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INTRODUCTION

All starches, regardless of orligin, are alike in
that they are polymers of glucose having 1,4 glucosidio
linkages of the ¢-configuration. In nearly all starches
there are two kinds of suoh polymers in varylng proportions.
One kind appears to have no linkages except the 1,4, being
thus a straight chain compound. The other variety is
branched, having side chalns attached by 1,6 linkages. The
first of these 18 ocalled amylose; the second, amylopectin.
In thie thesis amylose i1s of primary importance, amylopec-
tin being of interest only in so far as 1t interferes with
the work on amylose.

From the preceding, 1t 1s obvious that all amyloses
are chemically ldentical except in the degree of polymeri-
zatlon (commonly abbreviated d.p.), that i1s, in the number
of glucose units per molecule. Conslderable work hasg been
done to determine the d.p.'s, or molecular welights, of vari-
ous amyloses. Both chemiocal and physical methods have been
applied. Chemicel methods generally are not subject to er-
ror due to aggregation, but can be seriously affeoted by
incomplete reaction and side reactions, degradatlon of the
sample, and the presence of amylopeotin.

Pnysical methods include the application of the

ultracentrlifuge, determination of osmotic pressure and



intrinsic viscoslty, and streaming orientation. All of
these methods are subject to error due to aggregation, and
the interference of amylopectin, In addition, molecular
welghts cannot usually be determined from streaming orienta-
tion studies of amylose becausgse of lack of rigidity of the
individual molecules, and because the spatlal arrangement
of the molecule 1ls not known.

The oblect of this study was to overcome as many &s
possible of the sources of error applicable to the methods
of streaming orientation, to determine by this technique
the length and molecular weight distributions of several
amylose samples, and to obtaln all data possible by this
method concerning the purlty of the samples and rigidity
of the molecules,

It seemed probable that the lack of rigidity and
uncertainty of structure could be overcome by using the
amylose-iodine complex. It was also likely that the inter-
ference of amylopeotin could be eliminated, since 1t forms
a less stable and differently colored complex with iodine,
To prevent precipitation of the complex, and to permit
enough light to pass through the sample, very dllute solu-
tions would have to be used. As a result, the birefringence
would be too low to measure, and another means would have to
be used to determine the orientation angle. Fortunately,
such a means was avallable in the dichroism exhibited by
this complex.



Study of the flow dichrolism of the amylose-iodine
complex was a major part of this investigation. It was
necessary to devise and build speclal apvaratus for this
work, Efforts were made to find a solvent and conditlions
of solution such that aggregation and degradation were over-
come, as it appeared that if this could be done, and if the
above-mentioned advantages could be realized, the method
would be one of the best avallable for amylose molecular
welght determinations.

Birefringence studles were undertaken on the un-
complexed amyloses. It was believed that use of the proper
solvent could overcome aggregation and degradation, but the
lack of rigldity, the question of spatial arrangement, and
the effect of amylopectin would not be eliminated. A com-
parlson of results obtained by dichroism of the complex and
by birefringence of the uncomplexed amylose was considered

advisable.



REVIEW OF LITERATURE

Preparation and Properties of Amylose

Separation from amylopectin

Early methods. It has long been recognized that
there are at least two components in starch. Early methods
for separating these ocomponents were mostly based on solu~
billity. Usually investigators simply leached whole starch
with hot water, but there were variations¥. For example,
Ling and Nanj)i (46) first heated a gtarch paste to 130°,
froze 1t, allowed it to thaw, then extracted wlth water at
60°. Other methods include the electrophoretic separation
of Samec (70,71) and preferential adsorption on cellulose
fibers such as cotton (56,83). The different methods gave
different results, and although many workers called thelr
products “amylose" and “amylopectin', the materlals re-
ferred to by these names were not always the same for all
procedures. Other terms were also used (2,56) such as
"o=amylose" and "g-amylose'.

There were two majJor dlfflculties! one, the actual

separatlion, and the other, lack of criterla for the extent

#For a brief review of methods used prior to 1930, as well as
a detalled discusslon of hils own method, see M. E. Baldwin,
J. Am. Chem. Soc., 52, 2907 (1930).



of separation. These problems have been falrly well

solved, as will be dlsoussed in other sections to follow.

Preciplitation with alcoholg. T. J. Schoch largely
elininated the difficulty in separating amylose from amy-
lopectin by his work with butanol preocipitation (33,74,85).
He found that when starch was autoclaved with water and the
resulting dispersion saturated with n-.butanol, a crystalline
precipitate formed on cooling. Thls precipitate was pre-
dominately amylose in the form of a loose butanol complex.
Recrystallization by the same method ralsed the purity still
further. Later work (75) showed that many aleohols of four
or more carbon atoms could be used, but that n-pentanol and
Pentasol (a commercial mixture of 5-ocarbon alcohols) were
best, Schoch also prepared amylose without autoclaving, by
refluxing starch, Pentasol, water, and buffer for several
hours with contlinuous stirring, then coolling this mlxture

(45).

Subfractionation of amylose

No procedure so far developed even approximates a
complete separation of amylose lnto fractlons whlch are ho-
mogeneous with respect to chaln length, except perhaps by a
prohibltive number of repetitlions of the process., However,
some fractionation was accompllished by Schoch by a recently

developed partlal preclpltation method based on the



previously descrlbed alcohol precipltation method used for
separation of amylopectin and amylose (46). The two pro-
cesses were ldentlcal except that instead of saturating the
hot starch suspenslon wlth butanol or Pentasol, only a small
quantity of the aloohol was added, the mixture then being
cooled, The resulting precipitate was removed, the super-
natant liquld was heated, more of the alcohol was added,
and the process rspeated. This was continued until all the
amylose was removed, Beginning with geveral dlfferent nat-
ural starches, Schoch and co-workers prepared many amylose
fractions of different average chaln lengths., Some of
these samples were among those investigated in the work

reported later in this thesls.

Structure

Chemigal. Chemical evidence for the nature of amy-
lose can be found in any good carbohydrate text (61, p. 669).
It is based on hydrolysis of amylose and its methylated de-
rivatives, with identification of the products. An amylose

molecule is shown in Fig. 1.

S0lid state. The physical structure of solld amy-
lose depends on the method of preparation. Granular starches
have extended chains in one of two modificatlions whlch can

be distinguished from each other by their x-ray diffraction



patterns. Katz (30,32) showed that, in general, the cereal
starches show one pattern, called the "A" pattern, and the
tuber starches show another, called the "B" pattern. He &l-

so showed that starches retrograded at temperatures above

clmon ?HZOH szoﬂ

86 O\a a/0 5/ O\
Hg\QH H/c G\QH H/T T\OH H/gH
i T O A

o

-0

¢ :
H OH OH i
- X

Fig., 1. Structure of an amylose moleoule,

50° produced "A" patterns, while those retrograded at low
temperatures gave "B' patterns. Bear and French (4) were
able to show continuous variation from one pattern to the
other by varying the retrogradation temperatures. They al-
so showed that the "B" modification had a larger unit cell,
agreelng with the observation that this form was more
highly hydrated.

Amylose freshly precipltated by alcohols has another
form called by Katz the "V¥ modification (29,31,69). This
has been falrly well established as having a helioal struc-
ture. Hixon and Rundle have recently reviewed the evidence

for this structure (24, p. 675).



Solution. In molecular disperslons of amylose the
molecules could concelvably have a randomly coiled, a hell-
cal, or a linear and fully-extended structure; or they could
have some other structure not yet postulated. Foster and
Lepow (15) coneluded from streaming orlentation studies that
the molecules are stretched somewhat by flow gradients,
which supported the random coll theory®*. Xuhn (39,40,41)
develaoped the bheory of polymer molecules at rest and in
flovwing liquids. He concluded that these polymers would be
alternately compregsed and stretched, the effecths beling
greatest at 45° to the direction of flow. While Schmidt
and Marlies (73, p. 250) state that amylose 1s one of the
more rigld of polymers, they indloate that it is not entire-
ly rigld. We may consequently expect that amylose ls at
least somewhat coiled and that some length varlations wlll
occur, wlth attendent change in properties based on length.

If amylose g among the more rigld, we may expect
a relatlvely high shape registance, that 1s, reglstance to
change of the distance between the ends of the molecule.
Kuhn (41) states that molecules with high shape resistance
undergo practically no change 1n length with a single rota-
tlon, but do suffer a slight extension with many rotatlons,
since the average extending force 1ls greater than the aver-

age contracting force.

¥3imilar structures have been found for other polymers
(16,23,79).



Iodine complex. Hanes (19) noted that six-membered
cyoloemyloses are formed by certaln engyme reaotions with
amylose, and therefore postulated a helical structure for
amylose, with slx glucose residues per turn. Freudenberg
(17), by building models of such chains, showed that in this
case the hydroxyl groups should be directed outward, leaving
the inside of the hellx essentially hydrocarhbon in character.
. He therefore consldered the lodine in the amylose-iodine
complex to be in the center of the hellix because a blue
color 1s characteristic of iodine in hydrocarbon solutions,
rather than 1ln polar solvents.

Nelther Hanes nor Freudenberg offered further evi-
dence for thelr theorlss, but 1t has since been shown that
the main points of Freudenberg's proposal were correct.

Bear (3) pointed out that the x-ray pattern for the amylose-
lodine complex was similar to that of the previously men.-
tioned "V% form of orystalline amylose., Subsequently both
the "V' forms and the iodine complex were prepared in bet-
ter forms. Rundle (65) showsd clearly by x-ray analysis
that they were helical and identlcal, and in the case of

the lodine complex, this element occuples the center of the
helix. The helices are 13 & in diameter, 8 & in period
along the hellx axis (77), and have six glucose residues
per turn as Hanes suggested.,

Thus we have in the amylose-lodine complex an
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amylose complex of known spatial arrangement. Furthermore,

it 1s probably qulte rigid.

Moleoular welght

Ogmotic presgure (61, p. 522). According to the

van't Hoff equation
M = RT/(T/oc) (1)

where M is the molecular weight, ¢ 1s. the concentration of
solute, and Tr 1s the osmotle pressure. Thls is strictly
valid only at infinite dilution. Meyer (49) stated that
the simplest way to arrive at the value of I/c at infinilte
dilution 1ls to determine 1rat various concentrations, graph

the results according to the equation
/o = a + bo (2)

and extrapolate to zero concentration.

Thls method, when properly applied to well prepared
samples, glves a number average molecular weight. For amy~-
lose values of 10,000 to 286,000 have heen reported. It 1s
highly probable that the higher values repregent aggregated
samples. In fact, Meyer (49) stated that osmotic pressure
measurements with amylose are worthless unlegg it 1sg highly
degraded first, whilch, of course, does not permit determli-

nation of the original molecular welghts.
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Vigocosity. The same diffliculty, aggregation, that
1s encountered 1n osmotlc pressure work also renders doubt-
ful many of the results obtained by viscoslity measurements,

In addition, the Staudinger equatlon used,

lim [ﬂsﬂ} - Kpi (3)

-0 c

has been found by Staudinger (82), Meyer (50), and Schulsz
(76) to be invalid in many cases. Furthermore, the constant
is found by determining the viscoslitlies of a sultable sample
whose molecular welght has been determined osmometrically,
thus introducing the errors of this me thod.

Thue it i1s apparent that d.p.'s determined by vis-
cosity may well be much too high. This is especially of
interest here because the d.p.'s reported later in this
thesls are much lower than the values calculated from
Schoch's and Hagsid's viscosity data for the same samples,

From viscoslity data by Schooch and from their own
osmotlc pressure measurements (62), Potter and Hassid found

for amylose in 1 N KOH the relationship
T\] = 100166 . d-po (4)

or, in the form of the Staudinger equation,

q = 1.02 « 10-% (5)
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where M is the molecular weight. However, Foster and Hixon

(13,14) found that Kuhn's equation (38)

i = k™ (6)

was more appllicable for amylose dissolved in ethylenediamine.

They found for such solutions that
W = 3.5 10-tuled (7)

Ultracentrifuge, DMolecular weights may be found by

particle distributlon in a centrifuge which 1n some cases
may be of relatively low speed, or by sedimentation rate in
one of higher speed. These methods have an advantage over
viscosity and osmotic pressure methods in that an lndlcatlion
of homogeneity is obtalned. Meyer (49) claimed that aggrega-
tlon rendered questionable most of the results obtained by
thls method. Molecular welghts of 300,000 to 1,800,000 have
been reported (44)., Beckmann and Landis (5) reported values
from 17,000 to 225,000 for a corn amylose separated by elec-
trophoretic means. Nearly 50% of the sample fell in the
range 31,000 to 61,000,

Mercaptalation. Wolfrom (87) found a d.p. of 150

for a methylated potato starch which had a d.p. of 7000 by
viscoslty. No explanatlon for the discrepancy was glven.

The velue by mercaptalation 1s in bhetter agreement with the
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number average obtalned by streaming orientation of the
lodine complex than 1s the viscoslty result. It may be sig-
nificant that with a methylated ocellulose, where aggregation
may be less serlous and viscosity measurements therefore
more reliable, Wolfrom's method gave results in good agree-

ment with results obtailned by viscosity measurements,

End group assay. Hydrolysis of a molecule of methyl-
ated amylose glves one tetramethyl glucose from the end of
the chain, the remalnder of the molecule forming 2,3,6-tri-
methyl glucose (61, p. 672). If the sample 1s free of amy-
lopectin and 1f the sample 1is reasonably completely methyl-
ated, the number of tetramethyl glucose molecules is equal
to the number of amylose molecules originally present.

Thus a number average molecular weight 1s obtained. Since
amylopectin has many short branches, a small percentage of
this as a contaminant wlll greatly lnocrease the number of
end-groups, giving low results for the molecular weight,
Conversely, lncomplete methylation could give too low a
value for the number of end groups, consequently too high
a molecular welght,

Another method based on end-group determination is
oxidatlon with HIO4. This reaction was first carried out
with slmple sugars by Malaprade (47), and with corn etarch
by Jackson and Hudson (26). Potter and Hassid (62) used
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periodate oxidation 1n an attempt to ascertain the degree
of branching of starches., They determined the molecular
welghts of thelr samples by osmotlic pressure, and also by
oxidatlon, thereby findlng the number cf non-reducing groups
per molecule, They obtained values for amylose from 0.8 to
3.5, nearly all belng above 1.0. These values, according to
Potter and Hassld, may indlcate & slilght branching of the
amylose, or they could also result from a trace of amylo-
pectln,

Newton and Peckham (53, Chap. XI) have given a
rather good review of starch oxidatlon, with an excellent

section on the perlodate method.

Orientation Theory

G T ———— SN S a——

Production of a flow field. The simplest way to pro-
duce a flow gradient is to pass the fluld under examlination
through a tube. However, although thls method has been used
in some cases, i1t 1s practically useless where an accurate
knowledge of the gradient 1s required, being useful only
when relative behavior under different conditions is to be
investigated.

The apparatus usually used consiste of two conocentric

cylinders, the one being fixed and the other rotating. One
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such apparatus* 1g described in detall by Edsall (11,51).
The rotating cylinder 1s driven at known speeds. The
radil Rl and Rz of the inner and outer cylinders respec-
tively, and the gap wldth 4 between them are known, and
gince R1 1g nearly equal to R2 in most machines, the flow
gradlient G 1s glven approximately by

G%‘f-é-—e%-{l- (8)
where N 1g the angular velocity, 2n times the revolutlons
per second. The dimensions of G are t~I.

When the angular velocity of the rotating cylinder
exceeds a certain critioal value (.f1,), turbulence develops
in the liquid, end the results are at present useless theo=-
retically. For the case of irmmer cylinder rotation, Taylor

(84) developed the equation ‘

2 4
c p 3.2

2P d Rl

in which n 1s the viscosity of the llquld, /913 its denslty,

and P 1g a numerlcal factor glven by the equation:

= - a 0.00056
P 0.05671(1-.06562 Rl) + P R (10)

¥3imilar machines were used by Kundt (42) in 1881, and by
Maxwell (48) in 1874. These earliest machines were used to

Invegtigate flow theorles, rather than behavlor of sols as
such.
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Irregularities of any kind might, of course, lowsr the value
of the critical velocity,

The eriticsl veloclty 13 much higher when the lnner
cylinder 1s flxed and the outer rotates, but even with this
advantage, rotatlon of the outer cylinder 1s not much used
because of the mechanloal dlfficulty in preparing such a
machine,

Inglis (25) considered the effect produced when the
oylinders are not gquite concentric, He concluded that the
average flow 18 less near the stationary oylinder, more near

the moving cylinder.

Rotary diffusion conatant. Before considering the
various orientation theorles, it would be well to consider
the rotary diffusion constant. For any particle, there are
really three constants, corresponding to rotation about each
of 1ts three axes, However, we are concerned only with
long, thin elllpsoids of revolution. Wlth such a particle
the two short axes are the same, and consequently the con-
stants are ldentlcal. Rotation about the long axis 1is so
free and so unaffected by ordinary flow gradlents that it
contributes practically nothing to the phenomena of orlenta-
tion with which we are concerned, so thls constant may be
ignored,

We therefore consider one rotary diffusion constant
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and rotation in a 2-dimensional system, followlng Boeder's
treatment (7). If An is the number of particles per unit
volume, whose axes lle between the angles ¢ and ¢ + 4¢,

we may define a distribution functlon /0(¢ ) by the equation:

P =‘§i3 ‘g% (11)

Now assume that an external force, such as a flow gradlent,
has established a preferred direction of orlientation, so
that f>1a not constant. Then Brownlan motlon will tend to
cause molecules to shift from the preferred position to the
less preferred; that 1s, to make the distribution more ocon-
stant. The net number of molecules, dn, whose orlentation
shlfts aoross the angle ¢ from lower to higher values in the
time dt due to Brownilan movement is
Gﬂ% =6 £ (12)
at)y o¢
This can be considered the definition of &, the rotary dif-

fusion constant.

Perrin (68) derived an expression for the relaxation
time 7" of an elongated elllpsoid of revolution in terms of
the time 7; of a sphere of the same volume, and the dluen-

slons of the ellipsoid. Edsall (11), using the relatlonship

T .8

-
— T

(13)
T " o
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wrote Perrin's equation in the forn

_ _3KT _ 2
® = Tamna® ( 1 +2 log, —5§ (14)

which 1ls applicable for molecules in which a > 5b. In this
equation n ig the vigcosity of the solvent, K ia the
Boltzmann constant, T is the absolute temperature, a is the
semimajor axis of the ellipsoid, and b is the semiminor

axls. When thls equation is written in the form
_ | -SKT __ 1 +2 1 2a % )
8 = 1767Nne ("’ > L0gg ey (15

it can be seen that changing the ratio a/b will make only a
small change in a. Consequenfly if © can be found and 1if
even a rough guess can be made as to the value of b, the
length 2a can easily be caloulated.

The dilameter of the amylose~iodine complex in the
erystalline state is known (13 R) and can be assumed to be
about the game 1n solutlon, so we can easily use this
equation for finding lengths of these molecules once their

rotery diffusion constants are known.

Early approximations in rotation theory. Jeffery

( 27) made one of the first successful attacks on the problem

of the behavior of partiocles subjJected to a flow gradient.

He agsumed an ellipsoid of revolution, so large that Brownlan
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motlon was negliglble. Hie results showed that the partiocie
rotates most rapidly when the long axls 1s perpendiocular to
the flow llnes, slowest when this axls 1s parallel to them.
Since many, 1f not most, macromolecules are small
enough to be &ffected by Brownian motion, another treatment

was necessary., Boeder (7) derlved an expression
- Tl %P ain2¢. ¢ (16)
of

based on the assumptlion that the particle 1s confined to a
plane 1nolud1ng the direction of flow and the direction of
the flow gradient. While this assumption was not entirely
valld, the particles do spend much of thelir time in or near
this plane. In this equation, /0 is the orlentation distri-
bution function as a function of ¢, and of = G/6,

Boeder's solution to hils equation gives results very
.8imilar to results obtained later from more rigorous deriva-
tlons, and to most experliumental results. In this 2-dimen-
sional cese, it ia found that for small values of (X, P is
& maximum at 45° to the flow llnes; the position of the
maximum shifts to lower angles for higher values of &« In
the latter case it is &lso found that more complete orienta-
tion occurs; that 1s, the particles spend more of thelr tlme
in the preferred positilon.

The 3-dimensional case was also considered by Boeder,
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For low values of &, he found that the angle between the
preferred position and the flow lines (called the extinotion
angle) is given by

= % arotan g (17)
This can easily be changed to the form%
-~ 2 ®e a0
Xo= Doy~ Eop oo (18)

The equationg of Peterlin and Stuart. The most
satlsfactory expressions for X and for the magnltude of the
flow birefringence obtalned to the present time are those
of Peterlin and Stuart (59). They obtained X as a funetion
of & &, and b, but untll recently it was prohibitively
dlfflicult to use thelr expresslon except in the modified
form applicable only at low values of O '

212
S - o PR 4 g4 . a=b- ...,
X =3 [1 s L rE st ﬂ (19)

Thelr expresslion for the magnitude of flow double refractlon
is

0 - 2 o(gy-gp) - £(cX, §) (20)
n n

*The expansion required, taken from the Handbook of Chem-
lstry and Physics, 29th edition, Ghe lcal Rubger Publish
Co., P. 244, i1g arctan X = X~ (1/3)X +(1/5)x -(1/7)X"+
Boeder g expression ig first oonverted to the form

= 4(n/2 -~ arctan o/6).
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Here n la the refractive index of the solution at rest. 4n
1s the difference between the refrzctive indices of the flow=-
ing liquid for the extraordinary and ordinary rays, ¢ 1ls the
volume fraction of the ocolloid, (gy-g,) 1s an optical factor
dependent on the refractive Aindices of the collold and sol-
vent and on the particle dimensione, and f@x.%) is a dle-
tribution funotlon. The refractlive indices of the particles
and the effects of their dimensions are practlically constant
for very long particles such as amylose, a change of length
producing only negligible changes in them. Thus, for a
homologous seriles varylng only in chaln length, but all par-
ticles beling long, an lg essentially proportlonal to concen-
tration and the distributlion function®*. However, the same
diffilculty was formerly encountered here as in the case of
the Peterlin and Stuart expresslon for X; the distribution
function was too complex to handle except at low o's'%.

In 1949, Scheraga, Edsall, and Gadd (72) applled
the Mark I calculator at Harvard University to the probe
lem, and prepared tables of x and £, the distribution

#This, of couree, depends on the sesumption that the solu=
tlon 1ls dilute enough to prevent partlele interaction.

*#It should also be pointed out that all this work igs valid,
scocording to Peterlin and Stuart, only,if all dimensiong of
the particles lie between 10 and 1000 R.



function®, as functions of X for values of & from O to 200
for a monodisperse system. These are the best data avail-
able at the pregent time, and were used in the work tc be
pregented later in this theslis. Plots of the data for an

axlal ratlo of 50 are shown in Fig. 2.

Polydisperse systemg

Many experimental curves for X vs. « and for A" va.
« do not fit the theoretical curves obtailned from the equa=-
tlong of Peterlin and Stuart. For example, Signer and Gross
(78) found that the birefringence of a solution of nitrocel-
lulose increased approximately linearly with &, although at
the gradlients attalned, it ghould have deviated considerably.
Also, the X values for g preparation of rabblt myosin ap-
peared to approach 12° instead of 0° as a 1limit at higher
gradients (51).

In an attempt to account for these dlscrepancles,
Sadron (68) developed equations showing the effect of poly-
dlspersity in colloldal systems. The effects of the varlous

*The symbol f may also be used to represent the relative
birefringence of a sample, normallized to a value of 1 for a
completely orlented sample, as calculated from & by meansg of
the theoretlcal work of Peterlin and Stuart. « in turn 1s
obtained elther from experimentally determined values of X,
again usging the Peterlin and Stuart equatlon, or from & for
a hypothetlcal sample, using Perrin's equation for €.

##4 13 the directly observed birefringence of a solution. For
a monodisperse gystem of rigld particles, a ghould be pro-
portional to f as caloulated from the corresponding X values.
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components are summed up in the following ways:

3
w,?, 8lin 2
tan 2x= 2710 Xy

1
Z wifi cos 2x1

2 2
2

b 1
p G [i?ifl sin 2X1] + [Z?ifi cos 211 ] (22)

Xj.and f3 are the extinction angle and blrefringence re-
spectively which one would have if the 1th component alone
were present, and wy 1ls the welght fraction of the ith com-
ponent. In these equations it is agsumed that the concen-
tration of each component is low, and that they act inde-

pendently of each other.

Birefringence
Theory of double refraction

Optical anisotropy. An excellent dlscussion of op-
tically anisotroplc materlals may be found in the text by
Jenkins and White (28, Chap. XV), or in any good physical
optice textbook, and consequently need not be undertaken
here. Rundle and French (67) have investigated the optical
properties of amylose, and its iodlne complex in orystalline

form, and have found them anlsotropic. Form birefringence



reguires that the partleles be small compared %o the wave-
length of light, and as theae orystals were from 5 to 20
microns 1in size, thelr birefringence could not be due to
the shape of the crystals. Hence the birefringence of
amylose 1s at least partially inherent in its internal struc-
ture. According to the work of Rundle and French and that
of Silberstein (80), it appears that when amylose 1s in the
extended form, such as in the “"A" or "B modifications,
light with the electric vector parallel to the long axis is
retarded most., When amylose 1s in the helical form, light
wilth the eleotric veotor normal to the helix axis 1s re-

tarded most.

Form birefringence. In 1912 Wiener (86) showed that
if a system were composed of a large number of ellipsoilds,
all orlented 1n the same direction and small compared to the
wavelength of light, the system would be anisotropic even if
the particles themselves were optically lsotroplc, provided
thelr refractive indices were different from that of the im-
mersion liquid. Thls 1s sometimes called form bilrefringence.
The slower component vibration is parallel to the greater
dimensions of the particle, regardless of the refractive in-
dex (8, p. 296); that 1s, the particle is optically positive.

Since molecularly dispersed amylose particles are

.conaiderably smaller, even in thelr longest dimension, than
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the wavelength of the vislible light used te observe the sys-
tem, therse wlll obviously be form birefringence in an amy-
lose solution, as well as the lnkerent blrefringence already

mentloned,

Double refraction of partially oriented amylose. As
shown above, amylose moleculesa individually show both form
and inherent birefringence. An extended chain type of mole-
cule should show birefringence in a solvent of any refractive
index, for the inherent birefringence 1s always positive, and
the form birefringence 1ls zero or positive, never negative.
However, greatest retardation of the velocity of light prob-
ably occurs for the component whose electric vector is normal
to the long axis for 2 hellical molecule (67); hence, such a
molecule should have negative inherent birefringence. One
would then expect 1t to be posslble to choose a solvent of
such refractive index that the negatlve lnherent and the
positive form birefringence exactly cancel each other and
leave no birefringence at all, This would probably require
nearly monochromatio light.

The above paragraph referred to an individual mole-
cule only. A sufflclently large number of such molecules
oriented entirely randomly would show no birefringence at
all, regardless of the properties of the individual mole-
cules. In a flow fleld, however, there 1s a preferred

orientation, and the individual molecules spend more of
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their time in this position than in any other. The solution
then becomes anisotropic 1f the individual molecules exhibit
double refraction. With 1lncreasing flow gradients, the
molecules become more and more aligned, and the solution
anlsotropy increases, reaching a maximum when all molecules
are completely oriented 1n the preferred direction, This,
of course, requires an infinlite flow gradlent, and can only
be approached, not attalned.

Slnce we must therefore deal with systems of partial-
ly oriented moleocules, knowledge of the function relating
gradient to relative birefringence of the solution is nec-
egssary 1f one wishes to obtaln all the information possible
from flow birefringence.

Boeder (7) derived the distribution function for
the 2-dimensional case (equation 16). While this function
was useful, 1t was not accurate enough for preclse work.
Peterlin and Stuart (59) developed & more rigorous equation
for the distributlon functlon, but 1ts complexity prevented
1ts use except at low « untlil the recent work of Scheraga,
et al. with the Harvard Mark I caloulator.

As stated on p. 21, for the systems dealt with in
thls thesls An 1s proportional to the distributlion function.
Thus the birefringence measured for a solution should be pro-
portional to the value of f as calculated for a monodisperse

system from the experimentally determlined X values; 1f it 1is
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net, the molecules are non-rigid, polydisperse, or both.
Measurement of birefringence

Extinction position. When two Nicol prisms or
Polaroid discs are aligned with the principal sections
orisnted at 90° to each other, practically no light gets
through both of them. If a birefringent materlal is placed
between them with its optlic axls parallel to the principal
gection of elther priem or disc, there is still no light
transmitted, for the added material dces not alter the light
from the polarizer in any way. However, 1t can easily be
shown (28, Chap. XVI) that with the added material in any
other position, transmleelon practically always occurs.
Hence, 1f the sample 1s rotated until extinction occurs,
1ts optic axis is known to be parallel to the axis of either
polariger or analyzer. Instead of rotating'the sample, 1t
is an obviocusly equivalent process to rotate the polarizer
and analyzer, always keeplng them crossed. This is the
procedure in flow blrefringence, sinoe 1t 1s not practical
to set up the oylinder system to rotate abcut the light
beam,

lioet workers have used only one extinctlon posltion
of the four available for determining the extinction angle.
However, Foster and Lepow (15) improved upon this technique

by meaguring all four extinctlon angles, then reversing the
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cylinder rotation and again measuring all four. One get of
readings was subtracted from the other, and the differences
averaged. The average was halved and subtracted from 45°

to give X.

Magnitude of birefringence. By a simple process,
one can show (28, Chap. XVI) that the phase difference be-
tween two rays of light, 1lnitlally in phase, one parallel
to the optlc axls of a material through which it passes,
and the other perpendlcular, 1s proportional to the bire-
fringence of the materlal; that 1s, to the difference of
its refractive indlces parallel to and perpendicular to
the optic axis,

There are varlous ways to measure this phase 4dif-
ference, using such devices as the quartz wedge (8, p. 276),
Babinet (28, p. 360), Soleil (28, p. 361), and Senarmont
compensators, The techniques for the use of the Babinet
and Solell compensatoras are qulte similar to that of the
quartz wedge. The Senarmont compensator (quarter-wave
plate) 1s the most sultable of the above compensators for
measurement of phase shlfts of the magnitude encountered
in flow birefringence work.

To use the Senarmont compensator, one adjuats the
polarizer or the material to be examined so that their
optic axes are at 45° to each other, the polarizer and an-

alyzer belng crossed. If the sample orientation 1is
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predetermined by the experimental set-up, 2s 1t 1s for a
given sample &t a specified gradient in a given flow bire-
fringence appéaratus, then the neceassary adjustment must be
made by rotating the polarizer and analyzer, Next the
sample 1s removed or made isotroplc (in a flow birefringence
apcaratus, flow is stopped) and a quarter-wave plate ia in-
serted between the analyzer and the sample (or the place
where the sample is to be, if it has been removed), This
plate 18 roteted untll extinotion 1s attained, Then the
sample 1ls replaced or rendered anlsotroplc by flow, and

the analyzer alone rotated to the new extinction position.
If A 4is the angle through which the analyzer 1s rotated
and § 1s the phase difference to we determined, 1t can

be shown (12) that

>
1
0[O0

(23)

Thus the analyzer rotation obtained by this method is pro-
portlonal to the birefringence of the sample.

Apparatus, Tetalls of the apparatus have been
varied with different workers, but the same principles
apply in all cases, The apparatus of Edsali (11,61) 1is
typloal. There 1g a light sourcs dlrected downward, and
beneath thisg is a polarizer followed by concentric cylinders

which are set up so that the inner cylinder ocan be rotated
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at varlous speeds. The polarized light from above passes
through the gap between the cylinders, the light path
being parallel to the axis of the cylinders. Below this
there is a mount for the quarter wave plate, an analyzer
so mounted that it ocan be rotated with the polarizer, or
independently of 1t, and finally, a prlsm and telescope

at the bottom for observation.
Dichroism

Definition

Dlchrolsm ig the property of exhibiting one color
when viswed by transmitted light whose electrlc vector is
vibrating parallel to the optic axils, and another color for

llght whose electric vector i1s vibrating in the perpendlc-

ular directiont.

®*According to Webster's New International Dictlonary, 2nd
ed. (1946), dichroism 1s defined as

1. Cryst. The property of presenting different col=-
ors by transmltted 1light, when vliewed in two
different directicng, the colors being unllike in
the direction of unllke or unequal axes.

2. Physics. The property of some bodies of dlffer=
ing in color with the thlckness of the trans-—
mitting layer, or, in liquids, with the degree
of concentration of the solution.

3. Dichromatlem.

While optlcs texts generally use the term "dichrolsm" in
elther the first or sgecond sense, a few make a dlstinction
by using '"dichroism" for the first meaning, and "dichroma-
tism" for the gecond.
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Theory of dichroism

Inherent dichroism. The absorption of light by
colored anlsotroplc orystals usually varies with the angle
of the plane of polarization of the light (8, p. 279;

35, p. 140). Since the absorption band for light whose
electrlic vector is vibrating parallel to the optic axls
occurs at a different wavelength than the abgorption band
for light with 1ts electric veotor perpendicular to the
first, the llight tranemitted will have a different wave-
length distribution, hence, (usually) a different color.

According to Raman and Bhagavantam (64) who worked
wlth colored organic materials, the absorption frequency of
such materlals along the axls is decreased by interaction
between the atomic dipoles induced by the light wave, and
the absorptlon frequenoy normal to the axis is increased.
Krishnan and Dasgupta (368) reported similar behavior of
alkall nitrates in the ultraviolet region.

It must be understood that the term "color" must
not be limited to the visible gpectrum, but should be used
to include also light in the Ainfrared and ultraviolet speo-
trum. For example, an absorption band for light vibrating
in one plane might be in the red reglon; for light vibrat-
ing at 90° to the first plane 1t might be in the ultraviolet

or infrared. If there were no appreclable absorption of
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any other wavelengths, the material in the first case
would be blue or green, whereas in the other, 1t would

be colorless to the eye. If we consider only visible
color, the example given would not fit our definition of
dichroism, nor would the term "dichroism" be applicable
etymologically since there would be only one color in-
volved., Yet the principle would be identical to that
involved in a case where, for example, the two absorption
bands were in the red and green regions, glving green and
red colors respectively, Therefore it 1s not reasonable
to 1imit the term "dichrolsm" only to cases wherein there
are actually two different colors visible to the eye

when the plane of polarlzatlon of the transmltted light.is
rotated.

The term "dichroism" (or the more general term
"pleochroism") may even be used in cases where there 1s no
visible color at all. Krishnan (37) wrote of the pleo-
chrolsm of several materials, referring entirely to absorp-
tlon 1n the ultraviolet, the materlals being transparent

to visible light,

Dichroilem due Lo birefringence., Procopiu (63)
developed an equation for dichrolsm resulting from the
fact that reflection of light from an interface depends in
part on the refractive indices of the materials on elther

8ide of the interface. 8Since the refractive index of many
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materlals, such as amyloge, 1ag different in different
directlons, reflection of light striking an amylose-golvent
interface would be expected to be different for light of
different planes of vibratlon. There would then be a 4if-
ference in trensmigslon corresponding to the differvence in
light removed by reflectlion, producing the same result as
true dichrolgem.

The equation Procopiu derlved is

(nl—qz)(nlnzung)

in 28 = = ) =4
sin e X (24)

Here ny and n, are the refractive indices of the solld

particle, n 1ls the refractive index of the solvent, ¢ is

the concentration, 8§ 1s an experimental measure of the
ichrolem of the solution (see the next mectlon, "Experimen-
tal determinations"), and kX 1s a constant. The equation is

derived on the aseumption that n, Ny s and n, are not too

greatly different.

Experimental determinationg

Qualitative. Detection of dichrolsm in orystals
involves nothing more than pagsing white llght through the
gample and through a Nlcol prism*, rotating one of them

*Nearly always Polaroid is quite satisfactory, but if
accurate observation of color were needed, the slight color
of thils materlal might be objectionable.
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and observing the color and intensity of the transmitted
light (8, p. 279; 35, p. 140). It makes no difference
whether the light 1s passed first through the sample or
the polarizer, When the sample in questlion consists of
many submiocroscopic particles such as macromolecules sus-
pended in a fluid, 1t is necessary to orient the particles
at least partially, then to proceed as above.

Various techniques have been used for orientation
of such particles., Magnetic and electric fields have been
ueed (10,22,43,60), also flow through a tube (18,60,89) and
between concentric oylinders (66,89), and in some cases
samples were prepared by dying an already oriented material
such as cellulose or gelatin (1,52).

Rundle and Baldwin (66) using the concentric oyl-
inder method for producing a flow gradient and so orienting
the sample, were able to detect flow dlchrolsm of the amy-
lose-lodine complex. They were not able to measure the
orientation angle or the extent of dichroism with their

apparatus.

Quantitative, Most workers have &ttempted, not only
to detect dichrolsm where 1t existed or could be produced,
but éleo to make some quantitative measurements with 1it,

For example, Heller (22) used magnetic dichroism of magnet-

ite sols to study aggregation. Freundlich, et al. (18),
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used flow dichrolsm as developed in a tube to study aging
and temperature effects on Vo0g Bols. Thesy measured the
extent of the dichrolism when flow was great enough to pro-
duce essentially complete orientation, and also noted that
the flow rate reaulred to achleve this state depended part-
ly on the age of the sol.

The determination of the magnitude of dichroism
can be carrled out by using two Nicols or Polaroids, after
the angle of the absorption axls of the sample has been
found. A polariger 1ls placed between the light source and
the sample, wilth the optic axis of the polarlzer and the
absorption axis of the sample at an angle of 4b6° to each
other. The analyzer 18 placed between the sample and the
eye. I1ts optic axis 1s placed perpendicular to that of the
polarizer, and then 1t l1ls rotated untll a minlimum is reached.
The angle through which it is rotated is §.

Zocher (89) studied dichrolem in flow in tubes and
also between concentric cylinders. He showed that the mag-
nitude of dichroism of a sol ocontalning completely oriented

particles 1s given by

2 log, tan (46 + §)

kq-k
1-%2 = 3

(25)

In this equation, k; and kg are the absorptlon coefficients
of the solvent for light vibrating parallel to and
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perpendicular to the optlc axls, and d is the depth of
solutlion examined.

Nikitine (54,55) carriled out experiments wilth the
dlchrolsm of flow of fluoresoein eolutions. Hig interest

was mainly in photodichrolsm, the Welgert effect.



APPARATUS

A simplified dlagram showlng the main parts of the
apparatus as set up for visual observation of birefringence
is shown in Fig, 3. The various components will be taken
up individually.

The optical and mechaniocal parts of the machine were
essentially those bullt by Foster and Lepow (15), only a
few very minor changes being made. The photoelectric appa-

ratus was designed and bullt for these studles,

Mechenigal

Cylinders

A oross-sectional view of the cylinders and acces-
sories 1s ghown in Fig. 4. The inner oylinder and the .
inner portion of the outer cylinder are made of stalnless
steel. Water at a constant temperature 1s oirculated
through the space between the walls of the outer cylinder.
The sample is admitted at the botiom, any excess being dils-

charged at the overflow.

Cylinder drive
The inner oylinder is driven by a shunt wound D.C.

motor, the two belng connected by & long flexible shaft,
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Fig. 3. Apparatus for measuring birefringence of flow.



40

Flg. 4, Cylinders for production of flow gradients,
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The power for the field and armature of this motor is
supplied from separate D.C. generators. Independent
control of the fleld and armature ourrents 1s thus poss-
ible, and facllltates speed control. Falrly steady speeds
can be maintained from about 50 RPM to a maximum of 350 to
2400 RPM, depending on the viscosity of the solution be-
tween the cylinders. By reversing the direction of the
ocurrent flow in the motor fleld, the cylinder can be
rotated in the opposlte direction.

The speed of rotation is asgertained by means of
a stroboscope operating at a feequenoy of 3600 on-off
cycles per minute. This light 1lluminetes a dlsc mounted
on the drive shaft., The disc is marked with four radisl
- lines at 90° intervals, three belng of equal lengths, and
the fourth longer.

Polarlizer and analyzer goupling

The polarizer and analyzer are operated by worm
gears which engage large gears on thelr mounts. The worm
gear shafts are coupled by right angle gears and a long
vertical shaft. Turning the latter eshaft, or elther worm
gear shaft (the upper is used in practice) causes both the
polarizer and the analyzer to rotate at the same rate and
in the same direction., Thie appa@rstus 1s shown in Fig. b
and 6.
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Flg. 6. Polarizer-analyzer coupling

Fig. 6. Top view of analyzer drive
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If elther is to be rotated independently, one of
the right angle gears coupling the vertical shaft with the
analyzer worm gear drive 1ls uncoupled. Thle is a simple

operation, requiring only loosening of a set asorew.

Mounting

The cylinders and light source are mounted on &
rigid bench of heavy angle lron. An iron shaft rises ver-
tloally from this bench and i1s fastened securely to the wall
at the top. This shaft provides a solid support for the
optical and electrical apparatus used for observation and
measurement, Other shafts carry the analyzer mount and
drive. These shafts are fastened to the above vertical
shaft.

The D.C. motor 1s mounted on the wall. The D.C,
generators and the A.C. motor used to drive them are on the

floor.

Optiocal

Light source

A General Electrls type AH-4 mercury vapor bulb is
operated from the 110 volt A.C. line with a suitable trans-
former, Filters are used to 1solate the desired lines of

the merocury spectrum,
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A cyllndrical lens and slit provide collimation
of the light. The slit 1s parallel to the long axis of
the bulb and to the tangent to the ocylinders at the point
where the light passes through them. The oylindrical axis
of the lens 1s parallel to the slit,

Polarizer and analyger

At first Nlool prisms were used for both the polar-
izer and the analyzer. Polaroid dises, mounted between
round plates of glass, were later substltuted. These had
a larger aperture, d1d not deviate the 1light rays, and

appeared to gilve better extinctlon.

Apparatus for visual observation
The analygzer is placed at & height from the floor

of about 6 feet, just below eye level. Above this there

is a prism to reflect the ray horizontally at eye level.

A telescope foocussed on the gap between the cylinders is

mounted in front of the prlsm. To help keep out stray

light, a black, curved shield, fitting the face of the ob-

server closely, 1s attached to the telescope.

Photoelectric Msasuring Circuit

Purpose
The almost complete extinctlion found when crosased

Nicols or Polaroids are parallel to or perpendicular to the
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optic axls of a blrefringent sample 1s not usually observed
in the case of flow dichrolsm. fGenerally the 1ight intensity
at the minimum ls great enough that minima can be determined
visually only wlth a low degree of precislon if at all.
Resdings of the position of maximum lntensity, necegsary
for determinations in adjacent quadrants in dichroism work
(see p. 89), are virtually impossible by visual methods.
With photoeleotric methods varlous meane are avail-
able for opposing most of the gignsl so that a high gengil-
tivity can be used to measure the small unopposed gignel,
thus permitting accurate detectlon of small variations in
the 1ight franamitted by the dichroic sample.
The 1llght intensgity of the tranemitted beam may be
modersately high, but is more often low because of the con-
gsiderable absorption by the amylose-~iodine complex. In
| addition, the cross~gectional area of the beam la very
small (.06 cmz), so that the total flux reaching the photo-
tube is not sufficient for an ordfnary phototube. A 931-A

multiplier phototube 1s therefore used.

General description of apparatus

An outline of the photoelectric apparstus 1la shown
in Fig. 7. Light from a source modulated at 120 cycles,
after passing through the mechaniecal and optical apparatus
previously described (with the ﬁrism and telescope removed,

however) strikes the cathode of the multiplier phototube.
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The phototube output is amplified with little frequency
disecrimination, and 1s then amplified further by an A.C.
amplifier tuned to 120 oycles. The desired signal 1s in-
creaged by the tuned amplifier, but the D,C. and random
frequency A.C. output resulting from stray light, phototube
dark current, etc. are not. The output from the tuned
ampllifier 1g rectlified, partially opposed when necessary
by a stepwlse variable voltage obtained from a battery of
small dry\cells, then lg amplified agaln and measured by a
microammeter provided with sultable shuntas.

All components are shlelded, the shieldlng being

grounded. Coaxlal cable is used to make all external cone-

nectlonse.
Light source

Modulgtion. The same light aource is uged as for
visuval observation. Thls source, like other A,.C, arcs, 1is
modulated at twice the line frequency. Such modulation 1g
very convenlent, for 1t permits use of a tuned A.C, ampli-
fler in the electronlc circult used with the phototube, with
the advantages listed in the preceding seotlon.

Any change 1n frequency of the light causes a change
in the output of the tuned amplifier. An A,C, power supply
with a stabilized frequency is therefore to be dssired. It

would be better Lf the frequency were not an even multiple



of line frequency. If the 1ight source power supply and
the tuned amplifier were designed to operate at 100 cycles,
for example, the probablllty of detecting stray fields from
unshielded A.C. lines would be much reduced,

Voltage stability. Varliation in line voltage

varles the lntensity of the meroury arc light, therefore
also the output of the photoelectric circult. A voltage
regulation device which does not alter the wave form of the
current would be advantageous. However, a Sola conatant
voltage transformer did not help at all. A simple, but
usually effective way to overcome both voltage and frequency
problems is to work late at night, shutting off all nearby
ovens and refrigerators. This method was resorted to sev-

eral times.

‘High voltage supply

The high voltage supply for the phototube 1s shown
in Fig. 8, Taps are provided at -600, -760, and -800 volts.,
A potential of -900 volts appears to work best, Switch Sz
and reslistance R;, mounted on the front panel, together wlth
reslstance Rz inside the housing permit adjustment of the
V.R. tube current to any deeired value. Switch Sg 1s a
microswitch arranged to open the primary cirocult when the

1id to the housing 1is railsged.
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Phototube and preamplifier

The 931-A multiplier phototube, preamplifier and
preamplifier batteries are housed together in a fairly air-
tight metal box. Sacks of magneslum perchlorate are placed
inside &8s a drying agent, and a drylng tube of the eeme
materiel ls attached to a small vent in the ocase. The on-
off swltch handle 1a covered with a thin rubber tube oce-
mented to the case. These precautions keep the air inside
dry for the 11fe of the batteries.

The oircult for this unit is shown ln Flg. 9.
Steady signals as from daylight leaks are not transmitted
past condenser Oy, and high frequenclies are mostly by-
passed by C . Thus this unlt has a slight frequency dis-
crimination.

To help produce steadler response, all resistors in
thls unit are wire, Use of a 1P21 tube instead of the 931-A
was considered, but was not found necessary.

A pleoce of exposed and processed film is placed be-
low the phototube, so arranged that it can be placed in or
out of the light path by an external ocontrol, This film
reduces the light transmitted to about 0.12%, and i1s used to
protect the phototube when bright light is encountered.

With the phototube inoperative (high voltage off) a
serles of small known 60 oycle voltages was applled to 1ts

anode, and the output of the preamplificr was measured with
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an A.C. vacuum tube voltmeter. The voltage galn was found

to be about 17, being approximately linear up to an output

of at least 9 volts RMSB which is conaiderably more than
necessary. Yesting with an audlo osolllator of approximately
constant output showsd that the gain was ssgentizlly the same
at 60 and at 120 cycles.,

Tuned amplifier and output

The final stages of the apparatus &re shown in Fig.
10, The power supply, not shown in the figure, consists of
seven Burgess #5308 46 volt B-batteries in series in a
grounded metal box, connected to the ampllifier with a shield-
ed cable, A 6.3 volt storage battery provides filament power.
A well-regulated, line operated power supply mounted in a
geparate chassis could perheps be used, but when such a sup-
ply was mounted in the same chaseis; conglderable diffioulty
wes experienced with unsteady output and plokup of stray 120
cycle signals even though the tuned stage was lsolated fairly
well from the power supply. This power supply consisted of a
5Y3 used as & full wave rectifler together with a filtering
and V.K. tube regulating circuit, and was probably the source
of the undesired 120 cycle signal., Battery operatlon complete-
ly eliminated these difficulties. It would be desirable when
using battery operation to redesign the output ocirocult for

lower current requirements to lengthen battery life,
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The tuned circult was taken from the circuit of
Zimm's light socattering apperatus (21,88) withcut appre-
clable change except that a two-gang variable condenser 1s
uged for tuning., Once the apparatus is tunesd, retuning is
apvercsntly unnecessary until the power supply battery volt-
ege begins to drop wilth age and use, In one case the first
evidenoe that the batterles were low was a lowered maximum
output of the 6SN7.GY together with ineblility to tune the
ampllirier., The power supply voltage was then found to have
dropped from 3516 to 62 wvolts.

The output from the tuned stage is rectified in a
conventional manner, the varlable resistor R} serving as
& galin control, The negative voltage developed by the
rectifier oiroult 1s opposed when desired by a positive
voltage of 3 to 54 volts obteined from dry cells, As will
be shown later the output of the 6J7 is no longer linear
with the more extreme signals, but they are nsevertheless
useful at times, In most measurements, 10-40 volts wers
needed at thls polnt to keep within the llmits of the out-
put tube.

Resistors Rg and R permit meter zero adjustment,
and together with the opposing voltages selected by 3 en-
able the operator to keep the meter on scale at the highest
sensitlvity practiocal (the 1imit 1s established by the un-
steadineas of the output), even with conslderable signal

strength. Shunt resistors used with the output metér were
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selected to give tenfold steps in sensitivity. The two-
gang switch used to select the shunt resistance also adds
the proper serles reslstance to meintain the total meter
clrcult resigtance at a constant value to help preserve
linearity of this stage.

In the normal operating range the preamplifier was
shown to be linear, and the output tube can be kept falrly
well in 1ts linear range by selectlon of the proper grid
blas as controlled by Sl. No attempt was made to preserve
linearity of the tuned stage, and it is almost certainly
the cause of practically all the non-linearity discussed

in the next section.

Characterigticg

A known voltage* was applled to the input of the
tuned ampllfier and the output was measured. Since the
voltage galn of the preamplifier was already known, and
gince the phototube current required to produce a given
voltage was easlly caloculated, the current galn of the en-

tire apparatus was readily found. At an equlvalent outputh#

*The known voltage at the proper frequency was obtained by
using the phototube and preamplifier with the mercury arec
light source, measurling the preamplifier output with a
vacuum tube voltmeter. Then the voltmeter wag removed, the
tuned amplifler connected, and the output read.

*¥#Equivalent output 1s the actual output given by the output
meter plus the product of the grild blas voltage as selected
by swltch 8 and the output change produced by a one volt

change in this voltage, minus the output with no light to
the phototube.
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of 45 milllamperes the galn was about 200,000, From the
responge data presented below, 1t was found that the gailn
in the linear range was about 700,000, With the present
apparatus, the ususl practical 1imit of detection of output
ourrent change 1ls 10-50 microamperes, although a few tlmes
with very low llght levels somewhat smaller changes have
been detected, Thus phototube current changes of about
10-b to 10~4 microamperes can be detected, very much less
than the dark current value glven by the RCA Tube Handbook
for this tube,

Slnce the putput meter could be read to 0.1 mioro-
ampere, and since such sensltivity would be useful 1if
attalnable, 1t was deslrable to locate the source of the
instability that limited the useful range. Varlous tests
were made for this purpose. With the high voltage supply
off, therefore with no phototube current, the output drift-
ed only very slightly with time (several microamperes per
hour) and there was no detectable short time instabllity at
all, Amplifler instabllity was thus ruled out. Then the
high voltage was turned on but the light path was blocked.
There were then fluoctuatlions of 0.2-0.3 mlcroamperes, with
ococasional Jumps of 0.5-0.6 microampere. These fluctua-
tions are of no great consequence, 8o apparently the in-
8tability in use 1a due elther to the light source or to
the random emission of the phototube. If the light source

were the major cause of trouble, the fluctuations should
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increase in proportion to the signal strength. They do
lncrease somewhat, but only by a small fractlion of what one
would predlct, so apparently phototube random emlsslon is
primarily responsible. Admisgion of a very small amount of -
light from a flashlight when no other light was present in-
creased the output variations to about 20 mioroamperes from
the previous 0.2 microampere, showing that random 4.C.
phototube current 1s inoreased with greater signal strength,
even though the signal 1tself is not random*. 1t appears
that improvement could be obtained by selection of a tube
of lower noise level.

By admitting varying known amounts of light from
the meroury arc to the phototube and measuring the equlv-
alent output, the linearity curve of Fig. 1l was obtalned.
The output 1s practically linear for the first ten milli-
amperes. At 40 milllamperes gensiltivity to change has
dropped to about 1/9 the value at low slgnal strengths.

To control the amount of light admitted to the
phototube, a birefringent orystsl (the quarter-wave plate
was convenient) was used between crossed Polaroids. There
was virtual extlinction when the axis of the plate was

parallel to the axls of elther Polaroid. The intensgity of

*Bennett and Free (6) state that with thils type of tube
the nolse level 1s proportional to its D.C. output.
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the light transmitted when the quarter wave plate was
rotated through an angle 5 is given by

I= %I, 8in2 248 (26)
where 1, was the initial intenslity of the beanm,

Applications

Curves showing output as & function of analyzer
position, with the oylinder at rest and rotating at 450 RPM
in each direction, are shown in Flg. 12, The sample used
was the lodine complex of Schoch's taplooca amylose,
T-7/9-A(13Db).

It can be seen from these graphs that dlsorep-
ancies between readings taken from adjacent quadrants ocour
in this case as in birefringence. An attempt was made to
eliminate the difference between readings taken from max-
ima and those taken from minima by correcting for the var-
jation in output at gero gradient., Results were no better

than without oorrection.,
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Table 1

B-A readlngs as obtalned from a graph of output vs,
analyzer position, and readings obtained from this
greph after correction for zero gradient output.

B-A Determined
readings : from Averages
Original ocurves 38, 41 maxima 407 44
46, 50 minima 48
Corrected curves 37, 49 maxima 431 45 5
46, 50 minima 48 ¢

B-A (that 18, 2 X) val ues obtained at maximum and
minimum points of the output curves for both the original
and corrected curves are shown in Table 1, ©Since somewhat
more than a complete 380° cycle was investlgated, minima
and maxima for each sense occurred twlce, glving two val-
ues for B-A from maxima, and two for minima. These are
listed separately in the table, and averages are given.
Until an explanation for the peculliar behavlior is found,
it appears best to use an average of readings obtalned

at maxima and at minima,
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MATERIALS

Carbohydrate Samples

A number of anylose samples of varying purlty and
length distributions were obtained through the courteay of
Thomas J. Schoch, W. Z. Hassid, and Richard L. Smith.
Schoch (45) prepared gamples of amylose from corn, potato,
and taploca starches. He firsgt separated the amyloge from
the amylopectin by a Pentasol preéipitation, then recryg-
talized 1t using n~butanol or Pentasol. 'The various prep-
arationg were fractionated by partial precipitation with
cyclohexanol or n~octanol, the latter bsing preferred.
Many of thede samples wers made available for our studles.
Their code numberg and 1nﬁrinsic viscosltiee®, as deter-
mlned by Schoch, are ligted in Table 2.

Others of Schoch's samples were sent to Hassid,
who did congiderably more work on them. He further purified
them by butanol prscipitation and ghowed by periodate ox-
ldatlon that he had practically eliminated the amylopectin,

gome of which remained in Schooch's samples (20). One of

#Intrinsic viscosity is defined as the 1imit of the ratio
of gpeciflic vliscoslty to sample concentration as the latter
approaches zero. The specific viscosity in this cage 1s

“aolution
Yep = N -1 = Npelative =1
solvent



Table 2

Intrinsic viscosities and birefringence results
for Schoch's series of amylose preparations.

en/T =5 Gn/T = 10 an/T = 20
Code Number Yﬂ d.p Z X % Kan) X % k{pn) X % k@n)
C-146-A(11lc) 0.80 480 1.00 26.5 14 o9 26.0 23 16 25.0 39 24
C-146-A(1b) 0.94 570 1.00 25.2 16 10 23.8 28 16 21.9 47 23
C-148/150-aA(13b) 1.12 680 1.00 20.1 20 9 20.5 32 15 20.1 51 23
P-5/6-A(124d) 1.34% 810 1.40 21.1 22 10 18.7 42 16 17.5 - =
P-5/6-A(12¢c) 1.37 830 0.81 22.5 23 12 19.9 41 18 18.0 72 27
P-5/6-A(8D) 1.37 830 1.33 20.8 25 12 18.6 47 18 17.5 79 30
C-148/150-A(13a) 1.65 990 1,00 19.2 30 12 18.1 48 18 17.0 - =~
P-5/6-A(7Db) 1.78 1070 0.80 20.9 - - 18.0 - - - - -
P-5/6-A(2a) 1.78 1070 1.34 17.4 36 13 15.8 62 20 15.5 - =
P-5/6-A(lD) 1.86 1120 1.62 16.7 43 16 15.0 - - - - -
T-7/9-A(15¢) 2.31 1390 1.00 13.3 52 15 13.3 83 22 13.9 124 36

T-7/9-A(15b) 2.94 1770 0.93 12.3 65 18 13.1 91 25 - - -

€9
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these pectin-free samples, a potato subfraction numbered
P-7/9-A(17e)g (the subsoript "9 i1s Hassid's), was contrib-
uted by Hasegld for use in this investigation. Its d.,p. was
890 by osmotlic pressure, and 900 by perlodate oxidation.
Before Hassid's work, Schooch found this sample to heave an
intrinsic viscosity of 1.45, oorresponding to a d.p. of
876, according to the equation of Potter and Hassid (equa-
tion 4).

R. L. Smith provided a defatted potato starch con-
talning about 26% amylose, and two amylose fractlons pre-
cipitated from it with n-butanol (8l1)., The first of these
fractions (Batoh VAl} preciplitated immediately on cooling
the butanol-saturated amylose solution. After removal of
this fraoction, the supernatant liquid was allowed to stand
at room temperature for 27 days, during which time the
second fraction gradually precipltated (Batch VAB)' Mr,
Smith also provided a sample of potato amylopectin (Batch
VB7) used in some of the experimants,

Reagents

Commercially avallable materials

Glycerol. Reagent Grade Baker and Adamson 95.0%

glycerol, code number 1782 was used. Several samples of
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this were assayed by specific gravity determination and
found to be within .05% of the etated concentration.

This material was used without change for birefringencs
work, For use with ilodine complexes in the dlchroism
experliments, 1t was first treated with lodine to remove
any traces of easily oxidizable matter which might be
present. To each 50.0 grams of glycerol, O.1 ml, of 0,09
N iodine solutlon was added., Thls was warmed or allowed
to stand overnight, most or all of the yellow color dis-

appearing.

Ethylenedlamine., This was 95-100% material from

Eaptman Kodak Co., oode number 1915.
Pyridine. Paragon No. 5029 was used,

Laboratorx‘preparatione

lodine solution., This waa made up in KI solution
by R. 0. McIntire according to the procedure given by
Kolthoff and Sandell (34,p. 592), The exact normality was
0.0800,

Glycerol-ethylenediamine mixtures, Sinoe the

amyloges on which flow birefringence were to be run were
-dissolved in ethylenedlamine and then added to glyocerol,
it was necessary to know the viscosities of glyocerol-

ethylenediamine mixtures in which the two components had
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the same ratlo as in the total samples, and at the same
temperaturea. Therefore, a number of such mixtures were
prepared and the vigcosgitles determined at temperatures
from -18% to +70°, These were graphed so that the vis=
coglty of any such mixture ocontaining from 6% to 60%
ethylenediamine could easily be found to within 2-4% for

any temperature wlthin the range given.

Pyridine-glycerol-water=-iodine mixtures. As will be
disoussed in the next section, the samples for dilchrolsm
were dissolved in 15% (by volume) pyridine. Five ml. of
guch a solutlon was treated with 0,30 ml. 1odine solution
and added to 50.1 grams of glycerol®. Therefore, a solutlon
was made up in thisg manner but without the amylose, and its
viscoslty was determined to be 109.9 op. at 25.00°, this

belng the temperature at which all dichrolism runs were made.

*PAfty grame of glycerol treated with O.l ml. of lodine so=-
lution as above.
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EXPERIMENTAL METHODS AND RESULTS

Birefringenoce

General technigue

Orientation angle. Samples of amylose were dis-
solved in mixtures of ethylenedlamine and glycerol, except
for three dlssolved in aqueous KOH and glyocerol. In gen-
eral, each solution was flltered or centrifuged, evacuated,
and then placed in the annular space between the cylinders
of the machine. The Nicols were orossed, the oylinder ro-
tated slowly, and extinction angles read for both senses
of rotation. From these readings, X was found for this
speed of rotation as desoribed on p. 28. Successive de-
terminations were made at higher speeds, until the sample
clouded up so that insufficient light was transmitted, or
until the highest speed of the machine was reached.

When birefringence was low, for example at low
values of Gi/T, readings in adjacent quadrants did not
agree well; that 1s, they were usually 80-85°, or 95-100°
apart instead of 90° as they should have been. These dis-
ocrepancies became less at higher birefringence. Readings
in opposite quadrants generally differed by 180°, devia-
ting from this only by amounts easlly aseribed to reading

errors,
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Magnitude of double refraction. The quantity 4,
proportional to the birefringence of the sample (see p. 30),
wag measured for most of the samples described so far.
Curves for A va. G)/T are all similar, so only one 1is
ghown in this section (Fig. 13).

For 4 determinations, the polarizer should have
been set at 45° to the average A reading* for the particu-
lar speed at which A was to be found. Actually, the error
caused by a polarizer setting as much as 5° off from its
proper posltion was negligible, hence in most cases the
average A reading for all speeds was taken, and the polar-
lzer was set at 45° to this average™. In the few cases
where the A reading range was more than 10° from the lowest
to the hlghest gradlent, the polarizer was set at 45° to
the average of the A readings for the lower gradlents, and
A was then found for these gradients. Then the polarizer
was set at 45° to the average of the A readings for the

higher gradients, and A was found for these gradients. In

*For settings in different quadrants, one need only add 90°,
1800, or 270°; that 1s, the settings may be at 45°, 135°,
2269, or 315°,

##31ince the only scale available was mounted on the analyzer,
and since a ochange of 90° did not change the theoretical be-
havior, the polarizer was set by crossing the two with no oy-

linder rotatlon, then setting the analyzer at the desired
reading.
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no oase was 1t necessary to divide the range into three
groups of reedings,

Having set the polarizer in its proper position at
45° to the average of the A sense readings as Just described,
and with the analyzer at 90° to the polarigzer, a quarter-
wave plate was lnserted between the analyzer and sample.
With no oylinder rotation, the plate was rotated until the
extinction position was attalned. The analyzer was then
uncoupled, and the positions of the polarigzer and quarter-
wave plate were not changed agalin during the determim tion.
The reading of the analyzer scale was noted, and was checked
by rotating the analyzer several times and returning to the
extinctlon posltion. The average of several such extinction
position readlngs was taken as the zero reading.

The cylinder was then rotated in the A direction at
a known speed, and analyzer socale readings at the new ex-
tinctlon position taken several times. The difference be-
tween the average of these readings and the zero reading

was A.

Temperature. At room temperature the viscosity of
the solvent was high enough that sufficiently low values
of GQ/T could be attained only by cylinder speeds so low
that operation was unsteady. At the other extreme, 1t was

in most cases impossible to obtain values as high as desired
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because the viscosity of the solvent at room temperature
was not high enough.

These troubles were overcome by using several
temperatures for moat samples. Usually a sample was run
first at a higher temperature, ln most cases 38°, at which
the viscosity of the solvent was small enough to permit
measurements at low GQ/T. Then the sample was run at about
20°, and finally at about 0,5-2.,0°, The solvent viscosity
at the low temperature was great enough to give & higher
Gn/T than wes obtainable at room temperature, even though

the oylinder could not he rotated as rapidly.

Variations. The preceding technique was varied
somewhat at times. The variations will be discussed later
in connection with the individual samples for which they

were nmade,

Preparation of golutions

Amylose samples., The origin of the amylose samples
was dlscussed on p. 62, under "Materials', These samples
contained some moisture, generally 5-10%, There were sev-
eral ways in which this moisture was undeslrable; however,
since 1t was considered best to keep operations of any kind
on these samples at a minimum, &and sinee none of the effects
of water in such small quantlties was belleved seri ous, the

samples were generally not dried,
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The water present would be expected to change
the viscoslty of the solvent, but the solutions usually
contained about 1% amylose, and if 10% of this were water,
1t would only mean adding 0.1% water to the final solution.
Presence of molsture not allowed for in weighing the sample
would also cauge &an error in the caloculated concentration,
but this would have no effect on the values of X, the
most important part of the results. The value of Afec
would be in error, of course, but this error would be the
same at any gradlent, and would consequently not alter the
shape of the curve for A4/c¢ va. gradient. This, as willl be
geen later, 1s more lmportant than the actual value. Only
in a ocomparison of several samples would an error ln con-
centration matter, and even here we might expect the error
introduced to be less than the other expérimantal errors

of the method.

Solution of the sample. After the sample was
welghed, 1t was added to the proper quantity of ethylen-
ediamine, and the bottle was ilmmediately stoppered and
shaken very vigorously. Best results were obtalned by
placing the sample in the 1id of a weighlng bottle, and the
ethylenedlamine in the bottom of the bottle, In this way
stoppering of the bottle was done simultaneously with adding
the sample to the ethylenedlamine. Even this much delay



73

allowed some lumping of the sample, but 1t was much less
gerlous than when other methods were used.

When solution was reasonably complete (there were
practlically always a few undissolved lumps, however, even
if the sample was rolled or shaken for several days or a
week), glycerol was added, and the solution was then cen-
trifuged or filtered. After thls, 1t was evacuated for
15-30 minuteg to remove dissolved alr. The solution was

then ready to use.

Concentration uged. The glycerol was added solely
to increase the vigcoslty of the solvent¥#, hence its con=
centration was varied somewhat. It was finally declded
that the caloulations would be simplified if one glycerol
consentratlion was adhered to wherever practical, and a
golvent of 309 ethylenediamine~-70% glycerol was selected.
The materials were welghed out to within about 0.1% of
thelr proper values; that 1s, the ethylenedlamine was kept
between 29.9 and 30.1%. Solvents with other proportions

ware prepared wlth about the same preclsion.

*When referring to a solution prepared (actually or hypothe-
tlcally) for streaming orientation, the term "solvent" 1is
used throughout this thesis to denote the liquid in which the
sample 1s sugpended or dissolved when the sample 1s ready for
the determination, not the liquid in which the sample was
firgt dissolved. The term “Anitlal solvent! wlll be used for
thls latter material.
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Amylose concentratlons varled considerably, the
highest being 3,0% and the lowest, 0.2%, but most samples

were made up to contain about 1,0%.

Effect of amylose goncentration

The flrst few samples run were prepared with amy-
lose concentrations of 1 to 2%. It was soon decided that
less total work would be involved if all concentrations were
standardized at 1,00%, Eventually, however, there arose the
questlon of whether or not thls concentration was low enough
to glve valld results, since all of the existing theories
assumed low concentrations., Also, the quantity of sample
provided by Haseid (p. 62) was extremely limited, and it was
essentlal to use as little of 1t as posslible. Hence, it was
desirable to learn from a more abundant sample Just how low
a conoentration could be used with satisfactory results,

Concentration effects were checked with two semples
of the group provided by Schoch, The first was a potato

amylose; the second, a corn amylose,

Potato amylose, P~5/6-A(7b). Thie sample was studled
in concentrations of 3,0, 1.5, 0.8, and 0.2%. In the higher
concentrations & definlte preciplitate developed when the
sample was run. The lower concentrations showed only a

cloudliness, but the change from the rather considerable
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precipitate in the 3% solution to the faint haze of the
0.2% golution was regular and gradual, and it appeared that
the quantity of linsoluble material wag roughly proportional
to the total quantity of sample present. This indicated
that a more or less definite fraction of the sample was
made 1lnsoluble in the machine.,

The samples of highest and lowest concentrations
were rerun; that 1s, after reaching the highest gradlent in
the determination of X (A values were not obtained, having
been found earller for these samples), the proceas was re-
peated beginning from the lowest gradlent. In both cases
'1t will be seen that the lengths (Fig. 1h)vat low gradlents
were less for the reruns than for the first runs, but that
at the higheast gradients attalned, the lengths from the
first runs and from the reruns became identical.

The lengths determined at various concentrations
were shorter at lower concentrations, and this effect ap-
peared even at the lowest concentration studisd. However,
the lengths at a concentration of 1.5% were only about 12%
longer than at a concentration of 0.8% at low Gq/T, and
only about 5% longer at high gradients. Length differences
at concentrations of 0.8% and 0.2% were even less, becoming
negligible at higher gradlents. It appeared then that while

the earlier results obtalned with conecentrations of 1% were
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probably somewhat in error, due to molecular interaction of
some gort, such deviation was very likely less than the er-
rors due to amylopectin, reflection, and other experimental
sources of lnaccuracy. It did not seem worth while to re-
peat these experiments,

When the concentration of amylose was 0.2%, some
difficulty was experienced 1ln determlning X at low grad-
ients. It was apparent that lower concentrations were im-
practlcal unleess only the behavlor at high gradients was of

interest.

Corn amylose, C~148/150-A(13b). This sample was run

at concentrations of 0.8, 0.4, and 0.2%. All three gave
practically identiecsl results. As wlth the corresponding
consentrations of the potato amylose of the preceding para-
graph, a cloudliness developed during the runs., The turbldity
increaged with increasing concentration,

It may or may not be significant that when the sample
of lowest amylose concentration was rerun, shorter lengths
were obtained at all gradlents instead of only at the lower
gradlients as in the case of the potato amyloge above.

Results of these runs are shown in Fig. 15.

Potagsium hydroxide as 1nitlal solvent

The potato and corn amylose discussed above were alao

prepared with 1.00 N aqueoua KOH as the initial solvent, the

-
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final solvent beilng 17.4% 1,00 N KOH and 82,6% glycerol
with a viscosity of U48.6 ecentipolses at 25°C., The potato
amylose concentration was 0.2%. Two solutions of the corn
amylose were prepared, one having 0.2% amylose and the
other 0.8%., The lengths in these cases were about the game
as when ethylenediamine was the initlal solvent.

After the KOH-glycerol solution of the potato sample
wag run, 1t was neutralized with HC1l solution and the pH
adjuated to about 5., The viscoslty of the solution was
determined to be 12.0 centipolses at 25°., The solvent vis-
cosity was agsumed to be about the same, since 1ts amylose
concentration was only 0.16% after neutralizetion. The
sample apparently became highly aggregated, for the bire-
fringence became quite low, and the lengths, though dif-
ficult to determine, were obviously much greater than prior

to neutralization, when compared at similar values of G4/T.

Effect of contamination with amylopeectin

It seemed likely that the precipltates developed in
the amylose solutlons were caused by the pressence of amylo-
pectin, The initial rise in X with increaslng gradlent
could also have been due to this Impurity. To investigate
these possibilities, the purest amylose sample avallable,
that provided by Hassld, was prepared with varying quanti-
tles of added amylopectin,

This sample, when run and rerun at 25°, behaved
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gomewhat like the potato amylose, P-5/6-A(7b), in that the
lengths at lower gradients were somewhat shorter during the
second run (Fig. 16). The difference, however, was not
great. Values obtalned at 15° and agaln at 25° agreed with
the second run rather than the first.

The sample originally was made up to 0.2%., An amy-
lopeotin gample was made up in the same manner and concentra-
tion. Thus, when the latter solution was added to the former,
the solvent composlition and the total carbohydrate concentra-
tion remained constant. However, amylopectin was added and
the amylose concentration was decreased. In this manner,
the amylopectin content of the total carbohydrate present was
increased from zero (neglecting any amylopectin initially pre-
sent in the amylose) to 38%. As can be seen from the curves
of Fig. 17, the chilef effect of amylopectin 1s to cause a low
K wvalue at low gradients, the value rieing for a while with
increasing gradient. The effeot was not serious until the
amylopectin content was increased to about 17%. However, a
precipitate developed after each run, and it 1s quite likely
that this included most of the amylopectin added to that
time. Therefore, the actual concentrations of dissolved amy-
lopectin might have been considerably smaller than the values
given in Fig, 17, For example, the highest coneentration may
have been 21% ingtead of 38%, and the next highest may have
been 12% ingtead of 17%. At the highest amylopectin concen-
tration, the lengths at higher gradlente appeared to be
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ghorter than when there was less amylopectin.

X valuee for three of these amylose-amylopectin
mixtures were rechecked at several points &fter completion
of the flrst run 1ln each case., The results checked well
with the X vs. gradient curvea first found for the mix-
tures, which ls rather surpriasing unleas precipitation was
already essentlally complete at a low gradient. This was
more likely to be so with these gamples than with any
others run, because the precipltate from the preceding run

was pregent to provide nuclel for the amylopectin added.

Nature of the precipitate developed by flow

Preclpliation and sgeparation. A solution of corn

amylose, C-148/150-A(13a), was prepared wlth an amylose
concentration of 1.00% in a solvent consisting of 30%
ethylenediamine and 70% glycerol. Part of this was set
aside, and the reet was run aglowly through the machine at
0.5-2,0°, whlle the inner oylinder was rotated at the high-
est apeed possible. The cloudy solution was then centri-
fuged until clear, and the supernatant liquid was decanted.
This decantate and the original gample which had been get
aslde were analyzed for carbohydrate content by optical
rotation, and the decantate was found to have a carbohy-~
drate content of 0.76%. Both the original solution and the
decantate were run in the usual way, and - the results are

shown in Figs. 18 and 19,
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For couparison, several other runs made wlth sol-
utions of the original sample are also shown in Fig. 18.
in one case the usual temperature order was reversed, &
run being made first at 0,6°, then at 24,07, then at 38,0°.
In another case & run was made &t 38° only, but with the
oylinder beling driven at top speed &t frequent intervals
durlng the run,

During the deoantate run, & gradlent was attained
which was somewha&at higher than that at whlch the preoipi-
tate was first formed. It may have been for thils reeson
that a glight additionsl precipltate was formed durling the
run. This precipitate wae removed by centrifugation, and
the carbohydrate concentration in the solution was checked
by optieal rotation. It was found to contein 0.68% carbo-
hydrate.

The major objeot of the preceding work was the
obtaining of the precipltate developed by running the sol-
ution through the cold machine at the highest cylinder speed
possible., This precipltate, unfortunafely, was lost beocause
of fallure of a centrifuge cup., Therefore, another solution
of the same compoalitlion &s the first was run through the
machiné at the same temperature, but this time & somewhat
higher gradient was attalned through lmproved motor operation.

The resulting precipitate was removed by centrifugation as



87

before, and the supernatant liquid was discarded. The
latter was not analyzed, but from the gradient used in the
preclipltation process, and from the results obtained with
the first sample so treated, it was estimated that the
carbohydrete concentratlion in the llquid was about 0.70%;
that 1s, about 30% of the total starch was precipltated,

The precipitate from the above separation was
washed twlce with solvent, allowling 1t to stand several
hours each time before centrifuging. Assuming the dis-
solved amylose to be more or less uniformly distributed
throughout the sample and wash liquid each time, it was
estinated that the precipitate after the second washing
and decantation wae contaminated with about 7-14% of its
welght in soluble material that had not been washed out.

The precipitate was then washed with anhydrous
ethanol until 1t was estlmated that the remainlng liquid
was about 2% original solvent, 98% etharol., It wac next
washed once with 807 methanol, then extracted with more of
the same material in a Balley-Welker apparatus for € hours,
and overnight with anhydrous methanocl. Subsequently 1t wes
dried at room temperature (about 25°) for 20 hours at a
pressure of about 60-70 mm, After this 1t was allowed to
gtand over magnasium perchlorate,

An attenpt was made to dissolve the precipitate in
1 M KOH, This was dona, using about half of the precipitate,
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two days after the vacuum drying., The sample was appar-
ently dissolved after about 9 days, and the solution was
neutralized, An lodine titration indicated that about 75%
of the sample was amylose. The remailnder may have been amy-
lopectin, but 1t might also have been undissolved amylose,
or degradation products resulting from the long standing in

KOH. Oxygen had not been excluded.

Correletion of streaming orientation and intrinsic wviscosity
A number of Schoch'!'s samples other than those so far
disouaaéd were algo run., A complete 1ist is given in Table
2, together with thelr intrinsic viscoslties in 1 N KOH and
the d.p.'s calculated from them by equation 4. This table
also shows some values of X and &/c as determined by bire-
fringences, and the absolute birefringence k(nj-ng). The
latter were based on the use of the distribution function

for monodisperse systems (see p.120).

Dichrolism

General technique

Orientation angle. Iodine complexes of amylose s&am-
ples were prepared in varlous ways to be desoribed in the

section, "Preparation of the Complex", The complexes were
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then poured Into glycerol, thoroughly mixed, snd trans-
ferred to the machine. The extinotion positions were deter-
mined as in the cage of birefringence studies, except that
the photoelectrlc apparatus was used instead of the visual
method, and the analyzer alone was rotated, the polarizer
belng removed. In addition, the poslitions of maximum in-
tenslty were located. The latter gave the pogltlons of the
normals to the preferred orientation positions.

Since pairs of readings taken at about 180° inter-
vals agreed well, 1t was consldered sufflolent to locate
only one minimum and one maximum posltion at each gradient
and in each sense of rotation. A similar procedure could
have been followed in birefringence work, only two positions
of minimum intensgity being loocated instead of four, provided

the two were in adjacent quadrants.

Magnitude of dichroigm. This was measured egsen=—
tlally as described on p. 36. However, an approximation was
made similar to that used in the determination of the magni-
tude of birefringence, p. 68. If the readings at all gradi-
ents ln one gense of rotation did not cover a range of more
than about 10°, the middle of the range was taken, the polar-

izer was set at 45° to thls angle*, and all readings for the

#The polarizer and analyzer were orossed, and the analyzer
was set at 46° to the presoribed angle. Thils fixed the polar-
1zer at the desired angle.



90

gample were made with this setting.

Permlsaibility of thle approximation was established
by finding 8§ values at various gradients using polarizer
settings at 45° to each orlentatlon angle instead of the
average, then repeating these determinations with the polar-
izer in each case 5° or 10° from its proper position. In
nearly all cases an error of 10° in the polarizer setting
caused only a negligible change in 8. An error of &° in

polarizer gsetting caused no detectable error in any case.
Preparation of the complex

Concentration of the gmylose gomplex. It was found
that 1n all cases the concentration of the amylose complex,
calculated as percent amylose in the final solution, should
be between 0.001% and 0.003%, with best results obtained at
about 0.0015% to 0.002%. This was obtailned by weighing 1
mg. of amylose on a microbalance®, dissolving it in 5.0 ml.
of the initial solvent, complexing with 0.3 ml. of lodine,
and flinally adding the complex to 50.1 g. of lodine-treated
glycerol. When the concentration was too low, the differ-

ence between the maximum and minimum light intenslty was too

*Alternatively, larger quantities were weighed and dissolved
in correspondingly larger volumes of the initial solvent,
then a 5.0 ml. allquot part was taken.
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small for accurate work. When it was too high, the light

tranemitted was insuffioient.

KOH as initial solvent. At first amylose samples
were dissolved in 1 N KOH solution, which was then neutral-
ized with HCl and diluted (no significant difference was
found when the KOH solution was dlluted before neutrallza-
tion). The amylose solutlion, now containing KCl, was
treated with iodine solution and added immedlately to the
glycerol. When not added at once to the glycerol, evidence
of aggregatiocn appeered within 5 seconds after adding the
iodine, and individual particles or clumps of particles
could be seen with the naked eye in about 15 seconds,

Since it required at least 2 or 3 seconds for getting the
complex mixed with the glycerol (10 to 15 seconds for
thorough mixing), it was evident that serious aggregation
must have occurred, and the lengths determined were probably
in error. ,

Aggregation ocontinued, though at a greatly reduced
rate, even after addition to glycerol. This was shown by
the continued rapid dropping of X with time; that 1is, the
particles were growing longer. In 3 of 4 hours the dlchro-
ism vanished, even though the solutlon appeared unchanged
to the eye. It i1s interesting to note that a similarly

colored, apparently finely dispersed, but non-dichroic
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solutlon was formed vhen an aggregated complex was added
to glycerol 16 seconds after additlon of icdlne.

As a result of the increase in length ocourring
during & run, and apparently teking place much more rapidly
during preparatlon of the sample, average lengths determined
wlth 1 N KOH ag the initlal eolvent are useful only to eg=-
tablish an upper limit., Values obtained for 5 representative
samples are shown in Fig. 20.

Attempts were made to reduce or elimlnate aggregation
occurrling before the addition of glyecerol by combining the
glycerol and amylose solutlion first, then adding ilodine, and
also by adding the lodine to the glycerol, then adding the
amylose solution. In the firast case, no amylose-~lodine com-
plex was formed at all for several hoursa, a slight green
color® developing eventually. In the second case a slight
green color appeared at once, but did not become more intense
on standing, even after addition of more lodine., Neither

semple showed sufficlent dichrolsm for use.

Water as initial solvent. It seemed probable that
the KC1 and KI (from the I, solution) present in the above
golution were at leasgt partially responsible for the aggrega-

tion observed. Therefore an attempt was made to prepare an

*The green was a result of the blue of the complex, combined
with the yellow of the excess lodine.



2600

2400

2200

2000

(o]
Lengths in Angstroms

1800

1600

1400

1200

1000

03

l I l I

C~=146-A(110)
— e (=148-150~A(13b)
P~5/6-A(8b
--------- P=5/6-A(7D
-— Tw?/9-A(16b) ]

et

Fig. 20.

1 L | l |
4

3
an/r

Lengths vs. GN/T for amylose-iodine oomplexes
in KOH as initial solvent.



94

aqueous amyloge solution., The beat sample avalilable, that
provided by Hassid, was used in these experiments.

This sample would not dissolve appreci&ably in hot
water. Jore drastic measures were then tried, the sample
btelng sutoclaved with water for 1l houra at 15 pounds gage
pressure (120° C.) Enough dissolved to give & blue color
when aqueous lodine (not in KI) was added. When this so-
lution was added to glycerol containing a 1ittle excess
lodine, the blue color disappeared at once, leaving only
the yellow of lodine. Addition of X1 did not restore the
blue color.

Two attempta with the autoclave falled to accom-
plish more then a very slight extent of solution. Some
other technlque was obviously needed, since longer suto-
claving might have resulted in appreclable degradation.

No further attemp®t was made %o lnvestigate the effect of

XX under these conditionasa.

Agqueous pyridine as initial solvent. According to
Pasou and Mullen (57), aqueous pyridine in sultable concen-
trations can cause gelatinigation of starch. Since pyri-
dine ocan be removed from aqueous solutlons by dlstillation
(the volatile component ia a constant boiling mixture of
57% pyridine, boiling at 92.6° C,), it seemed advisable to
try such a solution. If the starch should dissolve, an
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excess of water could be added and the pyridine removed by
evaporation,

Even after standing overnight in 40% (by volume)
pyridine, the smylose cample (Haseld's) shcwed no signs of
solution. It dissolved readily, however, when warmed to
80°-.50°, Thre pyridine was removed by evaporation, water
being added from time to times. When the absence of oder in-
dicated eseentislly complete removal of the pyridine, the
amylose was complexed with Ig in KI and left 2% winutes,
Vhen the solution wes still not visibly aggregated after
thils time, it was apparent that some improvement had been
mede, so the sample was added to glycerol and run. There
appeared to bs some aggregatlon during the run, as shown by
a slight drop in X, but it was much leas serious than with
previous samples.

The lengths so determined were about the same as
those obtained when 1 N KOH was used as the initial solvent
(Fig. 21). This was probebly due to the relatively long
tire between lodine and glycerol additlon, 24 minutes as
compared to £ or 3 seconds when KOH was used. One ocould
expeot better results then ever before obtained, by using
this method and adding glyocerol immedliately after complexing.
However, since another procedure, desoribed 1ln the next para-

graphs, ultimately eliminated practlically all apparent
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aggregation, there was no need to investigate thls method
further.

Preliminary tests showed that the amylose-iodine
complex could be formed in the presence of pyridine 1f the
latter were not too concentrated. The first rough checks
showed the 1limit in pyridine concentration to be around
20%. However, when Hassid's sample was dissolved in hot
40% pyridine, then cooled and diluted to 20% pyridine, it
formed only a very feeble, muddy green color with Ig 1n KI.
This sample was added to glycerol, & seconds after ilodine
addition, but had too little dichrolsm to measure. The
process was repeated, allowing the amylose solutlon to
stand for 10 mlnutes with lodine before adding glycerol,
but the results were no better,

More of the amylose was dissolved in 37% pyridine,
This time 1t was dlluted to give a pyrldine concentration
of 10% by volume. Iodine solution was added, and 5 seconds
later 1t was poured into gl&cerol and run. This time the
dlchrolsm was qulte satisfactory; there was no evidence at
all that aggregation was occurring during the run, and the
lengths obtained were shorter than any previouely found,
Apparently thls process was the best developed up to that
time, but there was 8tlll the posslibllity that some aggrega-

tion wags occurring between the addition of iodine and the
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time when aggregation, if present, was apparently stopped
(or more probably, tremendously delayed) by addition of
glycerol.

To check this posslbility, two more samples were
prepared and run. In one of these, 2% mlnutes were allowed
to pass between the édditlon of iodine and glycerol; in
the other, 8 minutes elapsed. The average length increased
somewhat, indlcating aggregation. It would no doubt be
posslble to run a series of samples with varyling complexing
times, and extrapolate back to zero time (the curve for the
above work at one gradient is shown in Fig. 22), but it
appeared better to try to eliminate this aggregation al-
together, or at least reduce 1t.

The next samples were trled with 15% pyrildine* as
the initlal solvent. UWhen this was found to glve samples
wlth satisfactory dichrolsm, a serles of 5 samples was pre=-
pared in which the complexing time varied from a few seconds
to 8% minutes. These samples all agreed very well with
each other, indicating that aggregatlion had been practiocally
stopped at all stages. A curve of length vs. GR/T for

*At Pirst the amylose samples were dlgsolved in hot 30~40%
pyridine, and diluted, but it was soon found that a pyridine
concentration of 15% by volume was quite satisfactory, ale
though perhaps a trifle slower. When a hot solutlon was
cooled, a precipltate developed in a few hours. Consequent-
ly when a larger volume of solutlon was prepared, and aliquot
parts taken for the individual samples, the solution was re-
heated and cooled each time a sample was taken from 1it.
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these samples is shown in Fig. 23. The only questions now
were whether or not the particles were molecularly dispersed
in the first place, and whether similar results could be ob-

talned with less pure amyloseg such as wers provided by
3chooch.

Probability of molecular digpersion. It has already
been shown that when the pyridine concentration in the ini-
tlal solvent 1s Just short of the point where no complex can
be formed, there is no measurable tendency to aggregate. In
addition to the samples prepared as above, others were run
under different conditlons. All of the samples, including
those described above, were either dissolved in hot 379
pyridine and dlluted to 16%, or dissolved initially in 15%
pyridine. Most were heated until dissolved, then cooled
qulckly and ocomplexed; but several were cooled slowly, and
one was cooled quickly, then allowed to stand 11 minutes be-
fore somplexing. In several cases the lodine was added whille
the amylose golutlons were still hot, the solutions then be-
ing cooled qulckly. All of these techniques gave practically
the same results*. When the iodine was added to the hot

*Later, Schoch's amylose P-5/6-A(8b) was run with complexing
times of 10 seconds and 5 minutes, and once also with a delay
of 11 minutes between cooling and lodine addition. All three

runs gave practically ldentical results. The initlal solvent
was 15% pyridine. :



101

100

00—

=
o
T

o
Length in Angstroms

700

600+—

o0 | | | | ,
an/T

Fig. 23. Length vs. GNn/T for the iodine complex

of Hapsld's amylose, 15% pyridine as
inltial solvent,



102

solutlion, which was then cooled slowly, the particles
were & little longer, indlcating some aggregation during
the coollng process.

Two samples gsve shorter lengtha. In one case
amylopectin had been added untll the original amylose
comprised only 5% of the total starch present. This
sample had 1odine added whlle 1t was hot, and it was
found later that this technique was not satisfactory for
samples contalning amylopectin. The sample passed little
light and had only a little dichroism. In the other case
the pyridine gsolution of the amylose had stood three days,
and was then heated to dissolve the sample, Subsequently
experiments with samples left for varylng times showed
that the longer a sample stood in 16% pyridine at room
temperature, the harder 1t was to dissolve by warming.
For example, 1t took several hours of heating to dissolve
even & very small fractlion of a sample that had stood for
a month or more. It is therefore.possible that the sample
was not completely dissolved, the shorter chains being
more completely dissolved than the longer. Oxidation de-
gradation might also have occurred.

It should be added that even these latter two
samples gave lengtha only 6-8% lower than the average of

the others, which 18 not really signiflcant,



Effect of amylopectin. A considerable quantity of
amylopeotin was dissolved in 15% pyridine, giving a solution
of perhaps 10-100 times the carbohydrate concentration used
with amylose. When lodine in KI was added, there was no
color &t all except the yellow-brown obtalned with pyridine-
lodine solutions alone. Apparently the amylopectin-iodine
complex 1lg not stable enough to form under such conditions.

A semple contazining 40.5% of Hassid's amylose and
69.5% of amylopectin wae prepared in two ways. First, one
part was dissolved in hot 16% pyridine, complexed, and
cooled quickly. It had a poor, muddy greenish-blue color,
and when added to glyecerol and run, there was not enough
dichrolsm for even rough measurements,

Another part of this cample was dissolved hot, then
cooled quickly and complexed, A good color was obtained,
and the complex was highly dichroic when run in the presence
of glycerol. Furthermore, the results agreed with those
prevlously found.

A similar sample containing 5% of Hassid's amylose
and 95% of amylopeotin also gave a good color and dichro-
ism, and agreed with previous average lengths, when the amy-
loae solution was cooled quickly before adding lodine.

Five of Schooh's amylose preparations, which had not
been completely freed of amylopeotin, were tried (see the

next section). When lodine was added to the hot solutions,
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poor results were obtalned; in fact, the two corn amylose
gamples and the shorter of the two potato amyloses gave 60
little dichroism when complexed that satisfactory measure-
ments could not even be made. When the lodlne was added to
the cold solutions, however, satisfactory results were ob-

tained in all five cases,

Results on various amylose preparations

By the time the proper method for preparing the
sample had been established, Hassid's amylose had already
been rather thoroughly investigated. No more work was done
on this sample.

As mentioned in the section Just precedlng this,
five of Schooch's amylose samples were investigated. While
the first attempts to run these, preparing the complex by
adding lodine to the hot solutions, did not work out satis-
factorily, interesting informatlon of a posltive nature was
neverthelesse obtalned., As with all samples, these showed no
blue color at about 80°, but developed the complex color on
cooling. It may be 1mportant'to note that the shorter the
chain length, the colder the solution had to be to obtaln
maximum color intensiiy.

Whole potato starch and two amylose fractions pre-
pared from 1t were run, the results belng shown in Fig. 24,

The whole starch contained about 25% amylose, which was
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flve times as much es in the most unfavorable sample tried
(5% anylose, 95% amylopectin), and gave quite satisfactory
regults.

When the ﬁhole starch was fractionated (8l), most
of the amylose present was removed in the first precipitate.
One would therefore expect the average lengths of the amy-
lose in this precipitate to be ahout the snme ag in the
whole starch, or perhaps a little shorter because of de-
gradation occurring during solutlon of the sample in the
autoclave. The latter appears to he the case.

The gecond fraction preclpitated only on long stand-
ing, and one would therefore expect this to consgist of
ghorter molecules. The experimental results confirmed this
prediction.

Curves of X vs. Grl/‘I' for the sample dlscussed in
thls sectlon are shown in Figg. 24 to 28. Some of these
graphs &lso show theoretlecal curves fitted to the experi-
mental, as described under "Discussion'.

The curve for A vs. Gy/T for the lodine complex
of Hagsld's sample is shown in Fig. 30. The values of A
were alsc found for the other sampleg investipgated., The
curves of A ve. GN)/T for these had about the same shape
as the curve for Hassid's sample, and contributed no addi-

tional information.
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DISCUSSION

Birefringenoce Results

Molecular interastion

Concentration effects. From Fig. 14 1t can be seen
that there ls appérently some interactlon between the mole-
cules of a solution of potato amylose P-5/6-A(7b) in gly-
ocerol and ethylenediamine. Apparently the effect is much
greater at high concentrations of the amylose, the particles
appearing to be longer than at low concentrations. However,
no such effect was found with amylose sample C-148/160-A(13Db)
in the concentration range 0.2% to 0.8% (Fig. 15) in which
range the potato amylose showed & slight but definite change
in observed length. The difference may be due to the faot
that the corn amylose has a lower average molecular welght,
and the shorter molecules may be more independent of neigh-
boring molecules than the longer potato amylose molecules,
Also, the conoentration effect may be due partially or en-
tirely to amylopectin in the amylose samples. In this case
no predictions could be made without knowing the amylopectin
concentrations in these samples.

Investigations of the concentration effeot with a



114

series of amylose samples essentially free of amylopeoctin
would be very valuable, but only one such sample (Hagsid's)
was avallable, and it was too limited 1n quantity to be
used for such a study,

The equations used in the theoretical work were de-
veloped on the basls of each molecule of amylose being 1iso-
lated 1n the solution, surrounded only by pure solvent.

The other mcleocules were assumed too far away to have any
effect., The nature of the intermolecular action when the
molecules ars not far spart 1ls not known; however, when they
are not so close together as to be in more or less continu-
ous contact, and not close enough, also, for van der Waals
and other such foroces to have an appreclable effect, then
one might suspect the effeot to be primarily one of vis-
coslty. The individual molecule might stlll be considered
to be moving all by 1itself in the solutlon, but in a more
viscous solvent, If thls were the case, the viscoslty of
the solutlion should be used instead of the viscosity of the
golvent in the Peterlin-Stuart and other equations.

Qualitatively at least, thls procedure would be cor-
rect. For a given experlmentally determined X value, the
corresponding value of Gn/T would be larger at higher amy-
lose concentrations. Thls would give a shorter average

length for the molecules, & change ln the right direotion.
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The ocorn amylose, which showed no concentration effect in
the range examined, has a lower intrinsic viscosity than
the potato amylose, consequently the solution viscosity

vas no doubt more nearly equax to the solvent viscosity.

Preclpltation in the machine. A precipitate devel-
oped in all amylose solutlons when run at the high gradients
obtained at low temperatures. One such solution was cen-
trifuged, and the decantate and the original sample
(C-148/160-A(13a)) were run in the usual manner. From the
shapes of the X va. GR/T curves (Fig. 18) for both cases,
it appears that some unusually long particles were devel-
oped at moderate to high gradients.

The decantate from the machine fractionation shows
the effect of long particles much more than the original
sample, though not as much as those samples in which the
precipitate was developed but not removed. There are ap-
parently aggregates formed which are much longer than the
original moleoules, but not large enough to be visible or

to be removed by an ordinary centrifuge.

Polydispersity

Length vs, GQZT. All the graphs of length vs.
Gq/T show that the average lengths as measured by streaming

orientation become shorter at high gradients. This does
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not mean that the molecules become shorter, but rather

that the weilghting of the average changes. At low grad-
lents, only the longer molecules a&re orlented sufflioiently
to ocontribute appreciably to the blrefringence, oconsequent-
ly the observed orlsntatlion angle 1s essentially that of
the longer particles. At higher gradlents, the shorter
molecules become more oriented, and the blrefringence,
hence the measured orientation angle, becomes a function

of all the molecules rather than only the longer ones.

Empirical curves for X vs. GH/T. A little later,
curves for Xvs. Gn/T for various hypothetical mixtures
will be discussed. Sadron's equation (equation 21) for
was used for calculating these curves, and the mixtures
were selected to fit the experimental curves obtained by
dlchroism. They are shown in Figs. 24-28. To determine the
effect of a small amount of a large molecule such &s amylo-
pectin (which has no effect on curves obtalned by dichro-
1sm), one of these ocurves (Fig. 27), was selected, and the
effect of 1% of a material with a particle of 10,000 )
was incorporated into the calcoulations for the ourve. The
resulting curve is shown in Flg. 31. Two other curves are
also shown, illustrating the effect of material of 4,000 R
length., For comparison, the curve without the added long
component and curves for four monodlisperse systems are in-

oluded.,
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None of the above curvezs agress closely wlth the
experimental curves for the orientatlion angle as deter.
oined by birefringence., Nevertheless, there is a siml.-
larity bvetween the theoretlical and experimental ocurves
which indicates that some long material was present in the
anmylose sample and caused the inorease of X with gradient
at low gradients. Perfect agreement cannot be expected
with any concelvable length distribution, because it 1s
probable that nelther amylose nor amylopectin is rigid,
hence lengths wlll lncrease with gradient. Also, the
theoretlical data used was extrapolated beyond the range

glven by Scheraga, et 8l., and was not very dependable.

Curves for £ vs. GQ[T for mixtures. Uslng equa-

tlon 22 for £, and the data of Scheraga, et al., for mono-
dleperas systems, seversl curvee for f vs. G/T for hypo-
thetleoal mixtures of rigld molecules of different lengths
were prepared. These are shown in Fig. 32, together with
the curve for several homogeneous substances. It must be
emphaslzed that these f values are the values for these
mixtures, not Scheraga's values for a monodlsperse system.
Thus, 1f the molscules are rigid, the f values given should
be proporticnal to A values actually mea&sured for a system

with the atated distribution.
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Scheraga's data were calculated on the bagis of
f=1at infinlte gradients; that 1s, at infinlte « &and
Gn/T. It is obvious from Sadron's equation that the same

1imit 1s reached in the case of mixtures.

Elongation of molecules. As stated before, the
values of f obtalned from Soheraga's data (and Sadron's
equation, i1f dealing with a mixture) and experimentally
determined X values should be proportional to the measured

values of A for the sample; that is,

A
T = & constant (27)

The quantity A 1s proportional not only to f, but also to
the absolute birefringence of the molecules, the concentra-
tion of the solution, and the length of the light path
through the solution. The latter is constant for any given

machine, so equation 27 may be wrlitten

% = ko(n,-ny) (28)
or
%‘l = k(ny-ng) (29)

where (nl-nz) 1s the birefringence per gram of the indivia-
ual molecules, and ¢ ls the concentration in grams per 100

ml,
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If the proper values of f are used in equation 29,
and 1f the value of (nj-ng) so caloulated is not constant,

a change 1n the molecules 1g indicated. The most probable
change 1s a stretching effect due to the flow gradlient. If
the value of (nj-ng) were found to increase with gradient,
this might be considered additional experilental evidence
for elongatlon because a molecule of given length would
certalnly be more birefringent when stretched out than when
partially colled.

A change in the value of (nj-ng) &s caloculated from
equation 29 does not necessarily mean a change in the actual
birefringence of the amylose moleculea if Scheraga's table
of f vs. £ for monodlisperse systems is used 1n the equation.
It has been ghown that this value of £ is not the true value
for a mixture, and consequently the values of (nj-ng) will
be in error. This is 1llustrated ln Fig. 33, where vdlues
k(nyj-ng) for several polydlsperse systems are calculated.

To determine these curves, X values at various
values of GQ/T were taken from the curve of Flg. 41,
Scheraga's tables alone were used to find £ from X (that 1is,
f was found as though the system were monodisperse). Values
of A/c, on the other hand, were found for this mixture by
using Sadron's equatlon and assuming the measured A/c to be

proportional to the calculated f from the Sadron equation
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(Fig., 32). The values of k(nj-ng) were found from these
values using equation 29,

Since no accurate knowledge of the dlstribution of
lengths was avallable for the amylose samples used in bire-
fringence, the values of k(nj-ng) for these samples were
calculated uslng the data for f for a monodisperse system.
As one would predioct from the preceding paragraph and the
known polydlispersity of the samples, the values were not
congtant, but increased with increasing gradients. This 1is
shown in Fig. 34 for the potato amylose P-5/6-A(7b), the
sample whose lodine complex appeared to have the length dis-
tribution required by curve 1, Fig. 31 and 32, In Fig. 34
the experimental value for k(nj-ng) for the potato amylose
ls compared with curve 2 of Fig. 33, the latter being nor-
malized to the same value as the former at GN/T = 2.

The experimental curve is a much more lihear curve
than the theoretical, and comparison with Fig. 33 shows that
the other theoretiocal ourves in this figure would either
have even more curvature, or would not extrapolate to zero
birefringence at zero gradient as the experimental did,

This means that elther the potato amylose is much more poly-
disperse with respect to long particles than any of the
theoretlocal length distributions tried, or that the blre-

fringence per molecule was actually increasing at higher
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gradlients. The latter would indicate stretching of the
molecule.

A comparison of Fig. 17 and 256 shows that while
Hagsld's amylose appears to have & somewhat shorter average
length than its lodine complex at low GA/T, the two become
equal at about Gn/T = 7, and above this value the uncomplexed
amylose ls apparently longer than the complex., This indi-
cates elongation of the molecules present. It is not obvi-
ous whether the effect 1s due to stretching of the amylose
or of the trace of amylopectin present, However, 1t 1s be-
lieved that the quantity of amylopectin present 1is very
small, and wuld not greatly effect the results, Large
quantities changed the shapes of the X vs. Gn/T ourves so
greatly that comparison became difficult,

All other samples run by both birefringence and
dichrolsm had longer average lengths at all gradlents when
in the uncomplexed state. One corn amylose, C-146-A(llc),
showed a greater difference at high and low gradients than
at moderate gradients. The relatlively greater lengths at
low gradlents were probably due to amylopectin; the greater
length at high gradients may have been due to elongation.
However, too much signiflocance should not be attached to
birefringence results of samples other than Hasgld's, be-

cause of the effects of amylopeoctin.
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Birefringencs ya. intrinsio viscosity

According to Kuhn (40), A4/Gnc should be proportion-
al to the d.p. at low valuesof Gh. Since lntrinslc visocos-
ity, according to the Staudlinger equatlon, 1s also proportion-
al to d.p., & plot of n] vs. A/Gne should give a straight
line, Such plots are shown in Fig. 30 for two values of
an/T. Date for these graphs were taken from Table 2,

It can be seen from Fig., 35 that Kuhn's statement
applies to the birefringence of amylose in ethylenediamine-
glycerol reasonably well at Gn/T = 10, though not so well at
GR/T = 5. Slﬁbe both )U and &/Gno are proportional to the
firat power of d.p., according to thls theory, polydlspersity
of the amylose should affeoct both terma equally and ocannot
account for the faoct that they are not guite proportional.
However, since these samples contaln varylng amounts of amy-
lopectin, which may be expected to affect both terms, but
not necessarily equally, minor devietions from proportlonal-

1ty are to be expected,

Dichroism Regults
Molecular interaction

Agpregation. The evidence obtalned indlocated

strongly that aggregation was of little or no importance in
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work with the lodine oomplex when proper precautions were
observed, For best results the amylose samples used were
dissolved in 15% (by volume) pyridine at 80-90°, cooled,
complexed falrly promptly wlth excess lodine, and added to
‘ glycerol. If not cooled before lodine addition, the samples
were apparently degraded, aggregated, or in some other man-
ner rendered unreliable. When such samples were cooled
after addition of iodine, the blue color of the complex de-
veloped to a greater or less extent. The fact that this
color appeared at relatively hlgh temperatures with long
chaln taplooca amyloses, but at much lower temperatures with
the shorter corn amyloses, indlcates that perhaps the py-
ridine concentration used would be too high for very short
chaln molecules., Conversely, one might use a higher ocon-
centration for very long chain amyloses, which might be
desirable to prevent aggregation.

When 15% pyridine was the initial solvent, it was
apperently not necessary to cool the hot solution and com-
plex in the shortest posslible time, 5 or 10 minutes delay
not being serlous. However, a viasible precipltate appeared
in every sample after a few hours at room temperatures, so
it 1s obvious that aggregation begins fairly soon. The pre-
cipitate will not form an lodine complex even on long stand-
ing, 8o 1t might not interfere. This, however, 18 not ocer-

talin.
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It was @also found that delays of & to 10 minutes be-
tween forming the complex end adding to glycerol were not
geriocus. Such & delay 1s unnecessary, however, and this re-
sult is of interest only in showing that very likely there
was no aggregation during the short complexing time ordi-

narily used,

Long rénge interactlions. Concentration studies such

&8 were ocarried wlth amylose preparations, using flow bire-
fringence, would have been valuable in the case of the dich-
rolsm of the lodine complex., However, the concentration
range over whioch good results could be obtained was so iim-
1ted that such studles were lmpractiocal.

Lack of evidence concerning long range interactions
was not consldered a serious matter, since the concentra-
tions used were so low (of the order of 0.002% as amylose)

that interaction was probably negligible. -

Polydlspersit

Empirical curves for X vs. QHLI. Sadron's equations
were used with Scherage's data to calculate curves for X vs.
Gn/T for a number of hypothetlcel systems of various length
dietributions. Eventually length dlstributlons were found
to match all the dichrolsm results except those for the corn
samples, The empiriocal ocurves é4re shown with the matching

experimental curves in Figas. 24.28,
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Equations of the forn
( )
Xl (50)

were found to fit all but the corn samples. In these equa-
tions, y is the welght fraction of the sample which has the
length X in Xngstrom unlts, and X1 is a consgtant. By taking
the derivatlve of y wilth respect to X and settlng equal to
zero, one finds that at the maximum value of y,
1
X = xl(-}l)&l
(1)

For the same value of a, a higher Xl corresponds to a high=-
er average length, but in general Xl is not the most prob-
able length as it 1s in the Maxwell equation.

The higher the value of &, the more homogeneous 1s
the sample. This term might be consgldered a "homogeneilty
index". The significance of this term, if any, 1s not at

present known.

Length distributlons according to the Flory equation

- o
W, = np” 1(1~p)“ (32)

were tried, but were not dlsperse enough to fit the exper-

imental results. In this equation w, 1s the weight fraction
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of polymer of d.p. = n. For amylose, p = 1-1/fi, where f
is the numerical average d.p. for the mixture. The Flory
equatlion was derived on the assumption of completely ran-
dom polymerlization, and one would expect less, not more
dilgpersity in the fractionated amyloses used. The results
actually found are therefore rather surprlsing, and have
not been explained. A X curve calculated from a length
distribution according to the Flory equation 1s shown in
Fig, 27.

It is possible that distribution according to the
Flory equation could be combined with small amounts of
rather long material to fit the experimental data with
curves having more theoretical Jjustification than the em-

pilrlcal ones from equation 0.

Average d,p. Weight and numerical averages were
calculated for a sample whose length distribution on a

weight basls 1s glven by the equation

y = Xe (33)

The welght average was 130, and the numerical average was
78. It is probable that there are no very short molecules
present in the amyloses studled, because water solubility

would be expected to eliminate them during the processing
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of the sample. Since molecules of lengths under 100 )
contribute practically nothing to the X vs. G)/T ourves,
the length distrlibutions used to calculate the curves of
Figs. 24-28 could be cut off below 100 3 to allow for water
golubility, end the X vs. GI/T curves ocaloulated from the
regsulting distributions would remaln unchanged. The weilght
averege length would be lncreased somewhat, and the number
average length would be changed very greatly.

Since the exact length distribution of the shortest
molecules would be practleslly lmpoesible to determine, and
since these have such a great effeot on the averages, par-
tlcularly the number average, 1t is not practical to attempt
to establish any exact average d.p. However, 1t appears
that the numberical averege d.p. 18 not more than a few
hundred.

The X vs. GN/T curve calculated from equation 33
fitted the experimental ocurve for the lodine complex of
Hagsld's amylose qulte well, According to Hassid, this sam-
ple had a numberical average d.p. of about 900, much great-
er than indicated by the data obtalned. The discrepancy
may 1lndiocate aggregation of the sample used by Hassid for
his molecular welght determination. The difference could

algo be due to incomplete complexing of the ends of the

amylose molecules,
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Rigidity

It 1s to be expeoted that a molecule of the amylose=-
lodine complex would be rather rigid. If so, ky~ks should
be constant. Thls value ls determined by equation 36, mod-

ifled for incomplete orientation,

~log, tan(45-2)
ky-k, = ral (34)

In this equation ¢ is the concentratlon of dlchroic mater-
1al and 1 1s the length of the light path through the
gsolution. It 1s necessary to use the values of £ for the
proper polydigperse system.

A graph of K-k, va. Gn/T is shown* in Fig. 36 for
amylose P=5/6-A(7b). For thls graph, the proper values of
f were found by using equation 22 and the length distribu-
tion equation 30, The A values were those actually meag-
ured for thls sample. The dichrolsm was found to be essen-

tlally constant, indleating a rigld molecule.

*The absolute value of kl-k was nhot determlned, since only
the shape of the curve was aeeired. The 1light path 1 was
taken as unity.
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Fig, 36, Absolute dichroism per gram vs. an/T

for the lodine gomplex of potato
smylose P-B/6-A(7D),



SUMMARY AND CONCLUSIONS

Methods for the study of amylose-iodine complexes by
flow dichrolsm were developed. It was found best to
dissolve the amylose and prepare the complex in 15%
pyridine. Glycerol was used to inorease the viscoslty
of the solutlon, and also stabllize the complex, re-
duclng the rate of aggregatlon.

The oconventional birefringence apparatus was modifled
by the addition of & photoeleotric measuring circult
designed for dichroism studies. It made possible the
detectlon of small variations in light intensity, which
1s necessary for locating maxima and minima when in-
vestigating dichroie solutions.

The use of the lodine complex in amylose studles per-
mitted work at very low concentrations, less than
0.002% belng the usual value. This was very desirable
since intermolecular attractlons are much less in di-
lute solutlons. Other technliques in general require
much higher concentrations, therefore are more subjeoct
to error,

Aggregation effects in the amylose-iodine complexes
were shown to be probably absent under the conditions
established as most sultable. This was considered &

mest lmportant feature in the application of dichrolism
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of the complex.

Theoretlcal curves for X va. GK/T based on empirical
length distributions were found to fit most of the ex-
perlmental curves for the amylose-iodine complexes.
From the fact that the same length distribution funo-
tiong ylelded orientation digtribution functions f
which were found to be proportional to the experiment-
ally determined loge tan(45- 4A), 1t was ooncluded

that the individual molecules of the amylose-iodine
complex are egsentlally rigid.

Amylopectin was found to have practlcally no effect
when the amylose-lodine complex was studied under the
proper condltions. Thls was an lmportant advantage
over other methods for investigating amyloses, since 1t
is difficult to free amylose of amylopectin completely.
A nunber of samples, including most of those studled by
the dichrolsm of the lodine complex, were investigated
by the establlished techniques of streaming birefrin-
gence. Some of the results obtalned were compered with
gimllar results obtalned by flow dichroism.

Undesirable ooncentration effects were found when amy-

loses were gtudied in ethylenedlamine~glycerol solutions,
but these effects could be made small by using solutions
of lees than 1% amylose. The average lengths of the
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amyloses appeared longer at high concentrations than

at low, and preclpltates developed 1n the solutions.

At higher concentrationes the solutions became turbid
enough to make observatlion difficult.

Some evidence, by no meansvconcluaive, was found point-
ing to & lack of rigidity of amylose when dissolved in
an ethylenediamine-glycerol solution. The curve for Xx
vs. Gn/T of the pureet amylose showed the sample to
have about the same average length at low vd ues of
Gy/T when in the uncomplexed form as in the form of the
iodine complex, but the lengths of the uncomplexed form
were greater at higher Gq/T. A comparison of experimen-
tal and theoretical values of absolute birefringence
also suggests the possibllity of non-rigldity.
Amylopectin was found to have a pronounced effect on
birefringence results, especlally at low GQ/T.

The average lengths for a glven sample were not usually
the same when determined by birefringence and by dichro-
ism, the blrefringence results generglly indicating
longer molecules. This probably resulted from the amy-
lopectin present.

Insofar ag the data obtained 1s valid, 1t indicates
that the d.p.'s are much lower than those obtained for

the same samples by other methods,
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It was ooncluded that the blue amylose-lodine
complex 1s esgentlially mclecular in nature and does

not require micelle formation as has been assumed by

some workers,
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