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I. ZINTRODUCTION

That starch is not & homogeneous materisl has been recop~
nized since the f&%?~ﬁ%?ﬁ$ﬁ$%,iﬁ#@ﬁﬁig&%iﬁﬁﬁ of ite ?&ﬁ?&f%i@%.
i to the naiure and degrees of its heterogenelty, however, therve
hae been much debate, and the history of the investigstion of
starch down to the last decade is essentially the story of mule
titudinous, unsuccessful atitempts %o oblain a definite frac—
tionation on the basis of phosphorus content, solubility, moleo-
ulsr eize and other properties of which 1ittls was known., This
situation is not surprising when we oconsider that the struoture
of maltose, which may be considered the building unit of starch,
was not fully elucidated until 1926,
nly within the last five years has our concept of the

chemiocal structure of starch reached a point where any solene
tific explanation for the axis%&n@araf~ﬁefiai$s fractions could

 made, The introduction of the concept of a branched struocture,
in contrast %o the ﬁzﬁﬁiﬁﬁﬁ tendency to consider siarch as
_consisting entirely of linear molecules (se in the case of
&a&iﬁ&asa},ﬂmaﬁa it ag@&%ﬁﬁt that there was a possibility

of variation in the degree of branching as well as in molecular
size, This concept furthermore clarified discrepancies which

had previously led to hazy concepis of a micellar structure

for aﬁa&eﬁ, involving secondary valences of somewhat questionable

nature. It would thus seem justifisgble to consider the introduge



tion of the branching concept ss the resl "turning point® in
the investigation of the structure of stareh,

The concept of branching, while fundamental to our pres~
ant §1@ﬁura ef the ﬂ@mpﬁ&&ﬁtﬁ of starch, also led to the atti~
tude that there could be no definite, sharg fractions. It
seemed more likely that a random distribution would be present,
both as to molecular size and as %o degree of branching., This
point of view ignores the fact that nature ie not haphazard
but as a rﬁl§ extremely systematic. ,

Only wvery recently iwo independent techniques have been
i&tﬁﬁéﬁéﬁﬁ which appear to give exceedingly sharp separations
af‘a&awéh into two componenis, one apparently consisting of
purely iiﬁﬁ&f molecules, the other of highly b?&ﬁﬁh&& mﬁlﬁ@ﬁiﬁﬁ.
In aﬁ&&gi&nnﬁﬁg ﬁev&l@pﬁ&ﬁt of & y@t@ﬂ%&ﬁ@atfﬁ% iodine titra-
tion ?ewhaiaﬁa,'&as@d on the well known tendency of starch to
form a complex with ilodine, has provided av&x&heiming evidence
thazsgggzakis'ﬁa material intermediate in properties between
the tﬁé‘g&my@ﬁ&uts. It thus appears that for the first time
i% is ﬁﬁ%gﬁﬁﬁﬁiblé'%é resolve %ﬁg exceedingly difficult problem
of kha‘invagsigaﬁiaﬁ of the structure of starch inte an 1ﬁv@stiw
gation of two gﬂtireiy different componente, thereby eliminating
wuoh of the previous cause of confusion,

This development of an aﬁﬁaranﬁlg<well fmun&aékaw@neﬁayanaaﬁ
concept of 3£§x¢& would make it seenm not only helpful but imper-

ative to characterize these components thoroughly. The manner



in which this is to be done, however, is difficult to choose,
At th&*gyﬁﬁﬁnﬁ time the best evidence for the siructure of
these components is bassed on resulte of methylation, whi@k;.'
xasﬁiﬁégjin view of the present methode for separation of ﬁh@
waﬁﬁyi'glageseﬁg are to be accepted with reservation, HNo other
chemical methods are yet available, e
‘Eaéﬁﬁzaﬁ?&naﬁﬁ in the theory of solutions of high poly-
mers indicate the possibility of the use of viecosity and osmotic
pressure technigues in this characterization, Perbaps the most
atriki&g~§§ﬁ§axﬁg‘éf golutions of linear polymers, as aamtzagtﬁé
to those of essentially spherioal molecules, is thelr exceed~
ingly~&ighiviseaﬁi£y§ It is this approach which has been utile
ized largely in this investigation., At best the study of high

polymer solutions ie difficult, even in the case of the simpler
polymers such as the normsl hydrocarbons, In the case of
starch the difficulties are many times multiplied due to such
Af&ﬁtaxs as retrogradation (crystallization) ahé‘variaﬁiﬁafia
the ﬁ@nfigﬁf&ﬁi&ﬂjéf even the linear @@1@@&1@3 {straight and
nelical configurations), These difficulties will be discussed
later in detall,

,ag/ﬁffaxﬁ'kaﬁ been made to keep this investigation as

broad as possible 1n spite of the numerous poinis which have
tempted more concentrated study. Due to the nmoveliy of our
present concepis much effort could easily be wasted ia such

studies. The wiser gourse at this stape seems to be to char-
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soterize the components of starch as much as possible, thersby
providing evidence that definite components do exist, and to
defer %he &axa~ﬁ@%a11%é atudies until the problem can be attacked

with & kr@adﬁr g@t&p&ﬁtiw&.



- II., ADVAHCES IN THE THEURYOF SOLUTIORS
\ CF BIGE POLYNERS
¥ith tremendous recent interest in synthetic resins,
plastics, rubber and silk, the &%ﬁﬁ¥>ﬁf high polymer solutione
has taken on a practicsl as well as a theoretical aspect. The
iﬁﬁfﬁ#ﬁiﬂg number of theoretical publications on this subject,

3@@ i» 14 :,

largely from the industrial lsboratories, perhaps best
emphasizes this trend. These investigations have ﬁaé,%ha
effect, not so much of developing new tools, as of putting the
old methods of investigation of high polymers on a new and
much firmer basis, |

0f the experimenial methods which have been employved in
the ingesﬁiga%i@a»af high polymer sclutions the following have,
perhaps, been most used and have met with or promise the most
success’? Q@m&tiﬁ'gxagauxﬁ, viscosity, birefringence of flow
and other c¢piical properties, rste of diffusion, ultracentirif-~
ugal anslysis and electron microscopy. Ebulliscopic and cryo-
soopic methods are worthless sbove moleoular weights of 5,000
at the wost, Of the aveilable methods, ocsmotic pressure and
vigoosity have been used in this investigaition and will be dig-
cugsed in detall below, ﬁiﬁfaséaﬁriﬁagai resulis, while at the .
present %im@‘ﬁﬁﬁ%ﬁﬁ&%kﬁiffiﬂﬁig:Qf'&?&l&&%iaﬁ; have been very
valuable, chiefly in the protein field. The electron microscope,
although at present still in o formative stage; promises much

in the f@#ﬁrﬁ ané will be somewhat more direct than the other
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methode, The last two mgﬁh&d@\xaguire, of courge, expensive
‘and highly specialized eguipment which is not at present widely

Solution Viscosity

The measurement of the wigcoelty of their solutlons has
been a favored method of study of high polymers, not only
because of the relative esse of measurement (as compared to
osmotic pressure for example) but because of the exiremely
high viscosity of high polymer solutlions.

The first attempt to place the viscosity of solutions and
sasysmsiéna on a theoretical basis was made by Tinstein in 1908
{31). 1In thie derivation Finstein aseumed the disperse phase

to consist of rzigid spheres to which the solvent adhered com-

pletely, large in comparison with the free path of the solvent
molecules but small in comparison with the dimensions of the

apparatus, He further excluded turbulence

and inertia effects
and ignored any intermotion between solute particles, which
assumptions would be approximately fulfilled in the case of
careful measurements at extreme dilution. By utilizing fund-
amental hydrodynamic postulates he derived the expression

¢ = Ds (1 + 3.5 v/V) - {1
w&ar&?ja is the viscosity ai the gi?%ﬂ:ﬂﬁﬁ§&ﬁ§§&§i$§p97g the
viﬁﬂaégﬁy of the pure ﬁﬂi@ﬁﬁﬁ;:§i§he total volume of digpersed
phasge anéaigﬁhﬁ total ?@i&%ﬁ‘&f solution. It is customary te



define :
| 7= el Mo
and |
‘7&% ® Yy -1
and thus Einstein's equation ¢an be put in the form
| Jop = 2.5 B B 644
where § is the volume fraotion of solute,

It is apparent from this equation that the viscosity of
a solutien of spherical moleculer should depend only on the
volume fraction of solute and be gulite independent of the size
of the inéi#i&&ﬁi suspended particles, In other words the
visocosity ﬁkﬁ#iﬁt%ﬁ‘iﬁ&&@ﬁﬁﬁ@aﬁ of the molecular ﬁ@igkﬁ of
the %@lﬁ&#. This has been confirmed expeyimentally on sus-
asboge and sulfur (7,88,232).

This result has been extended by others in an\at%ampk %o
gx@?iﬁg”& theory thet is applicable to more somncentrated
rod-kike rather
then spherical particles. This subjeot has rscently been

pensione of

solutions and to solutions of ellipsoidal an

reviewed very sdequately by Mark (80), snd only a brief summsry
will be given here,

Numerous equations have been propesed to fit the concen-

tration éé?ﬁﬁ@&ﬁﬁﬁff&@ﬁﬁ experimentally for particular systems,
all @f_%hss¢ b&iﬁgram§i§i$a1 in nature. Attempis have been
uade to attach theoretical implications to the various con-
stants but with little success, These equations have the common

feature of being

readily expandable in a power series expression
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iﬁ@?5§@~§§ terms of g. Perhaps the Dbest known are the Arrheaius
equations (3,4)
| logPp = k- ¢ (111)
and
log¥y * (k » 100 ¢)/{100 = ne) (1v)
and the Fikentscher eguation (24)

where n and k are constanis,
log Zp/c * k + 75 ¥3/(L + 1,5 ke). (n

The varioue equations predicting concenitration dependence have

been reviewed by Papkov (70} in sddition to the comprehensive
review of Mark (60-s). |

\Iﬁ.ﬁﬁﬁﬁ%ﬁﬁﬁ to the empirical nature of the equatione
representing concentration dependence, the extension of the
theory to non-spherical molecules hes been essentially theoret=-
ical in nature. It has long been an experimentally observed
fact that the viscosity of solutions of certain high molecular
~ﬁﬁ§ﬁ%&ﬁﬁﬁﬁ is in some way relasted to molecular weight., As
early ss 1909 Stobbe and Posnjsk (84) employed viscosity to
follow the polymerization of styrene. These cbservations,
ﬁﬁﬂ@i&&mﬁiﬁﬁvﬁﬁﬁ results of Binstein predicting viscosity to
be independent of molecular welght ia.tha'%aae of spherical
molecules, stimulated attempts to dstermine the effect of
ellipsoidal and limear solute molecules, Perhaps the first
successful attempt was that of Kubn (54)

who pointed out that
if two spherical particles were attached rigidly (to form a

dumb-bell ﬁﬁggeé'ﬁelﬁaaiaé,%h@y would tend to rotate im the



flow gt&ﬁigﬁﬁ sbout their center of mass, VWhereas the spheres,
if freg would tend to travel with the velocity of the surrcund-
ing fluid, they would now have & small veloelty relative to ithe
surrounding solvent due %o this rotation. This introduces au
extra work term, caloulable by means of Stokes' formula, and
thus nodifies Einstein's eguation by an added %erm, This deri-
vation may be readily exlended %o the case of a long molecule
consisting of meny spheres with the result |
| D = Yol + 2.5 ¢ + 1/16 ¢ £2) {v1)
where £ is the axial zatle, or, introducing our previous defi-
nition of My, | |
Tep * 2.5 ¢+ 1/168 ¢ £2 : {v1n)
Other workers have derived similar expressions according
mptions and approximations made, These have
been reviewed by Hark (80-a),
 Stgudinger observed experimentally that the viscesity of

to the epecisl agev

solutione of linear polymere inoresses with increasing chain
length and proposed the now well known relationship (75,80,81)

“ ‘ Deple = By » ¥ {vI1i1)
where Ky, is an gﬁ&i&iﬁ&l constant, He proposed that chain
ﬁélaeﬁiag‘axa.yraa&ﬁt in solution as rigid rods and attempted
to &x?&ain'hig squation ag follows: Due to the rotation of
the molecules about their center of mass e&sﬁ~uillfs£faa£iﬁely
occupy & volume which is proportional fo the square of its
length., However, the number of molecules present in umit volume



(2% & given weighi concentration) 1s inversely proportional
to the molecular weight. ?haxﬁﬁﬁz&;'%ﬁﬁ effective volume of
solute per unit volume of solution (P) is proportional to the
firet power of ¥ and, by eguation (II), Dep 18 alse pr@y@gﬁ»
tim&&ir te B,

gﬁaﬁéiﬁ@axvﬁaa tested his equation with s mumber of
synthetic polymers such as polyprens, polyethylensoxide, poly-
gtyrens and others, as well as with natural ?ﬁlgﬁ%gg such ag

the paraffins, cellnlcose and starch, In mest cases he found

K, to be reasonably constant at high molecular welghts,
although he did find deviatione for the lower members, He
emphasized that the relationship holde only for dilute solu-

tions of homopolar compounds in indifferent solvents,

The Staudinger equation has been the subject of much
heated debate., In the first place iﬁgyﬁsn§§agaﬁ the exiote-
ence of free solute moleculss in &@3&%2&% {80} wather than
clusters of molecules (micelles) agVyia%ﬁxaéfhy ot workers
a%.%naﬁkﬁiw@* It further pﬁﬁ%ﬁ&gﬁ& tk&ﬁ&yﬁﬁléﬁﬁiaa ag rigid
rods, which one would not intuitively expect,

According to Euhn (56) the very fact that this equation
does hold so well in many cases is proof that the mdecules
~are not rigid rode in solution. According to his derivation
{54) as well as practically all other derivations based on
hydrodynamic postulstes, %ﬁﬁ'fﬁﬁaﬁiaa(ﬁkﬁf@ should be pro-

portiomal to the second power of the moleoular weight (or
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moleoular length) in the case of rigid rods rather than to
the first power. He explained Staudinger's results as dus
to the fact that the molecules are not rigid im solution but,
rather, randomly kinked, , |

Bacsuse of the relative ease of viscosiiy determinastions
the Staudinger method has been widely used {(or, more often,
mis-used) for the determination of molecular weighta, OCare
has not been taken to evaluate carefully the K, oconstant for
different materials as this regquires tedious osmotic measure-
ments or some ai&i&&x‘iaﬁa@anﬁgﬁ% molecular welght determing~
tions, The valus of K, determined in one solvent has been
assumed to hold in other solvents, and, in aam@‘aaaes, the
value of K, determined for one polymer series has even been
carried over to other polynmers.

Alfrey, Bartovios and Mark (2} bave emphasized that K,
Aéépﬁa§ﬁ £@% only on polymer ﬁygﬁ»bak also on the @smys%aﬁﬁxa
and nature of solvent. The effect of the solvent is quite
obvious, In the first place the degree of solvation {or swell-
ing) of the sclute molecules will affect their effective volume.
This was emphasized by Kuhn (55}, Morsover, the extent to
which the molecules are extended or kinked depends in large
part on the solvent, a good solvent mainitaining them in a more
extended form {on the average) than a poor solvent. Thus,
other factors being the same, viecosity should be higher the
better the solvent, and this has been observed experimentally (3
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Since the Staudinger eguastion predicts the funﬁtiﬁn,ﬂggja,
te be concentration-independent it has been customery to deter—
mine viscosity at only one concentration, It now appears that
this function is not only cencentration-dependent but that the
magai?&éé of thig concentration-dependence iz also s funchion
of %hazwﬁiaﬁnlﬁx weight, being greater for longer molecules
(8),

This abuse of the Staudinger equation has, unfortunately,
led %o the publieation of &&ﬁ? false molecular weight values
and bas caused conslderable diseoredit of the Staudinger method,
| Recently still another source of error in the use of the
Staudinger equatlion has been brought to light by Krasemer and
Lansing (53), who pointed out that the viscosity method leads
to a "weight-average® molecular welght given by

' Mg =2y £33 (1%)
where f; is the fractional weight of material with the molec-
ﬁlﬁ@-ﬁ@igﬁg ¥y, whereas most other methods {a%maﬁiﬁ prassure
for example) give a simple "number average® molecular weight
given by |
This has been verified experimentally (8).

From a gualitative standpoint this simply means that'ia

the case of viscoslity longer molecules play a relatively more
important role than short molecules, whersas in the case of

osmotic pressure they have sn equal effect. In case of a
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tion, defining the limit walue E in Vg}/ ;ﬂ o = g a8 the "intrin-
sio viscosity". He compared the intrinsic viscosities of cellu~
lose and some of its derivatives with moleoculsr weighis éﬁf&#ﬁw
mined by means of the ultracentrifuge, demonsirating that a

si&yia_?%l%@igzgﬁi@ exiegts, He furthermore followed viscosi~
‘ wﬁtzigglzy taa oyelic conversion of ﬁ&l&&i@ﬁﬁmﬁv@ﬁiiﬁlﬂ&&:ﬁ%&m
t'ai:w mg&ﬁ@%&%ﬁ cellulose, providing very definite &viém%
that th&&&iﬁ&ﬁ@xi&lﬁrﬁxiﬁ%‘&#lﬁaiﬁﬁiéﬁ a8 true moleocules, not
micelles,

Kemp and Peters (5), as a result of thelr investigations
on rubber, prefer the Arrhenius funcilion over that of Staudinger,
uging the eguation

(InVg)/e = Ukyy + ¥ . (x11)

Baker, Fuller and Heiss {5) have recently prepared a
series of well~defined and linsar selfwpolyssters fromw -hydroxy
undecancic acid, These were ocarefully purified and characterized
a8 to moleoular weipght by wmeans of aikalifﬁiﬁra%ign;ﬁf the free

aeid end-groupe. They found the equation
[Gnmg)fe] oy = K, < M, + B (X111)

%o held vexy well, Ey being & $rue constent at least down %o
moleculsr welghtie as low ss 5,000, The additive constant, B,
was found %o bﬁ;awaii and proposed to be s function of the sol-
sing,

Flory and Stickney {26) pointed out that the 1limit of the
funetion (In Dyile is identioal with the limit of '?@fz, and

vation snd statistiocal degree of chain kin
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%hﬁ?@f@?& the limit of elither function may be equally well .
used, In other woxds ths equstion o

- [7ep/6] gm0 = By * by + B (x1v)
is i@an%iaa& with equation (XIIL). These workers used the
1&g&fi§§ﬁiﬁ‘§ﬁkﬁﬁiﬁn; ginee by plotting My on a log scale against
s&a&a&%x&tﬁaﬁ they obiained a strsight line, thus faaiiit&ting
the exﬁf&g@i&&i&&,

Eﬁggia& {45) hes rsceatly provid
derivation of sgquation (XIV), following essentially the procedure
used by Kuhn (54,56), Using fundamental hydrodynamic postulates
he derived, for the case of rigid rod-like moleocules, the a@agw
tion

ed an excellent theoretical

(xv)
where 77 and ¥ have the usual aigﬁﬁ@m&@ 1 is the length of

each unit of the chain, g its effective radius, and n the mum—
ber of such units in the chain, Obviously sinte the moleculay
weight is proportional to a, this eguation predicts 7%§!a %o
be a fﬁﬁ@ﬁiaa of 33 gonfirming the earlier results of Kuhn,
Hugpine then aasamﬁé:Mﬁzaaﬁ&aﬁ which are not rigid, but
kinked in a completely random fashion. Eyring (23) has derived
an sgnatiaa ﬁhﬁ&h gives, for such molecules, the average value
of the square of the distance from the atom at the molecular
a&&ﬁ&% to any other atom i, in.tarﬁa of a power series in cos g,
where « is the sﬁﬁﬁlﬁmﬁat of the aﬁgle between auaae&&is& ﬂﬁiﬁﬁ
{a fized va&ua}, Using this equation he derived the expression
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@,’a - gisaﬁ}z»@pa» {Wﬁi%ﬁ,“ﬁ)ﬁ% a M{w&l{aﬁ%ﬁgy’%w}

where ﬁ, » & and o have the same si gm,ﬁ;.
(xv), ¥, ig the “molecular weight® of ‘each ohaln wnit, K, i8 &
wzmtaﬁ% &a;maé&ag on the mlﬂa%m& gizes and sb&z&es of solvent

cance as in &3&;&‘%&@&

and s@mm molecules, P is the density of pure liquid mlmm |
Beo 18 the function (1 + cos @)/ (1 - cos a) and B is a a@mmm
cated function which approaches unity as p becomes large. The
lfnma% be ignored, thus giving an expression which ‘%ﬁ |
,ﬁsam@&im the ssne a8 ﬁaﬁaﬁm (X1¥), For large values of
By the 3 vij.;x the term {n - 2 + 1/n) oan also be ignored, and,
a8 ng numerical values o the constants, the agmﬁiéﬁ
Depl/o = 2.9¢ £ 100 5012 a n (xv11)

xﬁﬁﬁ?f;ﬁﬁéj@ ‘i‘ms@ equations were é@ﬁm& for the case of ﬁ*&mag

upon aseigni

Ex*mgm movement (nig

, zwgﬁmﬁm@) or small m}mz&ty graﬁiam.
In the %w of mgligﬁam Brownian motion or la.rgg velocity |
| gmzmat the resulting equation is

7./0 = 2.82 X 10%° B 1® 2 n X7III)
By applmﬁ ﬁmw results to the agmale—@miﬁns‘

In &%@iﬁ oase the values e&f i and & are easlly amsm, the latter
being simply the supplement of the tetrahedral angle, The value
of g, the ¥effective radiue® of the chain units, is rather uncer-
tain, However, using a value of g which appears to be m&mm@lq
auggina was able to cheok the experimental resulis of Meyex am:l
van é&% %?yk (85) with smr&gi&g %maﬁy.



Bugeins' work further showed that the viscosity of soluw

tione of rod-like moleoules would be strongly temperature-
ﬁagsﬁﬁﬁmﬁ,aaé dependent on velocity gradient, wheress the tem-
persature dependence of randomly kinked molecules would be nege
ligivle. These predictions have not been checked experimentally.

'%axaVﬁaeantxg {47) Huggins has derived, by a simple modifi-

cation of his earlier derivation, an expression rﬁyrﬁsanﬁiﬁg',
tﬁﬁ'ﬂaﬁﬁ@ﬁ%@%ﬁiﬁﬁﬁéﬁ§ﬁﬁﬁ&ﬁﬁﬁ of the Staudinger funetion, ?ﬁiﬁ,»
equation, which is identical with one previously stated empir-
ically (78), predicts tﬁa%'f&r’ﬁaﬁﬁﬁ@iﬁ~kin&@ﬁ Jong-ohain mole~
gules }

ep! ® *[up/© ] gmo (19K %0p) (x1x)
which, st low congentrations, can be put in the form

Tus/® ot ] gmo D/ T im0

ging points out that most of the expressions grﬁviaaa}y pro-

poaed to represent the concentration dependence of such systems
will reduce to this form.

8o far no mention has been made of %havwe%haés’faw deter-
mining viscosities of solutions experimentally. These methods
have been reviewed adesguately on numercus gégasiﬁua,'fax axsmple
by Mark (80«b), Buffice it to say that the many methods can be
conveniently grouped under three classical methodst (a} cap-
illary flow, (b} wotion of a solid body, ususally a sphere, in
the fluid, and (o) behavior of the fluid between two concentrie
eylinders of which one ie stationary and the athar'rmtakiagf
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?hﬁ~1&$%»ﬁ%ﬁﬁﬁ method, that of Couette, is, perhaps, fo be pre-
ferred from a theorstical standpoint, However, under sultable
gonditiona the methods give ﬁaﬁamﬁi&1i§'iaaﬁ%ieai results and
the bulk of the published resulis on solution viscosities have
been determined by the capillary fiow m&%&aﬁ; It ie important
when ueing this method that the velocity gradient be small, not

only to eliminste turbulence but, in the ocase of long molecules,
to minimize flow orientstion, It has been shown (8) that this

latter effect ie negligible in viscom

eters of practical dimen~
sions and at low a@assntzﬁtiéﬁa (velow 1% by weight), It has
also been found essential, h% practically all workers using
the eapillary method, to fii%ﬁt’ﬁhﬁ solutione before the vig-
cosity determinations in ax&é: to eliminate any foreign matter
which will impede the flow, |

| By way of summary, it ié,a@yax@a% that the viscosity
method of Staudinger for dstéxﬁiaxng molecular size iz essen-
;ialiy am§i:£galxtacﬁa£ﬁxs; Certain inhefent errors and
limitatione of application have been ignored, leading to much
ﬂiﬁ*ﬁﬁ@,&ﬁﬁ;%&ﬁﬂﬁﬁﬁ?ﬁt&ﬁﬁi&g. However, recent theoretioal
waxkﬁkaambiaaﬁ with more cayreful experimental work, gives confi-
dence t&ﬁ% the method is a worthwhile tool for drawing conclu-
sions as to molecular size and shape, provided the limitations

are clearly recognized.
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Osmotic Pressure

If a solution ie placed in contact with pure solvent,
separated only by a thin membrane which is permeable to solvent
but not to solute, the solvent will show a tendency, due to its
greater fugacity, to diffuse through the membrane. This phe-
nomenon, termed "osmotic pressure®, ie well known. Equally
familiazx

s perhaps, is the van't Hoff relation

| P=RT O, | (XXI)
in which P is the osmotic pressure, R the ani%araglygas constant
in appropriste unite, and Oy, the molar concentration,

In spite of the extreme simplicity of this relatiom, it
has been found to hold very well for dilute solutions of low
molecular weight substances®. |

Thermodynamically, the exact expression for the magnitude
of the osmotic pressure is

PV =~(F - F}) = ~2T (xx11)
ﬁkaxa'akz thﬁ,@a&ﬁﬁi&iﬁﬁ,h&#@ the usual thermodynamic signifi-
cance, the subsoript 1 referring to the solvent component, If
the solution under consideration is ideal we have the further
restrictions |
AR, =H, -8B =0 (XXIII)

I, Bee sny standard textbook of Physical Chemistry, for example
Getman and Daniels, "Outlines of Theoretical Chemistry", John
Willey & Sons, New York, Sixth Edition, 1837, pp. 174-180.
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and :
A"§1 = @1 = g? - B 1n ﬁ; {Xﬁif’?)
where Ny is the mol-fraction of solvent, In other words the

solution is both athermic and has the ldeal entropy of mix-

ing, The latter sssumption requires that any molecule be
gml&%&iﬁ interchangeable with any other molecule in the ssfam—v
tiom, |
Qmas , .
AF, Msgl - 145, (xxv)
one van write, in view of (XXIII) and (XXIV) -
PV S A%, + 145, TR T In N =+ R T In (lNp) (o)
or, expanding the logsrithmic function in powers of N,,
* P = RYV, (i + ¥3/31 (xxvin)
In w&ry dilute aalﬁfkiﬁm all but the firet power of N,

¢an be ignored and, moreover, ?:t approaches the molar volume,
¥, of the solution., The resuliing eguation
P = RT/V X Ny ® RTO/VH, (XXVIII)

; ﬁa the molecular
weight of the solute, is obviously eguivalent to that of
van't Hoff, , “

I{ ig desirable to extend the use of the osmotl e pressure
method of molecular weight determination to molecules of high

where C is conceniration in gm. per liter and

molecular weight, Whereas gbﬁiiiammﬂ and eryoscoplie methods
are worthless above molecular weights of 5,000 at most, osmotie

pressure, due to the much greater effect per mole of solute,



is $&ﬁ$i§i¥aséaﬁﬁgx for use wp to molecular weights of asbout
; This statement, of course, depends on the validity

@i~?an*§ Hoff's law for such moleoules. The extension of any
physical property from the low molecular to the high moleculay
realm ia to he\$awxiaﬁ~ﬁa% only with axtzaﬁalﬁaﬁ%iaa;

At first thought it mi
behave, with respect to ocemotic pressure, not as a unit, but

t seem that & long molecule would

a8 a number of emall units, ¥or example, 1f a molecule ocon-
sisted of two agh&xaﬁiaﬁﬁaﬁﬁaﬁ aﬂﬁwrigiﬁif together, one might
expect these to act more or less independently so that the |
oesmotic moleoular weight would be that of the separate spheres,
not of the unit,

%xga%&&@aﬁal determinations carried out by numerous
workers (83~Db, i&, 15) iﬁ@iéa%s~%ha% the iﬁﬁs%i&& P/G, in the
vase of high polymers, shows a steep positive slope when
plotted against concentration. Howsver, it appears that even
in this case the limit of the function at infinite dilution
falfiil&~vaﬁ*%~ﬁﬁff*sfvaa%iaa~¢am§1s§@ly (63~b). Apparently
an equation of the type |

P = RIO/VM + BCR {xxIx)
ie aﬁﬁgﬁsaxy¢

Heyer pointe out (63~p) that the quantity B should involve
not only hest @f'mzxﬁagfaffa%ts (ignored in the derivation
given above) but alsc deviations from the simple statistical
sature of aa%&agy,af‘miziﬁg; implied irn Equation (XXIV). The
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hest of mixing may be elther positive or negative, ?f@éﬁﬁiﬁg
ﬁiﬁh&@'ﬁ%&i%ﬁ?ﬁ or ﬁagagiVﬁ deviations from the van't ﬁéff iﬁeal.
It should be noted that Bguation (XXIV) for the a&iﬁalaw
$ion of the entrepy of solution ie velid only for systems in
which the ﬁﬁiﬁaﬂlﬁa of both components are of th@~$aﬁa:ai@§ aﬁé
shape, 1.8, completely interchangeable, This is @kviaﬁaiyfiax
from ﬁ#ﬁ% in ﬁaiﬁti@n@ of high polymers, ‘ ,‘
Keyer (63-b) considers the deviations from ideal entropy
to bs‘gﬁakmaﬁh more lmportent term. He bas analyzed qualits~
tively the process of solution of a high polymer, §xa§iaﬁz§gy
%ﬁaﬁyéﬁaxﬁﬁ‘ﬁhis aaﬁm@&aﬂareakx@§y §kg plot of ¥P/C vﬁﬁ'ﬂ £%3 
such @@m& should show a strong positive slope, dependent on
the ?ﬁi&ﬁ&%g solvent, and ﬁ;m@§Xa£§x@, but independent of ﬁk&.
chain length. That is, various members of s glven polymer~
k«@wlag@&s series, under similar conditions, should give ;iﬁﬁ&
which ar& parallel, but differ in ia%ax&apﬁ,

Meyer's concept has been placed on a aaaa%ikakxve haaia
ging {48) snd of

by the recent statisticsl treatments of Huge
ﬁiaz?ffaﬁ}, The problem has also been attacked by Byring anﬁ
aa&grk%xﬁ from the flow-se

gment point of view (72), their con-

slﬁﬁiﬁﬁﬁ %ﬁi&g essentially the same, It thus appears that tﬁe
Qamgtiﬂ ﬁeﬁhﬁﬁ is ap@xixs*za fﬁ: %ha ﬁ&tﬂrminatiaa gﬁim&l@@ﬁiar
waigﬁﬁﬁ ﬁf‘@&aiﬁ @ﬁiﬁ@&ra. It is i&@&x&tigﬁg however, that
several points be determined at low ﬂéﬁgan%xatiaa,aa that extra-

polation can be oarried out, since the deviations from perfect
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b@&gﬁiﬁx'gx% 8o great that even at ihe lowest practiocable con-
centrations snomolously high pressures are observed.

The older molecular weight values reported on the basis
of cemotie pressure should be oritically anaslyzed with this
point iﬁ‘miaﬁ;‘ In some osaes it hae been considersd s&fiiﬁianﬁ
to determine values at only ome low concentrstion. |

In contraest to the situation which was obegerved in the
case of solution viscosities, the experimental determination
of osmotic pressure is extremely diffioult, This ie a&ge&i&ily
true in case non-aqueous solvents are used, These diffioculties
are chiefly in the construotion of & muitable cell, and in the
choice snd preparation of suitable membranes, |

iﬁﬂﬁ&@ﬁ%ﬁlﬁf@ﬁﬁﬁgiﬁ vells have been designed, practically
every worker in the field ﬁﬁéiﬁyingm&a;saﬁg way those previously
used, ?ewha@s«naaﬁ has &&ealy@xf&aﬁiy'&atigfaatawg. The older
cells were of the static type, the solvent being permitted to
diffuse through the membrane until equilibrium between the

osmotie pressure and the hydrostatic pressure of the solution

was sttained, This method is extremely slow since the rate of

diffusion becomes progressively slower as the egquilibrium
point is approached, Recently Bourdillen (13Z) has constructed
& micro sdepiation of this fype of oell which is much faster
due to the smaller volumes involved, He claims equilibrium to
be attained in about four

&n entirely different type of oell, the so~called dynamie

hours,
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spproximately one atmosphere pressure.
Buchner and Semwell (15) clamped the mewbrene between two
aiﬁilﬁ¥ brass plates, which were grooved to sccommodate the

liquid. In this way large membraue sreas were possivle with

a swall volume of solution, They immersed tbe instrument in

a thargﬁgtat controlled %o ﬁ,ﬁﬁﬁ L5 §xﬁ$ﬁ%%§§?‘§ﬁ‘§ravéﬁi~u‘
variations in diffusion rate due %@iﬁgﬁyéraﬁnxa vax&aﬁian$:"
This acourate control of temperature has 1ot Been found mecss-
sary by other workers (71,€8). ‘?aﬁkﬁ@# the biggest objection
to this cell was the use of rubber gaskets to seal the membrane.

Nontonna and Jilk (60} used a oell patterned after that
of Buchner and Samwell, bus ﬁiiﬁiﬁﬁ%gsg the use of rubber gas-
kets, However, their cell contained rubber connestions and
numerous ground glass ﬁﬁﬁ@ﬁﬁéﬁs which were iﬁ&&iw&@aﬁ with
grease so that it was still not free from objection when used
with organic solvents.

Perhaps the most satisfactory type of oell yet designed
is that of Hepp i%ﬁ}; A block of glass or leuclie is drilled |
to %akﬁ#%ﬁ&"gﬁ3.skﬁagiilgzy,' The solvewt chawber oconsiets
$iﬁg$§~&f a small dise of bolting silk ghioh is soaked with
solvent and laid on the blook, over the ecapillary,

e the memhrans, Thie is tﬁ@k&ﬁ&&ﬁ@éﬁ'@awa with & ring
which alse holds the ﬁﬁlﬁ%&ﬁ§ {§§$?"§k@ﬁﬁ‘anﬁ,mi;;; i
rium is sttained in this cell in less than an hour, the seoret
of its speed lying in the extremely small volume of solvent,
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Petere and Saslow (71) have checked the performence of this
%yge.af:éall on solutione of horse serum albumin féﬁﬁiag;i%'; 
V&§§ $%$iﬁfﬁﬁﬁ§¥?i Ho rubber washers or stopoocks come in
ﬁﬁﬂﬁ&ﬁ% with the solution or solvent, =o that from this stand-
point the cell is a&%i%f&s%ﬁ%m

for use with organie solvents,
For use as an osmotic wembrane a material must %sag%#@ﬁ&
encugh to permit mesesurable diffusion of the solvent and still
kﬁ?$ §é‘a@aaing$~$f & size large enough o permit p&aaaga'éﬁ
the solute, The latter problem obviously iﬁ‘ﬁgxﬁ“éiffiﬁﬁlﬁ .
the smaller the solute particles, | |
In the case of agueous solutions the commercially obtaine
"‘E%?éﬁﬁy‘ﬁ@ilﬁfﬁ$§~i%iﬁaﬁﬁ'ﬁ&#& %$ﬁﬁ.fﬁ&ﬁﬁ~$&%i$fﬁ$%§2yf

by several workers (71,13}, Ordinsry cellophane has boen found
to have too low & porosity {71,13) but HcBain and Stuewer (58)
have shown that the porosity can be inoreased and controlied

by aﬁaiiiag~iﬁ{wa%axﬁaiaahal,@f varying concentrations, Mem-
%xanﬁa’af”taiﬁ type have been found satisfactory by Carter and
Revord {18} for sclutes of molecular weights as low as 3,000, l
Other workers (66,15) have used collodion membranes with aqueous

solutions and denitrated collodion mewbranes with organic sole
vantsi These membranes are, howsver, exiremely difficult to
prepare in & menner which will yield ressonably uniform poros-—
ity.

It iz thus apparent that the primary obstacle to the deter-

mination of molecular weighis osmometricelly is experimental,



?x% ﬁﬁé; theoretical standpoint 1% is, perhape, one of the 'mz
awaig%;%fawm and rellable methods yet available in the high
molecular-weight Tange, |




I1i, DEVELOPHMENT OF OUR PRESENT ?%ﬁ*ﬁ@%?éﬁﬁ%?
CONCEPT OF BTARGR

o attempt will be made in the present review %o include
all of the voluminous literature on starch, Numerous exben~
sive summaries are available; in partioular should be mentioned
the more recent reviews of Hanes (32), Yeyer (83-6,83), and
Hizon snd Rundle (44). &n’aﬁtﬁm@t will be made here to sum-
&ariz&-%kat ﬁark direotly relating to the present ﬁw@ﬁﬁ&%yaaﬁnt
ploture of starch, For this purpose it will be sufficient to
go back only to abowt 1930 and take up the work with the firet
intensive affar%g to elucidate the molecular size and ghap& 6f
atarak“,

?ﬁe Discrepancy Betlween A@yaxaﬂt Chemical and
- Physieal ¥oleoular %Welghis and Inmtroduction of
the Branching Bypotheslas

Barly work on the methylation and subsequent hydrolysie
of starch indiezted an slmost quantifative yleld of 8,3,6~
tri&gtﬁ?i glucose {40,48) and it was largely on the basis of
thisg éﬁiﬁ&ﬁﬁﬁ«ﬁﬁ%ﬁ~%ﬁ&j@¥1§§%giﬁﬁﬁﬁiﬁiﬁ‘liﬁkﬁgﬁffﬁﬁﬁﬁﬁ male=
tose} wam proposed, i@ 1932 both Haworth (35) gﬁ& Irvine (48)
reported the @?@#&3&& of 2 smell amount of tetramethyl gluocse
in the hydrolysctes from methylated siarch. Haworith pointed
out that this derivative would be expected %o arise from glu-



cose units ocourring at the non-reducing ends of chains, and
that a determination of the relative proportien of this derive
ative would provide a nmeasure of the average chain length.

This method has been much used, not only with starch, dbut
with cellulose and other carbohydrates. In the case of starch
the resulis have been strikingly wniform, practically all workers
reporting values of 25-30 glucose units (35,49,43,41,38,33,29),
This uniformity is all the more surprising in that these results
were obiained on starches from widely different sources, and
even on the ¥glutinous® or "waxy" varieties which have proper-
tiee so markedly different from ordinary starches. The methods
of estimating the tetramethyl glucose can be strongly oriti-

cized; nevertheless there can be little doudi ms to the cor-
rectness of the order of magnitude,
\ Thege extremely low valuee for the apparent molecular
welght are in strong contrast to the moleoulsr weights pre-
dicted from other properties, First might be mentiomed the
low reducing wvalue of undegraded starob, VWhereas for a free
chain of 35 glucose units & reducing value equivalent fo sbout
84 that of maltose would be expescited, the observed values for
starch are as a rule less tham 0.5%. Bimllarly the molecular
welghts estlmated from physical properties are very high,
Osmotic pressure studies, for example, have indicated values
of sbout 100,000-200,000 (75,18},

Haworth and coworkers have attempied to explain these
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discrepancies by poetulating & fundsmentsl bullding unit of
'v&%agﬁsgﬁmsé glucose molecules linked by an o-1lid-glucosidie
bond, these fundamental units, in turn, being held in aggre-
ary bond (23). According to this

gates through some secon
pilocture the differences between different starches;, staroch
fractions and partially degraded eltarches are due principally
to &iffaygaﬁga in the degree of %ﬁia‘%ggfggatian.'

These results should be contrasted with those cbtained
in the case of cellulose for which similar molecular welight
values, ranging from about 100 $o 1000 glucose units, have
been aﬁ%&znaﬂ ky'methyi&%ian, reducing value and physical
meagurements (59)., This etriking difference between two
polymers so closely related as sterch and cellulose would
hardly be explainable in the ma

nner attempted by Haworih.

The way out of thie dilemma was shown by the very excell-
ent work of Staudinger and coworkers, In an attempt to apply
the viaaaé&%y method to starch (82) it was shown that X, was
not aanﬁt§n§ but varied between the approximate limite
e.gxm’“‘i and 2.7X10°% for a number of dextrins and modified
starches, A value of iﬁlﬁ”% was more or less arbitrarily
assigned on this basis. It was pointed out that X, in the
celluloss series is reasonably constant and of a magnitude
about 8-10 times the value assigned in the vase of starch,

As a possible explanation of the lower magnitude of K., a
helical configursiion of the starch chains was suggested; thie
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would not, however, explain the varistions between different

fr&ﬁ%ﬁaﬁa( |
ﬁ,wxgh better explanation was suggested in a later paper

by Standinger and Husemann {(83). They pointed out that the

x&l&ii%éiy constant amounts af t@t&&&ﬁﬁh?iﬂgiﬁglﬁéﬁ'iﬂﬁi&%éﬁ
| frﬁm §§§§§1ﬁ%aé starch could net be harmonized with the %&#@rﬁa
chain formula, Using formamide as solvent, they ocarried out
vigaaﬁit&,aﬁ& osmotic pressure determinations on several f%gga
ﬁians-gmégawﬁé'ﬁy mi1& avid hydrolysis of starch. These frac-
tions géxé then acetylated and similar determinstions carried
out on the acetates in varlous organic solvents. Finally %&&
acetates were seponified to give the regenerated starch frac—
tian#fﬁﬁé measurements again made in formemide, The mﬁlaﬂﬁ&ax
waﬁgﬁ§ﬁ‘ghaﬁkﬁé in the three cases., Yoreover, the vaiasiaf Km
was approximately the same for both the original and regenerated
ﬁ&ﬁﬁti&lﬁc

'?kes& results cannot be reconciled at all with a micellar
structure; on the contrary, a macromolecular siructure is indim
'~%gﬁaé;’ ?é explain the high yield of tetramelbyl glucose these
authors suggested a branched structure for starch. In this

found would be a measure not

case the gxﬁpﬁrﬁian of end-groups
of ﬁhﬁ'wﬁiﬁﬁﬁlﬁx size, but of the degree of branching. It was
further pointed out that dimethyl glucose, which would arise
at the branching peints, hed usually been found in guantities
apgraxima%&&y sguivalent to the tetrsmethyl zlucose,
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A branched struoture hed previously h&an suggested forx
glycogen in order to explain the high ?i&lé‘ﬁf dimethyl glu~
cose obtained (38,38). In that case the yield of both tetra-
methyl and dimethyl glucose is higher than in the e&sa;mfcstﬁgéh,
1ﬁﬁinaﬁiﬁg'a higwar degree of branching.

yﬁbaﬁg and coworkers showed that starch could be disaggre-
gated by mild hydrolyeis with ozalic asid $o0 a molecular welght
of about 230,000 without any change in the endgroup anslyeie (10),
?x&m‘ﬁhﬁ kinetics of the hydrolysis 1t was concluded that %hg

bondas broken were covalent and not hydrogen~bonds as had been

formerly thought possible. They also iﬁ?éﬁtig&%eﬁ the dimethyl
glaﬁasa'ahtain&&k{a}& ghaﬁgﬁga by means of the tosylation and
ge&i&mwiéﬁi&a replacement reaction, which is specific for pri-
mery hydroxyl groups, that the dimethyl derivative obtalned

was the Q;Swiﬁﬁaér. This would indicate the branching to ocour
on the sixth carbon,

| Freudenberg and Boppel (30) were simllarly led to the
congluesion that carbon six ie the site of branching. They gon-
eluded that although both 2,3~ and 3,8-dimethyl glucose are
present in the hydrolysates from methylated starch, the former
ie the characteristic derivative, while the latter cemes largely
from degradation of 2,3,6-trimethyl glucose during the hydroly-
gig, They further concluded that the branching linkage is
a=-glucosidic,

Obviously the complexity of the starch system is greatly
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ineressed if branching is present. One might expect not only
dation of molecular sizes, but alse a disgtribu~

& complete gra
tion as to degree of branching, ranging from perfectly straight
molecules to very highly branched., Evidence that this is no%
the case will be brought out in the eneuing discussion of the

fraotionation of starch.

Fractionation of Starch

Perhaps the first fractionation of staréh was that of
de Ssussure {20) who in 1819 isclated, from a starch paste
which had stood for two years, a oellulose-like substance,
insoluble in hot wﬁﬁﬁr, which bhe termed ligneux &&?&aé%‘ar
Patarch lignin®,

'iﬁﬁﬁ&ﬁg&h&& g;tgﬁgﬁa‘h&ve since %&&a~ﬁﬁﬂa to separate
giarch inﬁa ﬂﬁf&&itg components through fractional solution,
electrophoresis, aging of pastes eto. The work has been handi-
capped from lack of methods for characterizing the fractions
obtained, A complicating fector hes been the phenomenon of
retrogradation whereby the @riginalzy'maxs soluble component -
%ﬁﬂ@gﬁ& extremely resistant, The net result of this work has
been a large mass of disorganized, and in some respects conw
flioting, dats., This work uwp to about 1827 has been reviewed
by Samec (75). ;

E. H. Heyer has recently investigated wvery ﬂ&?ﬁfﬁllf and
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%hazaffhiy tﬁa fz&atiaﬂmtiaa of starch on the basie of ﬁ&lﬁw

bility m bot water (83,83-c), This method, firet used by o
A, §@y@r, éiv&é&& starch roughly intc resistant aaé salﬁble  ,
g@rkiﬁag,‘ These fractions have %eﬁ& veriously termed a&gham |

and %gtaﬁﬁﬁfiéﬁﬁ by A&, Heyer, and smylopsctin and amyl&ge %y

ﬁaqa}fqa and Roux,

This method of fractionation consisis essentially ;hv¢ v'
haa%ing a;gtarah paste (usually 2%4) %o a temperature &f\aﬁgut
70 G, &ﬁﬁ holding at constant temperature with slow gzirriag
faz»agpr&ximaﬁaly<maﬁ hour, After allowing the iaaelukle mat@w
rial {smylopectin) to settle out, %ﬁa»@l@aw supernatant liquid
ie kept under refrigeration for several weeks, the amylose
azysﬁaliizing out of solution, By this mﬁﬁaaﬁf tha'yiﬁla of
gmylagﬁ varies between the approximate limits 4 and 159,

nd coworkers have been able, aa;%he bagis

K, H, Eeyer a
of the newly suggested branching concept, to distinguieh and
aﬁaxaaﬁéziaﬁ these components quite completely and, agparen@iy,
gulite ﬁ@aﬁ%iguﬁaaly. Through application of the methylation
provedure these workers have shown that téﬁ yield of tetrs~
methyl glucose from amylopeotin is very nearly the same as
from totsl starch, sbout 4%, The molecular weights as deter-

and by redueing value, on the other hand,

are very high, indicating a high degree of branching. The
amylose fraciion, however, ylelde only about 0.5~1.0% of end-



- 35 -

groups, and this yield checks ressonsbly well with the molecw
ular ﬁéig&%g determined by other methods, This fraction is
hence concluded to consist essentially of straight chains,
The properties of these fractions, tabulated by Meyer E3~c),
are given in Table 1. |

Table I
Properties of Amylose and Amyleopectin

' “Uhbranched . “Branched
?r@yaxty ‘fxaﬁﬁi&a v‘fxgggign,

"”axga"’é&§*§§eﬁt3aw
is phosphorous free;
yeﬁaﬁa eaaxaiﬁaﬁﬁam&

Fiine of acetyl and Hlestis, saii&i
methyl ﬁazivativaﬁ %&ka celiuvlose

ﬁ"%ay&@x Toward
w (
a@ti@a 01 P-amylase

Forme paste

Up to B0% hydroiyzed
1&3?1&% a "limit

Foaction with — Biue GoloF
lodige e T

The low degree of digestion of amylopectin by p-amylase
is explained by the branched siructure. The enzyme, being
apparently sgéaifié for the u~lid~-glucesidic linkage, would
not be expected to attack the linkage at the branching point



(probably e~116). A short treatmwent with a-glucosidase of the
residual dextrin so formed renders it susceptible to further
f-amylase digestion, From this Heyer concludes asmylopectin to
have a highly ramified net-like structure, rather than s "herr-
ing-bone" type of branching,

The essentially amorphous nature of amylopectin and its
inabiiiﬁy to retrograde may be regarded as further evidence of
a branched structure, Auylose, on the other hand, shows a
tendency to form definite, anlsotropliec sphero-orystals,.

The effectiveness of the hot water method ¢f fraotiona~
tion ism subject to question, I% s&&&a quite possible that
much of the amylose might be so tensciously held in the granule
that it would not be extracted readily. This is indicated by
thﬁ\axtzams*vafia%iaﬁ in yleld obtained by different workers
and even by the same workex,

Recently new and apparently much more satisfactory tech-
nigues fﬁz'ﬁﬁﬁxying~ﬁﬁi thie fractionation have been developed,
P&ﬁﬁﬂvaﬁﬁ,ﬁaliﬁﬂ {69) found that smylose is seleotively adsorbed
from a starch paste by such adsorbants as activated carbon,
fuller's saxﬁhraﬁéjalumina. Best resulis were obtalned, how-
ever, with cotton, The adsorption complex ie formed instanta-
neously in the cold but ocan be readily broken by means of hot
water,

Schoch has shown {78) that through saturstion of & dilute,
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autoclaved starch suspension with n~butancl, the smylose can
be precipitated as sirongly birefringent spheroorystals. It
ugﬁfﬁéams apparent that both this and the adsorption methods
give much sharper fractionations of starch than the hot water

extraction method,

Evidence that the Fractions of Starch are Sharp and
Distinet - The Development of sn Iodine Titration
Hethod for the Determingtion of Amylose

¥eyer's work, while of inestimable value in the investiga~
tion of starch, still does noit snswer the question of whether
or not starch consistes of two definite components, the one
entirely linear in structure, the other highly branched. Rundle
bas shown {9) that if the syath@aza‘aﬁ‘ataxah were entirely
random, giving a complete statistical distribution of molecular
species, both ae to molecular size and degree of branching,
only sbout 1.7% of unbranched molecules would be expected a
most, in strong contrast to the amount found experimentally,
Fevertheless, it cem still be argued that there is a statis-
tical distribution in the branching, and that the fractionation
procedures used simply tend o separate the less bighly branched
from the more highly branched molecules., The large veriation
of the amount of amylese obtained by hot water extraction under
different conditions might be offered as evidence for this

concept.
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However, there has recently been developed a powerful
tool for asctually determining the amount of amyiaaﬂ'iﬁ a given
@&%&fﬁ&l‘k This method, developed by Bates, French and Rundle
(9), iﬁ&iﬁaﬁﬁﬁ beyond question of doubt that the amylose is
an ﬁﬁ%irﬁif distinot component, sharply different in ite behav-
ior toward iodine from the bulk of the starch,

In this method a given starch smmple is dispersed in
dilute alkali and the ﬁ%iﬁ%ﬁ&ﬁ nsutralized with hydriodic
acid, If this solution ies then titrated with dilute ilodine
in potaseium iodide (of the same coneentration as the iodide
in the starch selution) it is found that the lodine-iodide
potential remains essentlally constant as long as there ie
free amylose in solution, In other worde, the amylose tends
to itske uwp lodine at s characteristic lodine sctivity. Anmy-
lopectins, on the other bhand, show much less tendency to take

up iodine and do not give a flat region in the titration curve,

Using this method these workers have been able to compare
the purity of amylose snd amylopectin samples prepared by
different methods. An amylose prepared ﬁy & combinstion of
the Heyer and Eaﬁﬂak techniques, the so-cslled %orystalline
amylose® of Xerr (51), has been found to give the longest flat
region and bas hence been isken as a standaxd of purity. The
amyloses prepared by bulanol precipitation appear to be about
90% as pure as "erystalline amylose®, With the amylopectins
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it was found thal in most cases a small percentage of amylose
was left after butanol §$eai§iﬁaﬁiﬁ§; however, one passage
through 8 a@%taa column removed this very sharply.

ﬁna%her very interesting point brought out by this watk
is %herfagt that the amyloses from various starches take up
iodine at~&i££e§eﬁ%Aéﬁaﬁaﬁﬁﬁristig potentials, and this varia-
tion has been asoribed to variations in chain length, Further-
more, if the a&yl&aﬁa fxém yﬂtaﬁw'&nd.aaxnkare mixed they show
two definite breaks, which would indicate that there is no
overlsap in*kha molecular éiaeraiﬁirih&tians of these materials,
A much higher degree of homogeneity is indiecsted than one would
ordinarily expect in such a gaiy%ﬁx. | |

The amount of amylose present in various native starches,
as shown by this method, wvaries from none in the case of the
waxy starches to sbout 34% in the starch from 1ily bulbe, Most
of the common gtarches, such as taplota, corn, potato, rice and
wheat, fall in the range 17-24% amylose. The absence of amy-
lose in the waxy starches explains, at least in part, their
markedly different properties,

#hether or not the waxy starches are simply pure amylo-
pectin cannot be stated definitely, They show even less ten-
dency to take up lodine than the amylopeciins, their titration
curves lylng nearer %o glycogen, This would iaﬁiaata a higher
degree of branching in the waxy starches than in the amylo-

p@@tiﬂﬁ.
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The sharp difference in the iodine colors of sayiose and
amylopectin (9) should also be mentioned, The ordinary starche
iodine color is decidedly purplish - nsither pure blue nor red.
Amylose, however, prepared by the butanol method, gﬁﬁ&ﬁ 8 clear
blue iodine color, with no trace of red. Amylopectins yégw
pared by the butanol methed give an sssentially red color, with
perbaps & trace of purple, but if they are purified by passing
through cotton every trace of blue sitaining material is removed

and a pure red staining material obtained., Waxy starches, %oo0,
atain pure red with iodine. ‘

The evidence given cen leave little doubt that amylose
is a distinet component of starch. Horeover, it is apparently
fairly homogeneous as to molecular weight. The homogeneity of
the %mylﬁgaaﬁinzfxaﬁﬁiaaw however, with regard to degree of
branching or chain lengih, cannot be considered established,

The ﬁaliﬂal'Saafigurazi@g of Btarch and ite
Relation to the Starch-lodine Complex
A helical configuration of starch molecules was suggested
by Hanes {32) to explain the preponderance of siz-membered
dexirins produced by c-amylase, ag well as the formation of
six- and seven-membered oyelic dextrins by the enzyme of B,
liacersns, He further pointed out that dextrins of at least
six unite were necessary for the production of the typical

iodine color t!
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Freudenberg (31), assuming a bost-shaped glucose ring,
congtructed models of siarch chaine, finding them to be essen~
tially helical, with the hydroxyls dirscted outward, Essen~
$ially a tube with & hydrocarbon lining is formed, According
to Freudenberg the blue color of the starch~iodine complex
is to be explained by the binding of lodine within these tubes

in an essentially hydrocarbon medium, Caesar and Cushing
also constructed avaﬁ&ﬁi of an amylose chaln conslsting &f‘lﬁ
glucose units, showing ite pronounced tendency to take on a
helical configuration (18). In contrast the beta-linkage (as

in cellulose) gave a zig-zag ohain.

B%ax {11) hme recently shown s close resemblance between
the X-ray diffraction pattern of the starch-iodine complex
and the so~called *V* pattern, which is exhibited by starches
and amyloses precipitated with alcohole., BHe further aﬂggaﬁt@d
that these patterns might result from a helical struvoture,

Purther evidenoe of the close relationship existing
between the *V* configuration and the lodine complex is given
by the much greater tendency of materials in the *V* configura-
tion to take wp iodine wvapor {74). :

The etrong dichroism of flow exhibited by solutions of
storch-iodide (73) indicates an orientation of the Llodine mole~
cules in the diregtion of the major axis of the starch mole-
gules iﬁ,ﬁﬁkﬁﬁiﬁﬁm Presumably the oriemtation is due %o the
lining up of the ilodine moleocules in the hellces. Amylose~



jodide showed a strong dichroism of flow, while amylopectin-
iodide showed none, indlcating an essentially linsar structure
for the former and $§h§£iﬁ&l‘ﬁ%¥ﬁﬁ%ﬁ&% for the latier.,

That the smylouses precipifested by butanocl exist in the
helicsl configuration hes been indicated by a study of their
optiesl properties (¥4). By the same méthod ﬁf’iﬂ&%&%&g&ﬁiﬁﬂ;
the crysballites of gramular starch appear to exiet in o lipear

%ﬂﬂfixn*&ﬁ&ﬁﬂ‘ Apparently iodine and alcoohol play an lupor=

tent role in esusing the vhains to secume the heliecsl sonfigurs-
tion. That phenylhydrazine moy also be bound ix a mannsr anale
ogous tc iodins has recently been suggested (57).
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1V, EXPERIMENTAL AND DISCUSSION

¥ateriale Used

 &&?§$3& and smylopettin frections from corn, gataﬁa aﬁﬁ

' nd supplied by 7. J. Schooch,

Their pxapaxaﬁiagfanﬁ‘?ﬁ@yﬁzﬁiaﬁ have xaﬁ&ﬁﬁly'§$ﬁﬁ'&$$ﬁriba&
(77), |

As shown by lodine titration the amyloses were sll approxi-

tapliocs eterch were prepared a

mately %6% pure (9}, The potato amylopectin showed no trace
of amylose in its lodine $titration curvel corn and tapiocs,
however, showed some contamination.

For visooeilty studies the amylopeotine from sorn and
potato were purified by passing %krgﬁgk,eaﬁtaa sagording to
she method @f Pacsu, This removed all traces of blue stain-
ing materiai, The corn amylopeotin so purified was checked
by iodine titratiorn in the usual way, 1is titration curve
inﬁi@a%iag’ﬂa trace of amylose.

‘The butanol precipitated fraction from 1ily bulb starch
was prepared by F. L. Bates following the procedure of Schooh,

its purity was ;;sﬁﬁxi&aﬁaiy the same as the other smyloses

go prepared,

Cryetalline Amylose from Corn Btarch.

This materiasl was prepared by Ri W, Kerr snd has been
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described by him {81). I% was considered to be pure smylose,

Corn s%axéh was fractionated by extractlion with hot
water, following the procedure of K. H, Heyer (64)., The starch
(200 gu,) was pasted in one liter of water and added to nine
liters of water at 66® C, The temperature was held at ﬁﬁwssﬁ a.

for one bour and slow stirring maintained, At the end of this
time the suspension was allowed to seitls over night, The
bulk of the supernstant liguld was siphoned off and the remain-
der filtered through s fluted filter. The residue was dried
on a suction filter with methanol and ether, ground in a mortar
and finally dried two days in vacuo at 60%® €, The yield was
‘ The entire filtrate was stored at approximately 10° O,
for six weeks, being protected from microbiological action by
a layer of toluene, Some precipitate formed, amounting to
only 4,0 gm.; or 2% of the total starch., The solution remained
very turbid but no more precipiiste formed, even upon repeated
fﬁaaziﬁg-iﬁi thawing. -

This yleld of amylose isg very low, belng about half the
value reported hyrﬁﬁyér in his first work, The yield could '

doubtless be inereased by carrying out the extraction at a

higher temperature,
These fractions were checked for purity by means of iodine

titration. The amylose took up the same smount of iodine as
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“arystalline amylose* and was considered pure, The tifration
curve for the smylopeciin fraction gk@%@ék& flat portion approzi-
mﬁxalyf%a,i@ag as in the case of starch itself, indicating

that moat of %hﬁ’ﬁﬁ?iﬁgﬁ remained unextracted,

This starch was from Iowa Waxy 939 hybrid cora, milled
February 7, 1942 by B, E, Starr,

?&a actlon of strong acid on grasular starch in the cold
yi&l&syhighﬁxgdaﬁiag.&axﬁrias which show a stromg tendency to
orystallize, Apparently in the hydrolyeis of granuiar starch
the amorphous regions {presumsbly containing sll of the branche
ing points) are pxﬁfﬁrﬂﬁﬁi&iif,&%tﬁﬁkﬁﬁ leaving the erysialline
regions intact (38), The reeulting dextrins hence gontain
practically no branching linkages,

F, L,
gtarch by means of butanol and methanol. A first fracilon wase
ﬁhﬁ&iﬁaﬁ'ﬁy'ga@wraﬁiag the sutoclsved séiﬁxiﬁﬁ,wiﬁh butanol

ates fractionated the amylodexirin. from corn

alone, and subcessive fraetions by progressively increasing
the solubllity of butanmol by sdding methanol.
 §§ the aotion of the enzyme phosphorylase on glucose-lie

phosphate, fairly high moleoulsr weight gluclose polymers are
obtained with sowme properiies approsching those of starch,
The sample used in this imvestigation was supplied by W. Z.



Hassid and a description of ite properties has resently been
p’i&iiﬁh&é (24). |
Vethylation results indicate this material to oonsist of
long, straight ohains or of loops, the yield of tetramethyl
glucose being very low (34). Results of lodine titration
indieste it to be amylesie inm mature, though the slope of the
curve indieates considersbly move heterogensity than iﬁ’ghﬁ‘
natural amyleses {9), Further evidence of its linesrity is

i%&'%&ﬁéﬁﬁﬂ? to retrograde and the fact that it is guantita~

tively hydrolysed by B-amylase,

The sample used was & commercial preparation, 0.P. grade,
obtained from the Pfanetiehl Chemiocal Jo,

imit Dextrin from Wexy Maize,

The limit dextrin was prepared by §. . Caldwell and has
been described by him (17). It was prepared by twice digest~
ing waxy wmaize starch with B-amylase and preeipitating in 607
alcohol, The recovery amounted o 39.5% of the original
gtarch on the dry basis, |

This materisl was prepared and ten times recrystallized
by D, French .

411 acetylations were ¢arried out by mesns of pyridine

and acetic anhydride whioh have been shown $o produce no
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degradation of starch (83). In the earliexr preparations the
reactants were merely placed in a glass»stapgaxaﬁ‘fiagk and
~&ll$ﬁ%ﬁ'§¢»$%&ﬁﬁ<ﬁﬁ%i$ opmplete dispersion was obiained,
?ﬁia'xaq&iraﬁ.fr@& a few days %o several weeks depending on
the material, ,
ﬁﬁﬁ&ﬁ%i? there has been proposed a modification of this
method in which the sarbohydrate is firet dispersed in azeo-
trople pyridine, the azeotrope replaced by adding anbydrous
pyridine and distilling, and then the acetylating agent added
{(67). The actual acetylation is carried aa§ at the bolling

point of pyridine (115% 0.), at whieh temperature complete
reaction 1s obtained in a few minutes. This method was tried,
However, since the itreatment with ageotroplc pyridine is

éﬁﬁigﬁaﬂ,§riﬁaxiiy to disrupt the granules éi the starch and

ag most of the materials here used were no longer granular,
it was found possible to eliminate this siep,

The carbohydrate wae simply placed in s Tlask egulipped
yiﬁhkgx@unﬁmglaaa reflux condenser, dry pyridine added {(about
acetic anhyd-

ride (in slight excees) was then added dropwise through the

18 parts by weight) and heated to boiling, The

condenser and reflux continued until complete dispersion was
abtaia&&. The entire proocess reguired only about two hagxﬁ,v
tha.xeaggisﬁ itself only about 30 minutes,

Isolation wes carried out in the ususl manner, namely,

by pouring the reaction mixture into cold water with stirring,



filtering snd washing., In all cases producis completely -
soluble in chloroform were obtained by this method, and in
yiai@ﬁ of 20% theoretical or better., The method was also
found éﬁtiﬁf&ﬁ%&ﬁy with granular wazy meize starch,

Solution Viscosities

tion property, irue molecular dispersion ig the firvet require-

ment, iﬁ~$§ﬁ'ﬁaﬁﬁ of ﬁ%&£§§ few good dispersing media are
thylene-

diamine hydrate (83-0). Formemide has also been used.

‘available, ¥eyer recommends hydrazine hydrate znd e

Btnylenediamine was chosen for these studies, However,
in order %o reduce the complexity of the eystems involved,
it was deemed wise to use the anhydrous solvent rather than
the hydrate, This introduces complications from the practical
standpoint due to the extreme affinity of anhydrous ethylene~
diamine for both #,0 and €0,. Oreat care was exercised at~ali
times to prevent more than momentary exposure of solvent and
golutions %o the atmosphere,

g&ﬁﬁﬁ&ﬁ ethylenediamine (95-100%) was dried, first by
refluxing over anhydrous KOH to remove the bulk of the water,
%hﬁﬁ<ﬁ§§r metallic sodiuwm until practieally no reaction could
be ﬁﬁaer?a& in %héfaglﬁ;{%hawa is apparently some slow reaotion

between sodium and ethylenediamine). The solvent was then
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distilled from sodium in an all glass apparatus, completely
enclosed and protected from the atmosphere by means of a cal-
cium chloride tube, This ﬁahy&x&éian was carried out in
@ﬁaaﬁitiéﬁ just large epough to prepare a series of solutions
{ususlly four to six) with emough left over for the determinae-
tion of the time of flow of the solvent fté). |
In spite of the precautions taken in dehydration 1t wss
found that the time of flow of the sclvent varied as much as

one per cent from sample %o sampls, hence the necessity for
deternining the %, each time.

Ezgparation of Solutions, The carbohydrate samples were
dried for 12-18 hours in vacuo at 80° C and welghed directly
into glase~-stoppered volumetric flaske (10 or 28 al. cepacity).
Thﬁlé&ﬁ?ﬁ?&%ﬂé solvent was added to volume, working in a trans-
fer box containing an aitmosphere of dry nitrogen. After stopper-
ing, the flaeks were placed in s desiceator ever Py0; and per-

mitted to stand until solution was complete,

The time required for ﬁﬁlﬁﬁiﬁk yaried considersbly for
different materials, All of the amyloses gave ¢clear solu~
giﬁas inside a few days, potato amylose being the slowest to
dissolve. Synthetic siarch went in rapidly, but a emall amount
of flocculent material was left unatiacked (ﬁmﬁh&%ﬁykn$gii*'
gible). “ﬁigégg@n went $§;¥&3y~ra§i&1?~as did the limi% dextrin,
Corn amylopectin »

equired a few days but gave clear solutions,
iaxy msize starch was very slow (probably due %o its granular
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structure] requiring two ox three weeks. The resulting solu~
tions were only slightly epalescent. The amylopectins from
potato and tapioca starch did not glve clear solutions, even
after standing for menths, a small amount of residual gela~
tinous nmaterial remaining which made the determination of
their viscosities impossible,

Filtratio

1. It was found iapargﬁiﬁa,'ia order to obiain

a@naigﬁéﬁ% reaulte, to filter the solutions juest before deter~
mining the flow time. This filtration was at firet carried
cut in the nitrogen chamber but later this was found unnecessary
if the solution was protected from the atmosphere during the
filtration by means of a tube containing calcium chloride and
soda~-lime, By using a large test tube {4%X24 om,) ses filter-
ing flask the filtrate could be eaught directly in the viscosity
pipette, | |

In the case of the amyloses the choice of & filter was
no problem, almost any fritted-glass filter serving., Nedium
grade Pyrex oruicibles served excellently., With the amyloe
pectine, however, the Tiltrstion was difficult. Medium grade
Pyrex filters ware extemely slow. Porous porcelain filtere
were tried, the mediumgrade being too slew and the course |
apparently not fine emough, irregular flow rates being observed,
4 Jens G~¢ filter was the most sati sfactory of any tried.

Waxy maize starch »

nd tepioca and potato amylopectin solu-

tions could not be filtered satlefactorily through any medium,
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Jetermination of the Time of Flow, ALl measurements were
made at atmoepheric pressure in a standard Ostwald viscosity
pipette having the approximate capillary dimensions 0.05%9 om.
and total capacity about 4 ml, The time of flow for anhydrous
ethylenediamine in this pipe

tte waafagyr@xiﬁa%&ly-ﬁ.ﬂfmiﬁuﬁ&a;
Heasurements were made at approrimately 30° C. in a water '
th@:ﬁéaﬁﬁﬁ;.iaﬂulateé frém'wibraﬁi&n and maintained &aas%an%-
to ﬁﬁ.ﬁ&#‘ﬁ. by means of a mercury thermoregulator and,rala?.
The pipette was clamped in the bath and vertical align-
ment assured by sighting from two directions st vertical mem-
bers in the water bath, Both outlete of the pipette were
vlosed with tubes containing csloium chloride and sods lime
to protect the solution from the atmosphere during the measure-
ments, 7The drying tube on the capillary side was attached
through a two-way stopoock te an aspiraior bottle. In this
way the solution eoould bﬁ:éxaga,n@'aaﬁ,ahaa permitted to fall
by simply turning the stopoock, The drying tubes did not
exert encugh resistance to air flow to affect the time of flow

appreciably as shown by checks without them,
The time of flow was meamsured by means

of a stop-watch
gradusted in hundredths of s minute, and the values were
estimated to thousandths of a minute. It was found wise to
diapard resulis aﬁigaé at least three checks within 0.1% were
obtained., This required numercus yuns in some cases, especially
with the amylopeoctine, Deviations of more than 0,1% from the
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ﬁ&&n ¥&1%§fﬁ%§ﬁ alwaye iﬁmﬁﬁﬁ’§%$i¥i?§5§§£$$§$§% i;.g;, greater
flow time}. This is to be expected since all of the experimen-
tal difficulties tend to slow the flow rate, Hence in case

two or even more checks were obimined but snother lower value

found, the checks were dissarded and more runs made,

ally in ?igﬂ?ﬁgl&g:g:‘@ﬁﬁ and &, : -

noentration Dependence of Viscosity. The extreme depend-
anéafaf the funotion 5%§f§ on concentretion is apparent from
a study of the figures, MNoreover the magnitude of this con-
centrstion dependense is not constant but increases, in generd,
with increasing intercent. %ﬁvi@ﬁs&y’it is esgential to carry
out d&?ﬁfﬁl extrapolsations to infinite dilution in any attempt
to correlste these results with molecular weights. The Arr-
henius funotion, (Xﬁ'7ﬁ§f§@‘§hﬁug§1%a%%ax'%han the Staudinger
function in this rﬁapgézg is st11l far from constant,

The relationship betwesn glope and intercept in the amyw
lose series is especially interesting. In Figure 7 the slope
of the first portion of the 7§?!ﬁ'§ﬁ. ¢ curves (Fig. 3, up to
concentration 0,3%) is plotted as a function of the intercept.
The experimental points ¢an be well fitted by a straight line,
represented by the equation

B = 0.15 4 - 0.98 (xxx)

where B is the slope and

A the intercept of the viscosity-con-
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centration curve. Substituting into the eguation |
‘7$pf€§ = A+ BC {(Xxx1)
the expression
| ) ep/C = A+ (0,15 & - 0.96) O (XXXII)
is obtailned, By means of this equation the limiting values
of vﬁ/e could be estimated by determining its valus at one
concentration below 0,3%.

*i§a€ian {¥x), which wae derived on a theoretical basis
by Huggins, prediots B in equation (XXXI} to involve the
equare of the limiting value {i.se., E?gﬁléigﬁgi rather than
the first power. The experimental points in Figure 7 can

apparently be equally well fiﬁﬁaé by an eguation of this type
ag shown by the dotted ourve., Figure 3 shows ax&s&laaﬁkag:san
ment with Bquation (XIX) which is merely a more general form
of Equation (XX). Most of the values of k' computed from the
graph lie between about 0.5 snd 0.9. Por the lower curves

the values spread rather badly as shown by Table III. How-
ever, in this region the axpéri&eat&l error is relatively high
and & very slight change in either the slope or intercept
will greatly affest the value of k',



- B4 -

Table II

Summary of Viscosity Resulis

Gone,

| ’7&

ng)/o

Potato imgi@sa
(%ﬁ%&ﬁﬂi method)

Tapiosa imylaa&
(Butanol method)

- Lily &ayiesa
(Butanol method)

Corn Amylose
{Butanol method)

Corn Crystalline
Amylose (Kerr's
method)

Oexn Amylose
(Heyer's aathﬁé}

00,0678

ﬁ 110

*13%
0,200
6»32@

0,00848

%;12&
0,381

0,840

0,117
0,183
- 0.373
0,565
0,785

1. &&ﬁ

1,341
i;é&i
1,728
5.383
4,354

1.180
1,334
1,857
5¢lﬁl

1,155
1.283
1,589
1.969
3,382

2,67
2,74
2,83
2.31

2.18
2,83
2,13
1,3@

1,33
1.87
1,38
1.20
1,11

0,822
0,841
:{ a:s,

0,521
0,501
0,501
0,468

0.331
0,272
0,279
0,270
0,337
0.390

b %5

3;1@
3,29
3,6#
4,15
6,20

2,32
287
2.8¢
3,38

1,33

1.44
1.81
1,738
1;?@

0,947
0,983
1.31
1,20
1,26
1.51

0,538
0,528
0,558
0,538

0,380
0.280
0,295
’433?

0,354
0,345

nlo
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Table II (Contimued)

. mgqmwm %

1.0%

Corn Amylopectin

Haxy m@wxw Starch
Glycogen

Waxy Limit Dextrin




Table II (Continmed)

« 5B =

Fra%ti&ﬁ.  Come, s

ikﬁﬂ%}/ﬁ

T/ ©

%ﬂh&fﬂiggﬁr gwg@xggiﬁ 0. 1?3 1.013
*'. 1,038

1,038

0,074
0,072
0,082
0,054

0.078
Q‘S?S

Qvﬁﬁﬁ

Value of the Constant k' in

Table 111

ging® Touation

Haterial

8lope

Potato anmylose
Tapiocs amylose
Lily amyloee

Corn amylose
Crystalline amylose
Hixture

Neyer's amylose

Amylodextrin Fraction 4

Amylodextrin Fraction 3

1.80
1,42
Q.84
0.64
0.08
0.10
0.10
0.10
0.30

0.82
0.87
0,52
0.70
1,51
0.27
0.32
0.91
1.87
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Fig. 3. Concentration Dependence of the Staudinger Funo-
‘ tion for the Amyloses

%ﬁiﬁzgmiﬂ curves and experimental pointe is the same
p 2 &. .
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?ram~aa,in$paﬁ%ian~@£ Figures 1, 2 and 3 1t is apparent that

%hav@ﬁﬁﬁ$£$$§§1@ﬁ\é&?ﬁn&as%ﬁ’ﬁf synthetic starch is greater

than for a pure amylose of similar intercept., In view of
the previously mentioned evidence from lodine titration tﬁaﬁ
ﬁyaﬁhét&ﬁ~ﬁtarmh is far more heterogeneous than the amyloses,
thie anowolous slope might be atiributed to the hetercgeneity,
Hawﬁwéw; in view of the preceding sectlion, the slope depends
only on the intercept which in turn is presumably a funotion
enly of the weight-average molecular weight for a linear
polymer {B), If this is true the lack of homogeneity should
have no effect on the slopa. To confirm this graﬁia&ﬁaa_&
mixture consisting of 62.5% of "erystalline amylose® and 37.5%
of the third smylodextrin fraction was xﬁn.lﬁ&a slope con-
forming with the pure amyloses.

Another possible explanation is the presence of & small
amount of branched material., The reéalﬁs of lodine titra-
tion, however, indicate almost complete absence of amylopecw
tin. It is conceivable that branched material is present in
which the branches sre so leng as to titrate similarly %o
amylose, This possibility should not be overlooked.

A third poassibility, and the one which seems most tenable
at present, is that ﬁgﬁranaauﬁ groupe which inoresse the poly-

mer-polymer interaction are present in synthetic stsrch, In
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view of the method of preparation (from glucose-l-phosphate)

phosphate groupe would be expected and it would not be unlikely

that these groups would lead to increased interaction., How-

aﬁﬁx,~%hﬁ'ﬁkﬁﬁphaﬁﬁﬁﬁ~$@ﬁ$eﬁt reported for this material,

namely 0.09% (34) would correspond to only one phosphate group
to about 800 gluvose units,

The question of absolute molecular welghts of the amyloses will
be discussed in a later section, However, 1t is interesting
at this polnt %o note and speculate on the wide varletion in
the limits of the funcbion 7,,/C or (1n'7p)/C for amyloses
from various aﬁﬁxﬁh&ﬁ,»ﬁﬁﬁfiﬁﬁﬁ the same source when pre
§§d§1f£$§ea§ methods, |

The differences in limits for the various corn amyloses

229

red

iz especially interesting. Extraciion of starch granules with
hot water according to the Meyer method would be expested %o
remove preferentially the shorter, more soluble chains. This
is reflected in the low limiting viscosity for this material.
ed that this sample consisted of only
about 10% of the total smylose present in the starch,

nol would be expected to precipi-
tate longer chaines first and the amylose 80 prepared has a

It should be remember

In the same way, bula

relatively high viscosity. "Orystalline amylese", prepared
by a ¢

ombination of the other itwo %@ghaiﬁaag, has an inter-
mediate viscosity as would be predicted,
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It ie interssting to speculate on whether this hetero-
gan@ity 3§ %$i$ﬁ§lar gizes is present in the amylose as it
ocours nszuxally; whether it is & result of the milling pro-
cesses, ar ﬁ%ﬁ%iﬁiY'& result of the fractionation process itself,
In the usual miiiing;@:ﬁﬁ@&g for corn saa iz used 88 a preserva-
tive during steeping. 'F@géihiy this produces some degradation
and Eﬁ¥ §&nﬁ@$‘é$g¥ﬁﬁﬁ§&ﬁﬁ would gﬁaangs‘ﬁaQazeganszﬁy. Sim-
ilarly it is quite a@ﬁeﬁi?ahiﬁ %ha% the auzﬁalaving of an |
ﬁﬁﬁﬁffﬁrﬁﬁ gtarch paste or gvea,axtzaati@n of starch with h&%

water ﬁigﬁﬁ,ﬁamsgxa sma

11 smount of bydrolyeis. In terms of
the per cent of linkages hydrolyzed the amount of hydrolysis

necessary to reduce greatly the mean molecular size of a long

glucose chain is very small. However, the amylose prepared

by dispersing the starch with KOH rather than autoclaving shows

tha same ?is@aﬁity within the experimental error, ind&aating
the hyﬁré}ygis &nziﬁg aﬁtaaiaviag to be ﬁ&gligibl&.

| The possibility of the naturally ocourring smyloses from

various sources being identical as to chain length should be

considered. It would simplify the stareh pioture if amylose

could be gonsidered as such an entity. It seems extremely

aﬁiikély; though

» that the differences belween the materials
studied could be due to differences in treatment., The previously
mentioned evidence from iodine titrations that the size dis-

tributione of potato and corn amylose do not everlsp would
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almost eliminate thie possibility. However, it should be
\ﬁﬁ%%&1§§&% %§6~§ﬁ£ﬁ§Qi precipitated amyloses seem %o f&ilria%a
two gfsggaf potate and tapiocca being @@éﬁ more viscous ﬁhaﬁ
iily and Q&rgﬁ and the possibility of there being two definite
&mx%%&ﬁ%;gh&u&ﬁ not be ruled éa@. The &iffaxaﬁé& between corn

and 1i£y}g&y%§a$@, fﬁ@ﬁéxaf$l@; gould be due to ragﬁ@m'hyéxﬁlﬁé

aiﬁ‘~ $§g5$$@ﬁ§iﬁ§ with 80, wae not ueed in the preparation of
the 1ily starch end cowld easily scoount for its slightly
higher viscosity.

Qiﬂ&@ relatian&%iﬁ between the limiting values of the Staudinger
snd Arrhenius functions, Dgp/ ¢ and In'7p/C. It has been pointed
out that their limits are identical though no proef was given
(26). ®Since the reason for this equality is not readily appar-
ent from the nature of the funotions it does not seem out of
place to demonstrate eguivalence here,
Siace
| ‘73=ﬂ&5§§ + 1
then
W% =1 (%, + 1) .
panded in a Helaurin series in
powers af'? about the paiaﬁ’? R0 (%his is 1sgitimaﬁa since

as the ﬁ*ﬁ&&ﬁ&?&%ﬁ&a goes to ﬁ%@ﬁ 5% also g@&s to 5&?@}.

The logarithm Qﬁﬁ'a@x>§a'&x
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and s (m?7.)/c = U= 9 /fc
; e~ 0 - o BP

Osmotic Pressure Btudles

is previously mwentioned the cholice of suitable membranes
is perhaps the biggest single problem in carrying out osmotic
measurements, In thies work seversl membranes have been tried

with more or less success, none proving perfectly satisfactory,

The commercial %ﬁig&ﬁﬁﬁy'&iﬁk&&&lﬁ&ﬁi&%&?&i‘wﬁfﬁ Tound

gaﬁiaﬁaﬁﬁﬁﬁy for aguecus soluntions of high molecular weigﬁtv
maﬁ&xigis guch as modifled starches. They Wﬁrﬁ,ﬁﬁﬁﬁﬁ@&$ 
permesable, h@wﬁﬁﬁﬁg‘ﬁﬁ low molecular welght dextrins and wers
entirely unsatisfactory in the case of organic solvents, show-
ing a tendency to wrinkle badly.

~ 1. These were obtained from Pfaltz and Bauer, Inc., New
York, diameter about 7 om,, designated ultrafine-medium, 25-30
minutes,
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Eﬁ&ﬁr@aﬁ attempts were made to prepare collodion membranes,
both simple collodion filme as described by Montonna (66) and
collodion~impregnated cellulose films, The former were
extremely hard %o prepare free of wrinkles and defects, The
pﬁrmegﬁili%y‘ﬁf'bata types $§v§ﬁ§$¥‘¥a$ low and no filme could
be g?@@gtaé which were completely impesymeable to low ﬁﬁi&ﬁﬁiﬁx
welght dextrins, For use with organic EQIV$§$£'%ﬁ$$& filpme
must be denitrated, However, since filme of satisfactory and
ugifa:m §é§a$i§y could pot be obtalined the denlitration was not
attempted, |
Qrﬁiﬁaty'ﬁ@il&?ﬁ&ﬁﬁl‘%ﬁﬁvf&ﬂﬁﬁ to be fairly aa@iafaﬁﬁaxyf
as & membrane material, Untreated it has an extremely low per-
m@abiliﬁy}%& organic solvents. Bwelling in water or water and
al@ﬁhﬁl;g$§&$l¥'iﬁ@r&&&ﬁﬁ its permeability as previously pointed
out (58). Hbwever, upon standing s few hours in contact with A
@xga%&a solvents the ﬁ&?ﬁ%&%iii%y seemed to fall off consider-
ably. Another fault of these membranes was their extreme ten-
dency to wrinkle as they lose solvent by evaporation during
the assembling of the cell. In spite of these difficulties a

aaﬁhgr4@f measurements wﬁza«maﬁg~§aiﬁg cellophane.

1, Cellophane samples were supplied by the Cellophane
Research Division of B, I, du Pont de Nemours and Company,
¥ilmington, Delaware, in threes sizes, numbers 300, 450 and
800, 7This material contained glycerel as a plasticizer,



- 90 -

By far the wost satisfactory mesbrane material found was
ordinary perchment paper. The permeability of this materisl
is much higher than that of cellopbane giving muoh greater

flow rates and more rapid attainment of eguilibrium (usually

less than one hour as compared to four to eight hours with
cellophane). In spite of 1ts 1a¢za%saﬁ»§axﬁa&hﬁziﬁy to gol-
vent this materisl appeared in most cases to be completely
impermeable to the solute molecules used in this investige~
tion, A few parchment discs dié seem to be somewhat permeable
to the lower moleculay welght msterials such ss the &ﬁﬁﬁatﬁﬁ‘
of the amyloses and limlit dextrin., This materisl is suffic-
iently rigié to eliminste the difficulty caused by wrinkling
exhibited by the other materials.

Procedure.

The osmotic cell is deseribed in detail in Appendix I,

It worked ank%he,eﬁua%&z pressure principle and was patterped
after the gx@viaﬁgly\@&nﬁiﬁ%&a«%@il of Hepp. The pressure
gystem consisted of two 3&?&3&3@‘%@1&3; one mounted on &

clamp for coarse sdjustment and the other on a screw device
which provided a fine adjuetment., The range of ?fﬁﬁ&a&&é
&v&i}gbié was from about plus 60 mm, of water to sboul minus
250 mm. Pressures ﬁ§r§‘ra&§ by means af‘a.gatﬁr wmanometer
attached %0 the pressure gystem. 7This whole device was mounted

permanently on a wooden frame,
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Prior %o assembling the cell the membrane to be used ?&ﬁ
thoroughly sosked im the solvent (uwsually chloroforam), The
eell was placed in position on the wooden frame and the
sapillary attached to the pressure arrangement by means of a
shaxﬁ‘giﬁﬁa of pressure tublng, using a iitﬁiakg1§a§¥ai as
lubricant,

The ¢ell was filled by running solvent into the upper

end of th&kﬂayizé\ty with a medicine dropper and drawing it
back snd forith seversl times by verying the pressure,in order
to eliminate air bubbles. A dieec of bolting solk, slightly
sualler in dismeter than the upper brass ring and goaked in
solvent, wes then pleced on the brass plate inside a penciled
guide line, The merbrane was culekly leyed in plece and
clamped down with the brass ring by mesns of six 1[@* mechine
bolte, These bolts %ggﬁ pulled up guite tightly in crder to
prevent leakapge arcund the membrane.

When using chloroform as solvent it was necessary %o
pour a large excess op the brase plate and silk before clamo-
ing, ﬁﬁﬁyﬁﬁ the extremely rapid evaporation. This wae not
necegsary with higher beiling solventes such ss dioxane and
tetrachloroethane! however, they d4id not prove tc be such
effective solvents for the acetates as chloroform and hence
all the resulis herein reporied were determined in the latter

3@1?&3%3
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After clamping the membrane in place the upper part of the
¢ell wae about half filled with solveni, ithe membrane covered
with a disoc of beolting silk and the grooved brass weight placed
in position., The latter served to minimize upward motion of
%kﬁ~ﬁ%&b¥&ﬁ&; Solvent was added until it just begen to ooze
out around the edge of the brass weight. The entire wpper
chamber Wag now covered with an inverted glase funnel fitted
with afga;vaaﬁ trap that was deslgned to miaiéize avap@ratinn;,

%o thermostat was used, zll measurements being nade al |
room temperature (25-27%¢ ¢,). This deviation in temperature

would yx@éaﬂa~&‘¢541&a& vayiation in the obererved pressure of

not over one per cent, less than the experimentsl error. It
wag fouwnd expedient &arah%ltﬁt the entire apparatus from drafis
which tended %o cause irregularities in flow,

The zero point was determined ehortly after assembling,
In general it would rise somewhatl, counsequently the solvent
was left in the cell until the resding remained constant for
& period of about an hour, Without diemanteling the cell the
solvent was now yemoved with s medicine dropper, the membrane,
cell, silk disc and brass weight dried with £ilter paper &aﬁ
the @&il'ﬁill&ﬁ‘wi%h solution,

¥low rates were detsrmined by follewing the maﬁiﬁﬁué with

1. 1o the later measuvements this trap wae replaced with
a capillary tube of smwall bore which proved %o be just as
effective, if not more so.
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s low power microscope equipped with a croes hair and mounted
on a micremeter which could be read to 0,01 mm, The average
flow rate over a period of five to %en minutes was usually
taken in order to iron out sny irregularities. The difference
between zero reading snd eyullibrium point when filled with
golution was taken as the osmotiec pressure. Figure 8 shows

~ an example of the flow curves obitained, In some cases, espec-
ially with cellophane membranes, the curves w&?a;gﬂamséaﬁ

rather than linear, spparently due to resistance of the mem-

brane to flow,

Results of the osmotic pressure measurements are sna@»
arized in Table IV and in Figure 9. The experimental data
there given represent only & small proportion of the values
deternined, HNumberous values were discarded because the cell
was @ﬁviﬂﬁﬁif not functioning properly. In addition, however,
m&ayiv&laﬂa w@@é discarded solely on the basis of not correlat-
ing with values found at other concentrations, The fact that
there is no good criterion for keeping or discarding data
coupled with the fact that =0 many erratic values are obtained

constitutes the chiefl uncertainty in these measurements.
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Table IV

Summary of OUsmotic Pressure Resultis

Haterial Cono?% pP ®/0 Hewbrane

Corn Amylose Acetate 0,387 8 38 ?axahwaaﬁ
0.474 21 45
0,86 46 53 ﬁell@ghanﬁ
0.86 49 57
1.44 83 64
2,80 214 89
2.48 234 94

Corn Amylopectin 0,200 4 20
Acetate 0,402 13 32
0.402 18 45
0,408 17 43
0,800 28 A7
0,800 33 83
1.00 72 783
1,00 a7 67
1.00 74 74
1.00 73 73

Waxy Maize Acetate 0,198 5 28
0,387 18 48
0,889 76 78 o
) 4 20 Celleophane

4 20 Parchment
33 33 L ‘

“Dpressure in wm, 33@

§
% ¥ m#gaa@mﬁamg I
@
g
oF

?a.mﬁ@& : y ge
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T oncentration in gm./100 ml.;
| Bubestituting numerical values into van't Hoff's equation
(XXI) and solving for Y the relation »
| | - 8480 7 [o/P) (XXXIIT)
is %§§&i§@§* in which the gaaa%iﬁyfﬁéﬁi§$ﬁ& in brackets is
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simply the reciprocal of the limiting value of the functlon
P/C, P being in mm, of water and € in gm. per 100 ml,
Bubstituting into this relation the value of the inter~
cept for agetylated corn butanol precipitate, the molecular
weight is found to be approximately 73,000, corresponding to
350 glucose units, The possible error is difficult to esti-
mate due to the previously mentioned uncertainties but is
probably not over sbout 5%. The value is surely of the
gnitude,
The moleculax welght of corn smylopectin is slmost

correct order of me

impogsible %o estimate from the graph since it seems to show
curvature, However, it is almost certainly at least three
to four times as large as the amylose snd poesibly larger., A
' reasonable minimum would probably be 300,000 for the acetate
or gbout 175,000 for the amylopeoctin itself.

The conscentration dependence of the fumction P/O will
be digsoussed in comnection with the discussion of the struct~-

ure of amylopeetin.

The Linear Nature of Amylose

The viscosity resulis give excellent added svidence that
amylose is emsentially, if not entirely, a linear polymer,
In the first place the extremely high viscosities in proportioen
to the fairly low moleoular welghte (high X, constant from the



peint of view of the Staudinger equation) indicate an essen~
tially linear structure, |

Even better evidence éﬁ the linear nature is the close
sorrespondence %a%wﬁﬁﬁ—ﬁké concentration behavior of thesse
materials and that of the known linesr polymers studied by
Baker, Fuller and Helss {5). The previously discussed agree-
ment with Equation (XX) whioh was derived by BHuggins for linear
polymers is also importani, However, Figure & indlestes thet
@ﬁrgka&ylaﬁeaﬁin and waxy maize gtarch may also give linesr
plete of this type, ﬁ&fﬁzﬁaﬁaﬁgiy,%ﬁﬁ theory has not yet been
worked out for branched molecules,

Probably the most siriking indication of the linear
charscter of amylose is the fibrous nature of the acetates,
These precipitated fﬁ@ﬁ'ﬁ&%&? a2 stringy, cotbton-like mats
and could not be pulverized in 2 mortar. Ia contrast the
anylopectin acetstes were easily pulverized, Only linear

molecules would be expected to give such fibers.

The Structure of Amylopseciin
~and Waxy Starches

%ﬁéﬁii§ﬁ§ evidence is glven from both the viscosity and
osmotic pressure results that amylopectin is much more highly
remified than smylose., The limiting viscosity of corn amylo-
pectin is only ﬁlighﬁzy higher than that of amylose in spite
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of ite much &igh&z»ﬁﬁiaag§az welght. This has héﬁﬁ previcusly
pointed out by Heyer (83-¢) ag evidence of a_ﬁyaxaheé<ﬁtra§ﬁnxa
for amylopectin, His results were not, however, as Q%zikiﬁg
as the resulis given here since hie amyiapsﬁ%ia,waﬁ doubtless
im?ars,keaﬁ%aiaigg probably some of the 1ﬁagem asmyloge wole-
cules, The inoressed concentration dependence of amylopectin
is aleo no doubt due to the remifled siructure although %kﬁ
phosphorous content might slse play a role,

It is appsrent that glycogen has a much lower viscosity
than corp amylopectin, This is not surprising since glycogen
is much more highly branched and the molecule is doubtless
much more compact. Amylopectin can be regarded as a very
1@ﬁa¢~$§@nga in solution, glycogen as more nearly a solid
gphere. No explanation can %ﬁ given at present for the pecu~
liax?ﬁgaﬁﬁnﬁxaﬁi&ﬁ dependence exhiblited by glycogen.

The very much greater slope of the ?fﬁkva;kg‘auxve for
amylopectin shown in Pigure 9 iz considered by Mark $o be
excellent evidence of a branched siructure (61). Alfrey,
Bartovies and Mark (1) prepared polystyrene at three tempera-
tures, 60°, 130° and 180° 0. Those prepared at higher tem-
perstures had lower K, constants indicating a higher degree

of branching, Moreover the plot of P/0 vs, { was steeper the
higher t&ék%am§awat%xﬁ of polymerization. This was true even
when fractione having similar molecular weights (same inter~

cepts] were compared. |
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?&i& incressed slope in the vaze of branching would
gxﬁbaﬁiy~alﬁe be sxpected from the theoretical standpoint, |
As g&a@i@a&&y pointed out this slope is due %o anomslous
ﬁﬁfﬁf@iﬁﬁkﬁf solution caused by a decrease in the number of
yasaiﬁéa‘a&raﬁgaw@ﬁﬁg of solute ga&%ﬁéig& entering the solu~
tien. This decrease would doubiless be even greater in the
case of branching,

daxy Starches.
Evidence that waxy maize is prsctically identiscal with

corn amylopectin is given by the viscosity and osmotic presse

ure results, In both ceses the experimental data for waxy

maize fit the corn smylopeotin ourves within the experimental
arror. Unfortunately only s few viscosity values are available
for waxy maize due to the great difficulty encountered in
filtering its solutionel. However, the evidence sesme to be
reasonably conclusive, ,

The properties of the limlt dextrins are of especlal
interest with regard to the structure of amylopectin. (The
limit dextrin from waxy malze was used in this work simply

1. A sawple of waxy malze was gelatinized by sutoclav-
ing in water and recovered by alcohol precipitation, Its
solutions did not appear to filter sppreciasbly better than
in the case of the ungelatinized material so that the difficulty
is apparentily not due %o the gramalsr structure,




because of its sveilability.) Important insight into the type
of branching pressent in amylopectin could be had from & knowl-
~ edge of the structure of the limit dextrins since they are
apparently residues formed from amylopectin by digesting off

the fres branches down to the branch points,

; ) can be explainsd in ome of two ways. In the first
place the dextrin might be a linear polymer of low molecular

weight, not over B0-60 glucose umite. This type of dextrin
would be expected if the branohing in amylopsctin is of the
herring-bone type. ({There would be short stubs of two or
three glucose units scattered along the chain which would not
affect the viscosity results apprecizbly,) This type of limit
dextrin seems %o be ruled out since the moleoular weight in
that cage would be enly sbout 10,000. The yield of limit dex-
trin obtained from waxy maize (about 40%) would indicate a
molecular welght of at leset 70,000 in view of the minimum
value of 175,000 ‘

The other poseibility is that the dextrin is essentially

concliuded for amylopectin and waxy maige,

spherical and quite compact, Only in that case could the low
wiscosiiy be recomciled with the required high molecular
welght., It seems safe io conclude that the limit dextrin ie

such & molecule, thus coanfirming in essence Meyer's concept

of amylopectin (83~¢). The inner portion of the moleoule

would appear to be extremely compact, apparently even more S0
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than glycogen.
An attempt was made to investigate the limit dextrin
further by meens of osmotic pressure., Unfortunately consist-
ent resulis gould not be obtained, There is some g@ssibilizy
that the dextrins might have been passing

- through the mem-

branes, However, seversl values of P/0 were obtained over
the concentration range 0.2 to 1.0%, all falling between 15

ular weighte of the order 70,000 %o

and 35 indicating mole
170,000, More intevesting is the faet that there seemed to
be no inereasing trend of the function with ineremsing concen-
tration, 7This would be expected if the molecule is essentially
spherical, For example, the plot of P/C ve. { is practically
flat in the case of hemogleobin, an essentially sphericasl mole-
culs (63-a),

It should be emphasized that there ie 8311l no definite
evidence that emylopeoctin is a well defined homogeneous come
ponent of sterch, On the contrary scwe evidenve indicates
heterogeneity. Schooh (77) has found thet whereas practically
all of the amylopectin from potato sisrch migrates in an electro-
% of that £«

g@ﬁiﬁﬁiﬁ'ﬁ§3i ouly about 80 m corn etarch migrates, d

There seems to be some correlation between the power to eleo-

tromigrate

and the phosphorous content of a fraction, the

migrating

fraction of corn smylopectin containing about four

times as much as the non-migrating fraction. However, the
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colloidal pature of smylopectin in water should not be dis~
regarded and it seems unsafe at present to conclude that
phogphorous really ylays‘& definite role in its moleeuler
structure,

Some interesting observations were made during this

investigation on the solubility of varlous fractioms in 40%
hydrazine hydrate, Taploes amylopsciin was dispersed con~
pletely in a few bours giving & turbid solution., OCorn and
potato gave reeiduee, amounting to &b@ﬂt §$§ and 15% respect-
ively, which were apparently unaftacked., OCranular wazxy maisge
wae practically unattacked as was potato amylose. The faot
that those materials giving the best solutions in ethylene-
diamine are the least soluble in this solvent is somewhat
puzzling and might be explained by phosphorous content. Phos~
phate groupe might not tend to inorease golubility in asnhydrous

ethylenediamine but would in the aqueous solvent. However,

& more plausible explanation seems to lis in the &eﬁ&ﬁiv&
crystalline foreces invelved or in the size of the erystallites.
The possibility of using this relatively weai seclvent as a
fractionating agent for smylopectin should be fmrﬁharfiavgsﬁi%
gated, |
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Relationship between Holeouwlar Weight and
Limiting Visooelty in the Amylose Series

It is of considerable %h%aréai&ai,ixtaxﬁﬁ% to caloulate
the value of the constant, K, in Stavdinger's equation by
utilizing the previously mentioned egualion of Huggins relait-
ing tﬁg;fﬁﬁﬂ%&@ﬁ.ﬁggiﬁ‘%@,ﬁ@iﬁﬁﬂiax'ﬁ%igﬁ%; In ite simpli~
fied form, applicsble to long shains {in which case the
additive constant can be ignored), thie squation takes the
form 7

PDep/0 = 2,96 X 10%° 8012 an

for the ocase of strong Brownlan movemeat and low veloolty

gﬁ@ﬁi&&%:

For %&& evaluation of fhe varicus constants in this
squation a section of an amylose chain consisting of eix
glucose unite was construcied using Fischer~Hirschfeider
medels, F%&ﬁ&&,g}aﬁa&a>xing& were used slthough there is some
guestion as to whether this is the proper configuration, The
chain showed & marked tendency towerd z helical configuration
ae has been previously pointed out {31,18).

For 1, the length of ths unit chain segments, the dis-
tance between the centers of succesaive oxygen atoms in the
chain was chosen. This distance as messured on the models

was 4.0 om., representing 4.0. in the sctual molecule,



=~ B85 =

The walue of a, the effective radius of the chain seg-
ments, is somewhat uncertaln, even in the case of the simple
hydrocarbong., However, Huggine has suggested that there is
reason to sasign to & the value of the radiue of a sphere

the same surface ares ams adhaln segment, considered

having
a8 a ﬁyliﬁﬁat.

Ag a first appreximation the volume of the glucose unit
in the crystalline state could be taken, From the E-r8y
measurements of Prench {28) the volume occcupied by the glu-
cose unit in maltose is approximately 200 i§. {It would de
better to use data from amylose if it were available,)

A oylinder of lemgth 1 (4%.) baving a voluwme of 200 %°,
would have a surface of 96 é%, and a sphere of the same sur~
face avea would have & radius of 2,8 X. Thie value was
 assigned to g.

To compute B the value of the engle between chain units
is peeded, Inspection of the amylose model showed that the
angle between successive glucose units could be varied by
slight rotation about O~ mds over a wide range, the
1limite being sbout 100° to 120°, In & ‘
ag ethylenediamine the chain might be expected to take on its

17

owerful solvent such

most extendsd configuration, hence the mean value of the sngle
would probably be close to 120°, The supplement of this angle,
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60°, is g and cos & is 0.50. Hence
. Beo ¥ (Itcos g)/(l-cos ) T 1.5/0.5 = 3
| Substituting in Huggins® equation 1t is found that
- ep/ Com = 386 x 1074 n
w25 x1070u

K, = 2.5 X107 |
This is surprisingly close to the observed value for corn

sd using the osmotic molecular weight, namely

.5 X mmﬁ

This agreement is probably fortuitous as will be
seen,
Buggine' derivation fized angles are assumed between

chain segments, with complete freedom of rotation about the
bonds. 3“'%h@ amyloge ohain the situstion is reversed, the
vond angles being variable but with very much limited rotation.
It would be better to consider both glucose units and bonding

oxygens as chain segments in which case the valence angles

would be fixed, I% would then be necessary 1o use average

values of some sort for the constants,

angle between the free valence bonds on ¢ and 04 is some-

tion of this type was aleo carried out. The

what difficuls o ssoertain precisely since extensions of
these bonds do not inlersect, BHowever, it is spproximately

45%, This value was averaged with the bond angle of oxygen,




110° giving a value for g of 103° The other constants were
Details will not be given here

averaged in a similar manner.

but the tﬁﬁﬁiﬁiﬁg value £ﬁ3‘£§>ﬁaﬁ eoneidersbly higher than
in the previous case, mpproximately 13 X'Kﬁﬁﬁ»

The approximations and assumptions made were very orude
and ﬁhﬁﬁ&'é&lﬁﬁﬁﬁﬁiﬁﬁﬁ‘aﬁﬁ4&f interest only as to order of
magnitude, However, they do bring out the siriking difference
and such a chain as a simple hydro-

between the amylose chain
earbon, There is obvicusly no reason to expeot an squation
such as that of Staudinger to apply to the amylose series

" In the first caloulation of the preceding section a fixed
angle of 120° between successive glucose units was assumed.
From the nature of the model it is found that fixing this angle
automatically fixes the chein in a rigld configuration. Never-

theless in a powerful solvent such as ethylenediamine the

chaing would gﬁ&hﬂh&ﬁ tend to approxzimate this rigid state.

Hence ﬁﬁg assumption on wkigh.*wagiﬁai-agﬁakiaa is derived,

namely complete randomness of kinking, is immediately violated,
As was previously pointed out Kuhn bas predicted the

Staudinger function $o be related to ¥® rather than ¥ for a

rigid chain. In the case of amylose it might be expected
that s proportionality would exist with neither ¥ nor gg, but



rather with some intermediate power., Simhs has Tecently sug-
7 gﬁﬁtﬁﬁi the xﬁ}iai;m%ki@ |
o 22D . W (xXX1¥)
between axial ratic, £, and molecular weight of a chain mole-
cule, D and p being constants, For a perfesctly rigid rod-like
moleoule p m@:&ﬁ be vnity; scotusl moleoules would have some-

what sualler velues of p, depending on the freedom of kinking,

If Bquation (XXXIV) s substituted into the previously
mentioned equation of Kuhn relatin
axial ratio, namely

specific viscosity and

| Pep = 2.5 0 + 1/16 ¢ £2 (vir)
the equation -
Dep/® = 2.5 + 1/16 07 ¥°P
rami&.[ S8ince ¢ is ‘the yolune f&mtim it is desirable to
convert this equation fo a weight concentration basis and
aleo replace B ‘?#y the number of ﬁk&iﬁ unite n giving

| ['7@1@]* A+ B2 =a+BOF . (XXXVI)
This may ’w regarded as a moTe general form of the a‘&amiimr
equation, the latier applying omly to mﬁp&&&g&gxa&ﬁmm
kinked molecules in whioh case p takes on the value 1/3
{or x = 1). |

It is Gf mﬁﬁi&%@h interest to apply the data hﬁmm

presented to %:kia equation and thereby attempt to evaluate
the constants A, B and k for the case of the amylose series.

Sinee 4 is the constant in Einstein's equation it can be
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evaluated from results on a spherical carbohydrate, The
results obteined on the Schardinger f-dextrin, namely 0,07,
ably. o

To evaluate B and k two independent molecular weights

will serve admir
are peeded, The only reliable value availsble is that for
corn, 350 glucose units, However, Schoch has reported alkall
aumbﬁﬁs on these materials (77), the valus for potato amylose
b@iﬁg a}ma$t axagﬁzy'kalf that of sorn. It may be objected
that this method is empirical, However, the alkall number is
apparently a ﬁﬁa@ﬁ%ﬁﬁ of the aﬁmhﬁx*&ffaiéaﬁyﬁs groups present
and iﬁ:ia-ﬁgﬁ inconceivable that &ay'&nﬁéaaiﬁta&@iﬁs would
enter fairig‘nqaaiiy in both amyloses since they are both of
ﬁigkgmélﬁan&az welight, Eﬁﬁ@@,~&‘f&l&ﬁ*@f~§§ﬁ gﬁﬁa&&& uniis
will be assumed for petato amyiéka;

Using these values in conjunction with the limiting values
of 7@[@ {taken from Figure 3) the pumerical values of the
constants turn out to be k = 1,6 snd B = 1.3 X 1077, Henoe,
Egquation (XXIVI) takes the form |

[76p/a]= 007 + 1.2 x 2074 ™8 | (xxaviD)

In Table V the molecular welghis of the ?&xi@ﬁﬁ‘fxaéﬁiﬂﬁﬁ
are :ﬁm%ari%gﬁ, The wvalues seem to be reasonsble., Fraction
aumber 4 of the amylodextrin was found %o have & ﬁ@i@ﬁﬂiaé
weight' of about 40 glucose units by R redusing vaiue and

~1. These values were determined by ¥. L. Bates. The
iodine method hag been shown to give correct molecular weights
for the lower dextrins (57), L
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%@khy_iﬁfima reducing value (Kline and Acree method). How~

ever, some retrogradation spparently tock place, ésﬁaaiallyiiﬁ
the iodine oxidation. This would tend to inorease the apparent
molecular welght so that the lower value may be more nearly
ﬁarz&&t, V

| The value for gynthetic starch checks very well with the
value of 80 to 90 units reported for this material on the basis
of end=-group amalysis (37},

Table ¥V

Comparison of Moleculer Heighte and Charsoteristic
Iodine ?ﬁta&%ialaa of the ﬁmyi&a&a

ﬁaiariai

RN B

Potato Amylose

?ayiaaa xmyiaaﬁ

Gaw& émy aﬁ

Corn “ﬁrfa%a Line &myi@%s“

Corn Aaylose (Heyer's

method)

ﬁy&%hati% Staroch
Amylodextrin Fraction #3 : 44

Ftaﬁtian.%é 33

?h&a§ waiﬁ&a ware %akaa:irﬂm the deta of ﬁa&&g; French
and Rundle (9) and are the potentials a% the widpointe of the
§3g§?§iﬁﬁ$’ corrected for slight variations in iodide concen-
ration,




Boguation (XXXVII) could be replaced by an eguation of
the type | |

| Vgp/O = 4% Bu + 02 (XXXVIII)
involving the same number of constants, This form would have
the advantage of being more readily amendable as the experie-
mental data is refined since terme in higher powers of u could
be added, Eéwﬁvarﬁ Equation (XXXVII) is to be preferred in
that physical significance can be more readily attached %o
the constants. The additive constant A gives a measure of
the aotual volume ocoupied by the zolute molecules {(not effeci-
ive volume) and corrects for such fmctors as immobilization
of solvent through ﬁ@l@aiﬁan' The constant B involves the
specific length of the chsin unite while the exponential cone-
stant k is a measure of the statistical degree of kinking of
the chain., It is sstisfying to note that k falls between 1
and 2 ss predicted.

This eguation should prove extremely useful in future
investigations of starch. Obviously, however, 1t must be used
only for unbranched materials in which case waig&%wawaragg
moleoular weighte of the correct order of magnitude may be
assured. In comparing these with vaslues determined by other
methods the homogeneity of the material must always be kept
uppermost in mind,



Bature of the Amylose-Iodine Complex

An inspection of Table IV shows that some definite

relationship between the characteristic lodine potentials

and chbain lengths wmust exist, thereby confirming the postulate
6f Bates, French and Rundie (9). The one material falling
out of line in Tsble IV is synthetic starch, The explanstion
@f thls doubtlese lles in the manner in which the character-
istic potentials were chosen., The values are sim@i?Vﬁha
potentisle at the midpoint of the titration. In the case of
fairly bomogeneous materials (in which cmse the iodine curve
ie quite flat) it makes litile difference at what point the
potential is tsken, Synthetic starch, however, is apparently
¥$§§ h$$&£ﬁg$§§fﬁ£? ite iodine curve being falirly steep.
Hence, since the viscosity results give & welghi-average woleo-

r weight, correlation could hardly be expected unless the
potential were taken at a point in the tistration curve which

corresponds to the titration of material having thet moleocular
weight,

I% is of interest to aﬁkkkﬁw=%he moleoular weight of the
ilate the affinity for lodine. One possible
explanation is on the basis of simple diffusion out of the ends

amyloge oan reg

of the amylose belices, Another, and seemingly much better,
explanation is that the stability of the complex is duwe, at
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least in part, to intersction between iodine moleocules, On
this basis it might be expected that the longer the helix and
the more iodine moleow a@,%ﬁ&% could be oriented end to end
therein the grester would be the stability,

~This possibllity was
the conjugat
disoussed the oolor of these compounds (14) showing that the

sugpested by the close snalogy to

od polydienes, Branch and Oalvin have recently

wave lengih of the absorption maximum shifts according to the

aguation

A= 39 o/ V&/om (xx21%)
mhéxe4ﬁlia a constant, In other words these chain compounds
seem to behave as linear barmonle oscillators, the sffeect of
the number of units ﬁ@ﬁéﬁ%&%&é approximately having the sffeoct
of inoreassing the mass of the s#mi&i@&ax'ﬁy'a,f&ﬂ@axwgg

This shift in wave length waa;@4ﬁﬁig to explain the
observed shift in absorption wave length of the lodine complex
which leads to the blue color. But in eddition a ﬁi&ﬁiﬁgwéﬁ
the characteristic vibration frequency would probably have
the effeot of stabilizing the complex (resonance stabiliza-
ﬁi&n& aaé would xhﬁs~az§iai§ the dependence on ¢hain length
of the affinity for icdine.

The following experiment was designed to prove definitely
whether the sisbility of the lodine complex is due primarily

to intersction between iodine and amylose as has been assumed



previously or io interaction beiwesn the lodine molscules

themselves,

A 0,034 gn, sample of potato butanol preeipitate was
dispersed in 50 ml. of 0,2 N, KOH with boiling and the solu-
tion neutralized to phenolphthelein with HI,

A 1little over one~third the caleulated amount of 0.001 W,
iedine for complete precipitation wae now added snd the solu~

tion immediately centrifuged, The complex ¢sme down very
nicely leaving the supermatent liguid perfectily olear. The
gane ar

nount of iodine was agein added to the supernatant
liquid and anothe
addition of iodine gave somewhat less
netant liguid no lenger gave suny blue color with lodine, show-
ing precipitation o be complele,

> precipltate of complex ﬁ&iiﬁﬁ%ﬁﬁg A third

complex and the supar-

This fractional precipitation wes predicted on the basis
that the stabillty of the complex ie due to interaction between
iodine molecules. There is sn obyious tendsnoy, once an ilodine
goes into an amylose hslix, for the helix to fill up completely,
In other words the second and subsequent lodines zo iants the
complex more easily than the first,

This result iz not at all compatible with the concept
thet the stability is due to interacilon betwesn lodine and
and amyloss and is limited by diffusion out the ends of the



heliosnl Tn-Xhat sane he swrlooss wealt tend %o £111 wp
uniformly with iodine, none becoming saturated until all

were very nearly so.

'reudenbergts conecept, previcusly mentloned, that the
blue aaiﬁx of siarch-icdide is due 1o the hydrocarbon lining
of the helices does not seem likely. The color Qf i$éi§ﬁ in
hydrocarbons is not by any menns the pure blue of amylose~
iodide as shown by the following expeviment: |

A few milligrsms of resublimed lodine were dissolved in
each of the following solvents: petroleum ether, benzene,
toluens, xylene, carbon tetrachloride and cyclohexane, Nost
of the solvents were sodium dried, All of the solutions had
a distincily red coloxr by reflected light. By tranamltied
1ight the solutions did azppear somewhat dlue, especially when
the concentratlion was high.

To obitain an accurate gomparison these solutions were
observed in a colorimeter along side a solution of amylose
lodide. At comparable intensities the gmyiaa&~ﬁaﬁp§ax appeared
pure blue and the iodine in organie aaiwaﬁ$$~§mxeura&. The
contrast wes very striking.

A shift in absorpiion frequeney due %o resonsnce between
iodine molecules seems to be a much more plausible explanation
than the hydrocarbon medium for the blus cclor,



‘ in 28 much as dats 18 now svailable on the molecular
sizes of the smyleses together with thelr affinities for
iﬁﬁiﬁﬁ‘féﬁﬁrﬁﬁﬁatiﬁﬁﬁﬁ votentiale) it le interesting teo
attempt a quantitative explanation, even though several
assumpiions are necessary. /

Assume s resciion of the Yype

amylose + n I, = complex .

For the resociion as written
, A
AF = A¥] + BT 1n -2

ﬁ§235a@y&$aa

and at equilibrium
AT,

Howevey, since the complex gxﬁaigiﬁa%ﬁs out of solution (in
the presence of excess KI) as fast as formed its activity can
be coneidered unity so that

AF, = nRTln A, + RTla A
n L , |
in %ﬁ@»iﬁaia$~ﬁzzx&%&ﬁﬁ;ﬁxﬁng a oalomel half-oell the

potential measured is §h§§'§§¥£$$§ﬁ$§fbr

$o the resction

or
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and since the asctivities of ﬂg snd ﬁg are constant
I = 5 - RE/2% 1n AS./A

and

2
BT 1n A, = 3% - 20E° + RT In Ap-

2
%u%aﬁimﬂkmg mm into the expression for AF” obtained above

it is found %ha:& )
Ary = n [2£E - 208° + RY In AZ- + BT dm Ay oo ] (XD)
Assume now that iodine behaves as a simple harmonic

ogelllator of gaams B and restoring constant k so that ite
_ ehavaeteristic vibration frequency is given by

Vig = 1/27Yk/n

and that the frequency of iodines lined up in the helix is

given by :
v onplex M‘éﬁ?fﬁi« / nm

There iﬁ Bn %mﬁiaﬁ derived from statistical mechanics

1

which gives the £ energy of vibratlon of an eselllator as

= RT (ln u - w2 + u/24 = u?/2880 = , )

Foib

which for small waluse of ;g, bescomes approximately
| Foip = RT {w/2 ~ 1)

TTTT. Gee Zof example Mayer and Hayer, ﬁ%m%mmﬁ
Hechanics¥, p. 444, John Wiley and sam, New York f&%&i&}



where
u= hV/ET
Upon factoring and substltuting fﬁ?,ﬁaﬁhisfkggﬂmﬁﬁ
Foip = B0/2 {V - 3)
snd substitution for V gives
. AT, = Wn/am Yi/m (VVE ~ 1)
for the process of a free lodine molecule going into the
complex, and for g lodines goimg into the complex the free

energy change would be B times as great.
Substitubion in Eguation (XL) and solving for & gives
$Vi/m ?ﬁﬂﬁ?iﬁﬁ{w

Considering everything except E and p constant this eyuation
takes the form
“ E=A+BYYVE | (xnI)

where n is %&%’ﬂﬁh'éw of lodine molecales ia the helix, How-

ever, since the n&%%ez of iodines which ﬁ&& be lined up in
the helix is alec proportionsl %o the mamber of glucose units
in the amylose the form of Boustion (XLI} would be unchanged
if n were so taken, This has been done in Figure 10. It is

iﬁt@ﬁ%ﬁtiﬁg that the resulis are ?aaﬁﬂé;xiy linear in conform~
ity with Bquation (XLI) with the one exception of potato |

auylose. However, this result may be gﬁf&ly f@z%uiﬁaaﬁl

1. R, Baldwin of this labﬁragawy h&g investigated the
shift ia absorpiion maxima of the iodine deriwvatives of the
amyloses studied here, The shift does not seem to be nearly
as great as would be sxpected from the derivation given,
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DMMARY AND CONCLUSIONS

1; hn extensive investigation of the solution viscosi-
ti&§~afk$hﬁ.a&$%aﬁﬁs over the %@ﬁﬁ&ﬁ%ﬁ&%iﬁﬁ range 0-0.8% is
made, The intrinsic viscosities vary widely for the mmyloses
from various sources, JAmyloses prepared from corn by differ
ent methods alss wary bub £3ll in the order expested frowm the
wethod of preparstion., Pessible explanations of this avparent
Leterogeneity of corn amylese are discussed,

3« The close correspondence between the concentystion

dependence of the amyloses and that of known linear polymers
lends added evidencé that they are such moleoules. Further
evidence is given bé’§h§~ﬁ%¥ikiﬂg1?'fibrﬁﬁﬁ nature of the any-
loge acetates, | |

3. Lorn amylose ?ﬁﬁ@ﬁxﬁﬁ by butanol precipitstion is
found by osuotic pressure studies to have a polymerization
degree of 250 glucose units, An eguation is derived relating
degree of polymerization and intrinelc viscoeity in the amy-
lose geries, This is a wore general forsm of the Biauwdinger
equation and al&&xa for the sfatistical degres of kinking of
the chain, It is pointed out that there is no reasson to
expect the highly idealized Steaudinger eguation %o held for
the smyloses no muatier how well 1t mav bold for ihe simpler
polymera.
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4, The molecular weight of amylopectin cannot be ascer—
tained definitely at yxaaéﬁt due to possible curvature of the
plot of P/C vs. ¢, However, a minimum value of 175,000 can
be accepted, |

5, Amylopectin is much more highly ramified than amylose
as shown by both its lower K constant and the steeper P/
ve, O ocurve,

8, Waxy maize $§areh is esgentially identieal with corn
amylﬁpa@ﬁinﬁas'ahawn,by't%ﬁ»ﬂiﬁﬁg correspondence between the
concentration éa§ena&n$§ of both the viscosity and osmotic
pressure of these materials,

e Thﬁ axtr&&axy low viecosity of its limit dextirin
indicates waxy maize (and hence amylopeotin) to have sn essen~
ﬁially,ﬂphaﬁiaal,‘ﬁkieﬁﬁdimaﬁaiaaal, net-like rather than
herring-bone zypa of branched sﬁrﬁagure.

8. 4 ﬁefinite rﬁlatiﬁaﬁhig axista bstwean the molecular
siae of amylaaa ané izs affinity for iodine, To explaln this
a new concept fer %h% at&%ili%y of the amylas$*ia&ina @amylex
is given, namaly that %ha g@ver&i&g force is due to resonance
intﬁ&&atian between the iodine ma&eaala& axigaﬁaé in the amy-
loese helix, rather than to forces b&%ween 1o&in& and amylose,
This concept i$ eanfifm&& by a $i§§1é~experimeat which shows
that amylose helices tend to saturate successively with iodine
instead of taking it ﬁpvuﬂifarﬁly as would be expected accord-

ing to the previous idea.
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This new concept has the advantage of explaining quali-
tatively not only the iodine potentials but aleo the shift
in absorption mexima which ecauses the blue color of the com-
plex. The blue color cannot be due to the hydtaﬁawﬁaa lining
of §h® h§1iaa$ singe the coler of iodine in hydrocarbon sol-
vents is mot by any means the pure blue of the amylose~iodine
complex, |

An attempt ig aleo made to pul thie theory on a gquanti-
tative basis. Agreement with the iod

ine potentials is excells
ent but the equations do not zppear to fit the observed shifts
in absorption msaxima, The derivation is purely speculative
but indicates a possible method of attack for yelating these
funetions,

9. The osmoiic pressure studies sre preliminsry in
aver; indicate the possibility of utiliz-

nature, They do, how
ing thie fool far morxe extensively than just as a means of
determining moleculay sige. It is possible to obtain importe
ant information regarding degree of branching snd general
molecular shape from the relationship between P/C and C.

10. Although amylose appears %o be a definite fraction

of starch, amylopeotin s$ill cannot be regarded as a definite

homogeneous entity, Much additional evidence is needed before

this guestion can be setiled.
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Appendizx 1

Description of the Osmotic Cells

The cell ueed for all the determinationes reported in |
this investigation wae a wmodification and simplification of
the so-called *micro~osmometer® of Hepp (43). With the
exception of the glaes capillary it was constructed entirely
of brass. The original consiruction invelved a seal of de
Khotinsky cement between the glass capillary and the brass
cell, thereby excluding sny possidbility of using organie
solvents which attack the cement. The cell waes jacketed o
provide for temperdture contrel through the circulation of
water. In this form it seemed %0 be pﬁffgetly'aatiﬁfaatoxy
for use with agueous solutions,

Baxrly in this investigation 1t became desirable to use
organic solvente rather than water, Conseguently the de
Khotinsky seal was sliminated and a soldered joint made
and braes. This was accompliched by first

between glass
ﬁlﬁﬁiﬁiziﬁg;>thg glass and then soldering to tha @i&tiﬁﬁﬁ;
Great difficulty was encocuntered in obiaining an air tight

1. 7The piatinizing was carried out sccording to directions
given iﬁ ﬁani&&gk of Chemistry and Physies, 22nd, edition,
p. 1958, Chemical Rubber Publishing Co,, Cleveland (1937).
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gseal although this was spparently finally sccomplished, The
reason for this difficulty was that the availsble surface for
making the seal was not great enough, dus to the comstruction
of the cell., FHevertheless a number of measurements with
organic solvents were made with the cell in thie form,

In an aﬁtamptyia improve the glass to brass seal the cvell
was completely rebuilt as shown in Figure 11, A solid brass
block was soldered to the underneath side of the brass plate
end drilled at a right angle, vertically down from the top
and horizontelly to meet the glass capillary. The latter was
genled into a brass cylinder with ¥ood's metal. OCare was
taken to obtain as uniform as possible an opening into the
capillary. This was done by iaserting a greased plece of wire
through the opening in the brass eylinder and inic the capillary,
The Wood's metal was then permitted to run through the opening
and s0lidify so that removal of the wizre left s fairly smooth
channel., The brass ¢ylinder was ground to fit into a hole in

the brass block, and was olanm

ped therein by means of a large
brass outt,

The water jacket was dispensed with entirely in this cell
ag it had been previously found superfluous, Clamping of the

T Ly oint of this type was used on a cell by Herzog and
is described by Heyer (63-e)
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membrane was at firet accomplished by means of three thumb
gorews, However, difficulty was encountered with leakage so
these were later replaced by six 1/4" maohine bolts which
could be drawn up tightly with & wrench,

A éall'yaﬁﬁﬁrﬁaé after that used by Hontonns and Jilk
(68) was also designed and constructed, It consisted of two
similer brase plates with three concentric grooves, each 1/4¢
wide and 1/8" deep, the overall diameter being about 3%, These
éimﬁﬁ&iaﬁ% are considersbly smaller than those used by Yontonna.
Only four bﬁ&%s'waﬁa used for clamping which may account fox
the fact that leakage mround the membrane could not be come
pletely eliminated,

?&a'ﬁﬁ@iii&f? tubes (one each for solution and solvent)

and two dropping funnels (for filling) wers attached to the
cell by ghort rubber connections. This iz a disadvantage in

working with organic solvents. Purthenr

more, it is almostd

impossgible to chang

2 the solution in this type of eell without

completely dismantlin
unfit for further use.

g 1t. This ueually renders the membrane
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Aspenbled

Fig. 11. 'The Modiflied Hepp Mioro-Osmometer
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Appendix 2

3&&@.ﬁiffiﬁﬁlti&&,Eﬁﬁﬂﬁﬁﬁﬁ?ﬁﬁfiﬁ the
Determination of Osmotlc Pressure

This section, though entirely irrelevant to the develop-
ment of this thesis, is here included in the hope that it may
prove of value to those wiilizing this imgaxﬁaa§ t00l in the
future,

The &émhr&ﬁﬁ problex was perhaps sufficiently discussed
in the gection under %ha%vhaaﬁiﬁg, It is still not satis-
f&ﬁ%ﬁ&il?~ﬁﬁiyﬁﬁ by any BEHNS, ;

Anoiher point whioh has been a constant source of trouble
and uncertainty is the difficulty of checking the galoulated

‘zero point experimentelly. This value should simply be an
applied pressure sufficient in magnitude to ecounterast the
head of solvent and solution in the ¢8ll plus the capillary

force of the solven$, both of which zet in the same direction,

Aotually the experimental sero point wae usually less than
this, If it oould be &ﬁﬁ@?ﬁaiﬁéﬁ é@iﬁﬂxtaig”thaﬁ this zero

remains fixed, no error would be involved.

point once determined
However, this iz not at all ﬁé&%&iﬁ@ On the &aﬁirarg on
3nwﬁ”§3e&$i@ﬁﬁiﬁkﬁa’tha ﬁ&fﬁ point was z&ﬁaﬁa&miagé after the
cell had been filled for a time with solution it was found

to have risen.
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This difficulty has apparenily not besn recorded by othex
workers} on the contrary it appears that ssm&,&ava made no
effort to determine the valus experimentally, using instead
the scaloulated value, |

The best explanation for this difficulty which can be
offered at present seeme to be loss of solvent around or
through the edges of the mewbrane., The effeet of the solu~
tions in stopping this on some occasions might be due to
solute molecules being deposited in the capillaries of the
membrane, effectively cementing them. The magnitude of the
digerepancy vaxi@a‘fxmm trial to trial with the same menmbrane,
For s time 1t was thought due to entrapment of air bubbles in
the vertical part of the capillary (which would reduce the
effeotive head) but thies does not seem likely at present,

, Values obtained with a low zero point were aes & rule
elither disesrded or rechecked, especially in vase of solu-
 tions of low concentration where a small error would be greatly
magnified., |

A% times the flow in the capillary appeared to be jerky
or inhibited., This may be due to air bubbles trzpped at the
90® bend in the capillery {%&e-b@ziags»xn the brass block may
not meet perfectly)., The oell would be greatly improved by
eliminating thie sharp sngle, either kg'ériiliﬁg on an angle
or by using a bent glass caplllary which is joined to the
brase at the top of the vell,
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