993
.1969 » 1997

s S reins st 4%

5
1.0
1.5
2.0 .1969 1991 .2311
2.5
3.0

1.75 « 2087 3.8 +2001
2.00 2033 4.0 «1971 2004
4.5 «2011

2 * 25 * 2058 * 1980

2.50 + 2040 5.0 «1975 .2016

2.75 5.5 2023
3.88 2064 6.5 2045

3.50 .2088 7.0 . 1978 «2060

ittt A S S

14.285 .2308

3.75 .2118 .1984 7.5 2097
4.00 .2146 8.0 .1983 L2145
4,25 L2174 8.5 L2193
4.50 .2203 .1987 9.0 .1987 .2251
4,75 .2225 9.5 .2265
5.00 .2244 10 .1993
5.25 +1991 1l .2002
5.50 .2280 12 L2011
6.00 L1994 13 .2023
6.75 .2000 14 L2044
i
7.50 2006 | 15 .2085
8.25 .2015 g 16 2155
9.00 .2025 I 17 .2221
9.75 2038 | 18 L2275
10.50 .2060 | |
i
§
11.25 2110 |
12.00 L2170
12.75 2229 |
13.50 .2273 |
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between lodine molecules within the complex, ite formation or
decampgaitian may involve the making or disruption of attrac-
tive forces between the iodine atoms that sre strong enocugh-
to be classified as bonds. At any rate, too little is known
of the nature of the complex to attempt to set up &an equation
representing the equilibrium, even if 1t were firmly estab-
lished thét such an equilibrium.éxisteﬁ.

| The chlef conclusion to be drawn from these findings in
a praetiaal way 18 that simlilayr amylose concentratlons must
be used 1f the titratian curves are to be made the basis of

chain langth comparison.

De The Amylopectin Component

1. Iodine complex with smylopectin

It was shown that smylopectins bind some lodine although
the amoumﬁﬁ are small compared ﬁé those taken up by amyloses.
When the amylopectin titration curves ars plotted as they are
in Plgure 1 it is difficult to draw any concluslons concern-
ing the amounts of lodine they take up or the range of lodine
activities within which they bind the lodine. ILowsver, the
potential of the lodine electrode 1s a linear function of the
1og of the 1lodine activity. Therefore, the titration curve
of ‘a solution of potassium iodide can be put in the form of a
stfaight line by plotting the log of the milliliters of lodlne

solution against the pobential. Since the lodine activity
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will not be exactly proportional to the milliliters of

iodine solution added, this linearity will not hold atrictly.
Plgure 15 shows the curves for 0.056 N potassium lodlde solu~
tion and for a number of amylopectins and waxy starches.
Buunﬁ iodine now shows up a8 a devistlon from a straight line
and the amount 1s more easily noted. More important, however,
the potential at which the maximum deviatlon occura can be
sesn, as well as the breadth of the maximum. This enables a
much better analysis of the behavior of amylopectin with
iadineQ This is rather important if the iodins titration is
to be used as & method for determining the amylose contents
of whole sterches, since the mejority, about 75 per cent, of
such starches 1s amylopectin. There 1s little reason to
doubt that some of the lodine bound by amylopectin 1s held by
much the same mechanism as in the case of amylose. Nost of
the amylopectins probably have some lengths of free chaln,
particularly in the terminal branches, and it 1s generally
the case that substances that give indications of longer
average free chain length by other methods also bind more
1odine. On the other hand, there are signs that point to a
second mechanlism for binding ilodine in the case of amylopec-
tins. Thus, glycogen with preactically no straight chain
capable of a single loop still binds some iodine. Nore
striking, however, is the comparison of an amylodextrin of
average chain length of about 25 glucose residues with any

smylopectin having en average fres chalin of 25 or less. In
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splte of interference to be expected from interlacing and
entangling of the branches the amylopectin binds more iodine
than does the amylodextrin. This could be due to a number of
particularly long terminal branches on the amylopectin, since
relatively few of these would Increase the lodine-binding
ability considerably. However, if such were the case, there
would be quite a marked difference between the amount of
1odine taken up by an amylopectin and that bound by its limit
dextrin. These materials have been compared in an experiment
that will be described presently, and llttle difference was
observed. It is difficult to believe that there can be any
great difference in degree of branching within the 1limit
dextrin. It seems probable that some 1odine 1s adsorbed by
the large colloidal particles of the amylopectin. The curves
of Figure 15 show that lodine 1s bound by emylopectin materl-
als in a slowly but continuously Increasing amount as the
iodine concentration ls increased. It will be noted, however,
that all the curves turn up toward Curve A at their upper ends.
A number of ths curves were carried out to much greater iodine
concentrations and it was found that beyond the range shown
in the figure they were practically linear and tended to
approach Curve A as an asymptote. This produces in sach

curve at least one point of maximum deviation from the "blank'
i.e., Curve A. This maximum represents a definite change

in the proportlion of added iodine that is bound by the amylo-

pectin. Furthermore, some of the curves exhibit two of these



« B0 -

maxima, indicating e subordinate variabllity in the propor-
tion of added to bound lodine.

The various maxima observed in the amylopectin curves
mey be explained very nicely by an extension of the relation-
ship between chain length and fodine activity or potential.
Curve E which was obtained by titration of potato amylopectin
may be taken as an example. It has two maxima indicated by
the two small arrowheads. The lowest one 1ls produced by a
trace of amylose. That this maximum occurs in the potential
range of amylose may be seen by reference to Curve F, pro-
duced by erude corn amylopectin. The large maximum in this
curve was caused by the presence of 6 to 8 per cent amylose.
The second maximum in Curve E presumably ls caused by complex
formatlon with the amylopectin 1tself and ths potentiasl at
which it occurs 1s probably related to the average chaln
length of the amylopectin. On this basis 1t may be predicted
that potato amylopectin has the longest average chain length
and that the degree of branching in ﬁhe amylopectins increases
in the order: corn, taploca, waxy corn, and waxy rice.

Comparlison of Curves C and G produced by waxy corn before
and after defatting shows that the presence of small amounts
of amylose mey be effectively hidden by fat. It is probable
that other waxy atare&sa whieh are apparently amylose-free,
actually contain small amounts of this component, as do
cotton-purified amylopsctin preparations. These traces of

iodine~binding material are really amylose and not meraly‘
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extra long branches, otherwise there would not be two distinet

maxima; only a single broad one would be observable.

2. Limit dextrins

Evidence was sought to confirm the relationship betwsen
the average chain length of amylopectins and the potential of
maximum deviation of the iodine titration curve, ss described
in the preceding section. MNeyer's plan for the branching of
amylapaetin {6, 7) postulates terminal branches containing
sbout twice as many glucose units as are in the segments of
. ehain between hraﬁch—gmi&ts. Limit dextrins prepared from
smylopecting by f ~amylase digestion would accordingly heve
shorter average chain lengths.

The limit dextrins of waxy rice, waxy corn, tapioca amylo-
pectin, and potato amylopectin, together with samples of the
original materials were titrated with ilodine. The results
are contained in Figure 16. For convenience in comparing the
materials, the potentials of maximum deviation have been
placed together in Table 20. They are indicated in the figure
by small arrow-heads. In every case the limit dextrin poten-
tial is higher than the potential of the corresponding
amylopectin, as was expected. The four limit dextrins fall
in the same relative order as do the four amylopsctins. The
differences between the potentials of the related pairs are
all of the same order of magnitude. In general, the differ-

ence between an amylopectin and its limit dextrin is less
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Table 20. Iodine Potentlals of Amylopectins
and Thelr Limit Dextrins

(In volts, referred to the normal celomel electrode)

Material : Potentisal

Amylopectin Limit dextrin Difference
Waxy rlce 0.2583 0.2600 0.0047
Waxy corn 0.2418 0.2482 0.0084
Tapioca 0.24086 0.2477 0.0071

Potato 0.2272 0.23507 0.0035

than the difference between neighboring amylopectins. Ob-
viously the determination of the ilodine potentials involved
1s so uncertain that no quantitative estimates of chain
lengths are possible. However, some idea of the probable
values may be gained from the titration curve of an amylodex-
trin fraction with an average chain length of 20-25 glucose
residues. The potential at which it deviated most from the
0.05 N potassium iodide curve was in the nelghborhood of
0.2400 volts. Contribubing to the uncertainty ls the doubt
"which exlsta regarding the poasibility of lodine adsorption

by the amylopectins.

E. Other Starch Complexes

The material that is precipitated in the course of
Schoch's starch fractionation procedure (11) is probably an
amylose-butanol complex analogous in structure to the amylose-

iodine complex (27). Apparently 1t is the superior
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Table 21. Titration of Amylopectins and Theilr Limit Dextrins

(Iodine added in milliliters of 0.00091 N solution.
E. ¥. F. in volts, referred to the normal calomel electrode.)

added Waxy , o Waxy 0.0 B
rice Taploca  corn Potato KI sol.
Amylopecting
25 0.1902 0.1811 0.1896 0.1869
50 2000 L1907 .1966 .1928
1.0 2093 .1993 2048 .1995 0.2166
1.5 .2148 L2043 2101 2082
2 .2184 L2091 L2138 2043 L2255
3 .2232 2158 .2189 2091
4 2266 2201 .2285 L2130 2345
8 2312 2252 2872 .2168 2396
8 2543 L2282 2304 .2193
9 2447
11 L2376 L2315 2339 L2224
13 .2493
14 L2401 L2338 2385 L2248
18 .2427 2365 2394 .2280 2532
23 <2455 «2393 L2423 L2314
25 ' L2571
30 .2487 .2427 +2458 .2356
40 L2524 2469 L2498 .2408
50 L2553 2504 .2531 L2454
Limlt Dextrins
.25 L1934 .1826 L1811 .1865
1.0 .2117 L2072 L2032 .2035
1.5 .2169 2133 .2080 L2071
2 ‘ L2208 L2171 .2141 .2093
3 L2257 2227 .2206 L2133
4 .2292 .2263 .2248 L2155
& 2340 L2309 .2299 .2184
8 2373 L2339 .2331 .2203
11 .2408 L2369 L2365 .2223
14 .2434 .2392 .2390 .2248
18 .2462 «2416 24156 L2273
23 L2489 2442 L2442 .2300
30 L2520 2469 L0473 L2335
40 .2554 2505 L2510 .2381

50 -2582 +2536 2542 .2422
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crystallizing tendency of the butanol-filled helices that
results in the formation of the characteristic "rosettes®

and the subsequent separation of the two components.

1. The pyridine complex

Much thought and considerable effort was given to the
problem of analysls of the butanol complex, but with little
success. The possibllity of preparing & similar ccmpléi with
& substance that would lend itself more readlly to analysis
was considered. Reschke and Hartman (42) describe a crystal-
line pyridine-amylose complex which was formed in an aquacus
pyridine solution of potato starech. Thelr experiment was
duplicated and a material was abtainaéythat closely resembled
the potsto amylose-butenol éﬂmplai, being composed of double
tufts and clusters of very fine needles. These were stained
blue by iodine, but no dichrolsm could be detected. The
complex d4id not lend itself to an efflclent fractionation.

In the mass 1t was so voluminous and jelly~like that it could
not be separated cleanly from the liguid phase either by

filtration or centrifugation.

2. The phenol and aniline complexes

By analogy with pyridine and butanol the next most likely
substances for complex formation were aniline and phenol.

Accordingly, they were used in attempted fractlionatlon of
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defatted corn starch. The procedure was similar to that used

in Schoeh's bubtanol fractionation; a two per cent starch paste
was autoclaved, saturated with the precipitant and allowed to

cool slowly. The detalls of procedure are described fully in

Part IV. ’

The results of the phenol and aniline fractionations were
similar to those obtalned with butanol., Solid precipitates
were formed that could be centrifuged out. These were washed
and dehydrated with ethanol to rid them of excess phenol or
eniline, and were then dried. The unprec¢lpitated material
was recovered as usual by adding excess methanol.

The effectiveness of the fractionation in each case was
determined by running potentiometric lodine titrations on the
fractions to determine their amylose contents. The titration
curves are shown in Figure 17. The phenol effects & frac-
tiﬁnation that is practically as good as that produced by
butanol. The amylose obtained is 80 per cent pure and the
amylopectin fraction contains about six per cent of amylose.
The butenol-precipltated amylose 1s only slightly purer. The
aniline fractionation is not as effective. The amylose pro-
duced is only 80 per cent pure. It is probable that the frac-
tionation procedurss could be improved in the case of phenol
and anlline. There is no reason to bellieve that the condi-
tions used in the butanol fraatignatian are also desirable

when other precipitants are employed. This 1s particularly
true in the case of anlline whose solublility is only half that

of butanol and phenol.
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Table 28. Titration of Phenol, Anlline, and
p~Aminophencl Fractlons

(Iodine added in millilliters of 0,00079 N solution.
E. M. P, in volts, referred to the normal ﬁalemel electrode.)

Ic’dina E« M* F#

dded ‘

add a* B c D
0 0.1917 0.1983  0.1922 0.1948
1 .2016 .2010 L1957 L1965
1.5 .2035
2 .2045 .2008 .1968 .1970
2.5 2054
3 .2016 1974 L1974
3.5 .2062
4 .2076 2052 .1980 .1975
4.5 .2098 ‘
5 2135 2145 .1986 .1976
6 .2201 2232 .1993 .1980
7 2249 .2287 .2001 1684
8 .2285 L2324 L2011 .1987
9 2312 .2029 .1993
10 .2334 L2379 .2053 L2002
11 .2115 .2010
12 .2369 2416 .2205 .2024
13 2267 .2044
14 | .2308 L2075
15 .2408 .2459 .2342 .2143
16 .2220
17 2391 .2275
18 L2317

20 +2442 2374

*Letters refer to the curves of Figure 17.
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The appesarances of the phenocl and aniline complexes were
quite simiiar except that the phenol complex particles were
& little larger. The particles looked like very fat ellip-
soidse, being alméat spherical in some cases. They generally
had a faint band or belt around the smaller diameter. Some
partially formed particles appeared to be made up of sheaves
of needles bound tightly at the middle. The two ends of the
sheaf seemed to branch out and become very "bushy" so that
each one tended to assume a hemlspherical aspect and the
sheaf as a whole became almost spherical. Particles of the
phenol complex are shown In Flgure ;8. They are stained with
lodine which asccentuates the appearance of the tufts of
needles. A particularly good ezxample of a particle that
nearly reached a spherical shape 1is encircled 1n the figure.
The particlss that c¢losely approached a spherical shape pro-
duced perfect polarization c¢crosses, resembling tiny starch
gfanules in this respect. The slign of the birefringence 1s
positive as in the case of the starch granule.

An attempt was made to use p-aminophenol as an amylose
precipitant wlthout success. It is not very soluble and hot
aqueous solutiong are oxidized guite rapidly by alr. A small
emount of precipitate was obtalned, but it contained only 25
per cent amylose and was dark colored because of contamina-~

tion with oxidation products of the p-amlnophenol.
There are no doubt other compounds that will form com-
plexes with amylose and produce effective separation of the

starch components.



Flg. 18, Phenol-Amylose Complex
Stalned with Iodine
{400x)
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IV. EXPERIMENTAL DETAILS

A. ¥aterials Used
1. Starches

The corn, waxy corn, and waxy rice starches as well as
one sample of 1lily bulb starch were milled under the direc-
tion of R. M. Hixon. The lily bulbs and another sample of
lily bulb starch were provided by S. L. Emsweller of thes U. 8.
D. A. Experiment Station, Beltsville, Maryland. Baker and
Adamson's gatata starch was obteined from the aénaral Chemi~
cal Company. The bean, pea, oat, and arrowroot starches were
from the Eli ILilly and Company assortment of "Authentic
Starches." A saﬁple of oat starch was also supplled by the

Quaker Oats Company.

2. Stareh fkactiana

Fractions of corn, potate, and taploca starches prepared
by the n~butanol separation procedure (1ll) were supplied by
T+ J+ Schoch.

The butanol fractions of lily bulb atarch were prepared
by following Schoch's procedure.

| The amyiepeetin fractions of corn and taploca starch con-

tained a few per cent of amylose. This was removed by



treatment with cotton (15, 16). The amylose fractions were
about B85-80 per cent pure.

Samplés of "erystalline amylose" were supplied by R. W.
Kerr who has described the method of preparation (43). One
of these samples had been recrystallized three times and was

apparently pure amylose.

3. Recrystallized corn amylose

Crude corn amylose, freshly preclpitated with n-butanol,
was recrystallized six times as follows: The wet amylose was
redispersed in boliling water and a small amount of insoluble
material was removed by hot filtration. The hot solution was
then saturated with butanol, wrapped in towels, and allowed
to cool slowly. The precipitate was centrifuged out, redis-
persed and the cycle repeated. After ﬁhﬁ final crystalliga-
tion the material was dehydrated with butanol and dried iIn a

vacuum ovVen.

4. Synthetlc starch

Synthetlc starch prepared by the action of phosphorylase
on glucose-l-phosphate was supplied by W. Z. Hassid. From
methylation studies he concluded that it was essentially long,
straight-chain starch {(44).

5. Defatted corn starch

Corn starches containing various amounts of fat were



prepared by J. F. Foster and F. F. Mlkus by extracting with
80 per cent dioxane or refluxing with methanol for different

lengths of time.

6. Fabtted potato starch

Potato starch containing only 0.016 per cent fat was lm-
pragnated with oleic acid acecording to the procedure described
by Schoch (40). After treatment the starch contalined 0.37 per

cent fat. Schoch’s preparation had a 0.77 per cent fat content.

7. Glycogen

The glycogen used was the C. P. grade produced by
Pfanstiehl Chemical Company.

§. Limlt dextrins

Limit dextrins of waxy rice starch, waxy corn starch,
taploca amylopectin, and potato amylopectin were prepared by

B. Brimhall. The materials were digested twice with §-amylase.

2. Amylodextrin fractions

Fractionation. The corn amylodextrin uwsed was prepared

by D. Fr@néh by & procedure involving three months' hydrolysis
of granular starch in 10 per cent sulphuric acid with subse-~
guent purification.

Fifty grams of the amylodextrin was dissolved in bolling

water to make a liter of opalescent solution. About 100
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milliliters of n-butancl and 40 milliliters of iso-amyl
alcohol were stirred in and the flask containing the hot
sclution was wrapped in towels and allowed to cool slowly to
room temperature. The precipltate was centrifuged out,
washed with a saburated solution of butancl, dehydrated with
butanol, and finally dried in a vacuum oven at 60°C. For
yilelds of this and subsequent fractions, see Table 15.

A second fraction was obtained by adding 100 milliliters
of methanol to the supernatant ligquid from the bubanol pre-
cipitation. Additional butanol was added to saturate the
solution and it was carried through the same sequence of
operations as des¢ribed above for the butanol preclipitation.

The third fraction was prepared by following the same
procedure after ancther addition of 100 milliliters of metha-
nol. In this case the saturation with butanol must be
carried out in the cold solution, since the butanol is per-
fectly miscible with agueocus methanol solution of this
strength at elevated temperatures.

To obtain the fourth fraction another 200 milliliters of
methanol was added, but no more butanocl. Again the same pro-
cedure was applied in the precipitation.

The supernatant ligquid from the fourth fraction was
evaporated to half its original volume and enough methanol
was added to bring the percentage up to about 60 per cent.
Most of the residual material was preciplisted and designated

as the fifth fraction. Approximately 15 per cent of the
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original material remained dissolved in the 60 per cent

methanol solutlon.

Characterization of the fractions. Since the object of
the amylodextrin fractionation was the preparation of short-
chain amyloses, 1t was necessary to show that the products
were of this nature. Fractions one, two, and three were ob-
viously elmost pure amyloses since they took up nearly as
much iodine as "erystalline amylose"™ according to the potenti-
ometric lodine titration. They also gave deep blue iodlne
colors, were insoluble in bollling water, and retrograded
readily when their solutions in alkali were neutralized.

It was necessary to use other criterias in esteblishing
the nature of the fourth snd fifth fractions. In their be~
havior toward iodine they were practically indistinguishable
from amylopectins, their c@l@ra belng purple and purplish red,
respectively. Both were soluble in hot water. That they were
essentially straight-chain material was demonstrated by sub-
jecting them to the action of B-amylase. Ninety-four per cent
conversion to maltose was ebtaihaﬁ in each cagse. The p-amylase
digestions were run by the procedure of Newbton, Farley and
Naylor (45). The extent of conversion was measured in terms
of the reducing power of the materisl as determined by the
ferricyanide method of Farley and Hixon (46). Ixpressed in
terms of copper numbers, E&u’ the redueing powers of the
fourth fraction before and after digestion were 93 and 1720;
of the fifth fraction, 161 and 1780. The first value in each



cage may be used to calculate the chain length of the frac-
tlon, assuming stralght chains. Accordingly, the length of
the fourth fraction is sbout 40 glucose units; of the fifth,
20 glucose units. Solutlions of the fifth fraction are clear
enough for measurement of the optical rotation and Zﬁ§7§53:
198°. This corresponds to a chain length of about 23 glucose
units.

The iodine-reducling wvalues of the fourth and fifth frac-
tions were also determined, using the procedurs of Kline and
Acree (47). According to this method the chain lengths were
6023 and 3242 glucose unlts, respecitlvely. There is not
much basis for choice betwesn the molecular welghts as deter-
mined by this method and those caloulated from R,, values,
except that the latter la confirmed by the rotatory power in

the case of the fifth fraction.

10. Starch complexes

Pyridine complex. Amylose-pyrldine complex was prepared

just as described by Reschke and Hartmenn (42}, except that
the use of exceptionally dry starch wasg found to be unnecessary.

Phenol complex., A paste composed of five grams of de-

fatted corn starch in 250 millillters of water was aubtoclaved
for four hours at 15 pounds pressure. Thirty grams of phenol
was then added to the hot solution. This amount was somewhat
more than enough for saturation. The flask containing the

solution was wrapped in towels and allowed to cool slowly.
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The resulting precipitate was centrifuged out, washed with
alcohol to free it of phenol and water, and then dried in
vacuo. For microscoplie examination the complex was taken as
it was first precipltated. It was suspended in saturated
phenol~water and only enough alcchol was added to dissolve
globulaa of excess phenol. )

The unprecipitated materlial was recovered by adding an
equal volume of methanol to the supernatent liquid according

to the usual procedure for precipitating amylopectin.

Aniline complex. The procedure followed in preparing the

aniline complsx was similar to that employed in the case of

phenol except that only 15 grams of the aniline were used, the

solubility being lower.

g~Aminoph@nel sampl&x. The futile attempt to prepare the

p-aminophencl complex followed the same procedure as the

phenel preparation. In this case the solubllity required that

only six grams of the precipitant be added. Even freshly
purified p~aminophenol colored rapldly when the solution was

hot.

il. Fractionatlon of amylose with lodine

A mixture of 0.1 gram esch of corn amylose and taplocca
amylose was dispersed in 20 millillters of 0.5 ¥ potassium
hydroxide. The purities of the amyloses were 89 and 85 per
cent, respectively. The scolution was neutralized to methyl

orange with hydrochlorlc acld and water was added to make a
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volume of 200 milliliters.

The amount of iodine required to séturat@ exactly half

the amylose was calculated. This was added in solution,

6.65 milliliters of 0.0188 N iodine In 0.07 ¥ potassium

iodide. It was added very slowly with constant stirring. The
mixture was then centrifuged, but the complex was not entirely
coagulated and the supernatant liquid was quite blue. About
0.8 gram of solld potassium iﬁéiﬁe was stirred in to aild co-
agulation, and the precipitate was centrifuged out. The
gupernatant 1iq§iﬁ wag decanted and 86.96 millliliters of the
iodine solutlion was added to it as before. The second precipi-
tate was then centrifuged out.

Each of the two fractions was stirred into about 100
milliliters of water and a slight excess of sodium thilosul-
phate solutlion was added. Upon standing a short time, the
complex was decomposed, the amylose going back into solution.
The excess thiosulphate was then back titrated with lodine.
There was a little excess of iodine found in the supernatant
liguid from the second fraction.

Each amylose fraction was precipitated from solutlon by
addition of an egual volume of ethanol, centrifuged out,
dehydrated with ethanol, and, finally, drled in a vacuum des-

sicator over phosphoric anhydride.
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B. Detalls and Varistions of the Potentiomebric

Jodine Titration Procedures

In practically 2l1l cases the material to be titrated was
dispersed in a small voliume of 0.5 H potassium hydroxide and
subsequently diluted. Some dextrins and freshly precipitated
starch fractlons could be dissolved in bot water. For alkalil
dlsperslions the starch was dried in & vacuum oven at about
60°C. The concentration of starch generally used was 0.0l to
' 0.04 per cent, depending on the anticipated amylose content
of the sample.

In a typleal procedure 0.01 to 0.04 grams of starch was
~dispersed In 10 milliliters of 0.5 N potassium hydroxide.

When diapefaal was complete, the alkall was neutralized and

. distilled water was added to make the total volume 100 milli-

liters.

There were two choices available In neutraliszing the
alkali. In one case hydriodic acid was ueed, thus providing
the necessary lodlde concentration directly. In the second
case hydrochloric acld was used and a measured amount of
potassium lodide solution wag added. This labtter modification
was proposed by Schoch (39} to avold the pragar&ticﬁ and
preservation of iodine-free hydriodic acid. It had a second
advantage in that it permitted a bstter control of iodide
concentration. However, the use of hydriodic acid was neces-
sary in applications where the presence of other lons was

undesirable.
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When prepared in the manner éésarib&d‘abava, the lodide
concentration of the solution was 0.05 N. The reasons for
choosing this value are discussed at great length in another
‘section.

The solution was made neutral to methyl orange because
1t was deslirable to have the syﬁtam slightly on the agid side
where the lodine electrode is practically Independent of pH.

The properly prepared solutlon was titrated with 0.001 N
iodine solution which also had a potassium lodide acneéntra~
tion of 0.06 H. After each addition of one milliliter, an
interval of two to five minutes was allowed before readlng
the potentlial of the lodine electrode, which was lmmersed in
the solution. If the change of potential near the end of the
interval took place at a rate exceeding a few tenths of a
milliveolt par_minute, more time was allowsd between successive
additions of titrating solution.

Apparatus. A Leeds and Northrup type K potentiometer
W& S aseé to measure potentisls, The electrode employed in
the ilodine-iodide half-cell was simply a bright platinum wilire
sealed in the end of a piaee of soft glass tubing. A mercury
connection was made with the potentiometer lead. The refer-
ence cell wes a normal cslomel eleétro&e‘ The only regquirement
of the galvanometer used, s lLeeds and Northrup instrument, was
that it permit adjustment of the potentiometer within 0.1
millivolt. |



V. SUMMARY AND CONCLUSIONS

1. It has been shown that ptarch contains two components
that are distinetly different in their behavlor toward lodine.
One component is capable of binding 1/5 to 1/4 its welght of
iodine in complex formation. The bth@r component is capable
of binding very little leodine.

2. The component wilth the strong affinity for lodine can
be completely separated from the second component. It has
been identified with long, straight-chain starch containing
no branches, and has been termed "amylose." The second com-
ponent has been identified with highly branched starch con-
taining no long straight branches, and has been called
"amylopectin.®

- 3. The amount of lodine bound by pure amylose under
definite and reproducible conditlons has been measured by a
potentiometric method.

4. The potentiometric method has been applied to the
enalytical determination of the amylose content of starches
and starch fractions. By this method it has been found that
fractlonation of starch by the n-butanecl precipitation pro-
cedure does not produce complebe separation of the two com-
ponents; hot water extraction of amylose results in very poor

separation; and the cotton fractionation method gives almost
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complete separation, although recovery of the amylose compon-
ent is almost lmposasible and the method is very unsatisfactory
in other respects. It was found that waxy starches consist
almost &ntiraly of amylopectin.

5. The amount of lodine bound by amylose varles in-
versely with the ilodide concentratlon. The binding of lodine
is inhiblited by the presence of fatty acids and their alkalil
metal salts.

8. Affinity for iodine varies directly with the length
of the amylose chain. Amyloses from different aources have
different chain lengths. Very short amyloses behave toward
iodine iIn a manner similar bto amylopectin., An Individusl
amylose preparedé from a natural starch is quite homogeneous
in chain-length as compared to the wide range represented by
all the amyloses.

7. An equilibrium exists between the free ilodine in an
agueous solution and the lodine in the amylose~iodine complex
present in the same solution. Long-chain amylose molecules
having greater affinity for lodine bind all the available
iodine before the short chain molecules are able to do so.

8, Fractionation of an amylose containing a range of
chaein lengths ¢an be accomplished by selective precipltation
of the longest molecules in the form of lodine complex.

9. Affinity for lodine varies inversely with the degree
of branching of amylopectins. Amylopectins prepared from

ordinary starches are less branched than waxy starches.
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Limit dextrins exhibit a higher degres of branching than the
amylopectina from which they are prepared.

10. Amylose forms complexes resembling the n-butanol
complex with pyridine, aniline and phenol. The ammpiaxaa with
phenol and aniline can be employed in effecting fractlionation
of starch. 1In the case of phenocl the fractions obtained are

similar in purity to those produced by the n~butanol method.
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