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ABSTRACT

The effect of molecular weight on the rute oI retio-
gradation of amylose was studied by moanitoring turbidity
{corrected for woleecule shnpe) with o light scottering
photouweter. The results obtained showed th.t hy .cid
modiiicution of the amylose fractiom of storciy, the chain
len,  th of wiiylose molecules were reduced. The r:ite of
retrogridation increased with decreasing molecular weight
until a saximum was reached at 1% hours of hydrolysis.
The rate of retrogradation then decreased with further
decreasing mvlecular weight until retrogradation hegun

to lessen.
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INTROUUCTIGN

Generally, the paper industry uses st:rch Lecause starch
pestes possess unusual viscosity characteristics and they ure
effective film formers. starch is ulso used in coating oper—
ations as a pipgment adhesive. These starches normally contain
various percentages of hoth amylose (approx. 27% of corn) wund
amylopectin.

Since such common starch problems of skinning over, reten-
tion, and viscosity changes ujon storage are related to the
retrogradation characteristics of starch, it is desirable to
study the process of retrogradation. Because retrogradation
occurs almost exclusively with the amylose fractiom of sturch,
amylose was chosen for this study. While this study is not
immediately applicable to industry because of the many other
factors affecting retrogradation, it should he viewed as
another entry to the collection of information guthered about
the retrogradation of amylose. Eventuually this body of
information gathered ubout the retrogrudation of amylose may
enable us to prevent the jroblems now encountered with starch

usnge.



HILTO Y Cal BACKGROUN

A Description of »tarch
Starch is o white granular polymer syothesized by ;:lunts

from simjle dextrose units. The dextrose unit: mey e combined
by the plant into two different distinct fra tiuns. The linear
carbohydrate chein [raction (amylose) is composed of apprux—
imately 6000 chemicully united glucose units. The second frac-—
tion (smylopectin) js a highly branched molecule cunsisting

of about 50,000 glucose units. While these two storch fr.c-
tions behave similurly in many chemical reactions, the physical

nund colloidal properties are widely different.

The Amylopectin Fraction of Starch

Attempts Lo determine the molecular structure of amylo~
pectin sugygest that it is extremely heterogeneous with respect
to molecular weight and degree or extent of branching. Mole-
eular weights obtained from osmotic pressure weasurements by
Meyer (1) and Fotter and Hassid (2) give values in the runge
of 16°

light scattering methods by Zimm and Thurmond (3) and by Wit-

to 106. Molecular weight measurements obtained from

nauer, Senti, and Stern (i) average approximitely 10?. Part

of this discrepancy can be explained by the fuct that the light
scuttering method measurea the weight—-average molecular weight
which is alwnys greater then the number-average molecular
weight by osmotic pressure methods. Amylopectin also forms
relatively stable solutions in water. It will not normally
return to its previous solid state by lowering the temperature
of the svlution and allowing it to stand for a given duration

of time.

The Amylose Fraction of Starch
Amylose, on the other hand, is insoluble in cold water

and, at best, only partially soluble under more suitable conditions.



By dissolving amylose in water at 140°C. under pressure and
allowing it to cool, a process of "retrogradatiun™ ovccurs in
which the amylose reverts to an insoluble furm. Fuster (J)
feels that retrogrudation is the result of hydroger bending he-
tween starch mulecules that have both hydroxyl sroups «nd hydro-
gen acceptor sites. The extended linear molecules of amylose
are more free to orient themselves with respect tu oviher amy-
lose molecules in solution than are the larger, iiore cumpacted,
branched molecules of amylopectin. Therefore, retrogradation

is associated almost exclusively with the amylose fraction,

The amylose structure perwits the formation of many hydrogen
bonding between i:djoining molecﬁles so that « solution of amy-
lose is highly unstable. !e further states that at amylose
cocentrativns aubove two percent, extensive hydrogen bhonding
occars hetween adjoining molecules and a gel is formed. ‘'t
lower concentrations or under controlled tempernture conditiouns,
the molecules orient themselves in a manner that ,.ernits the
formation of numerous crystullites. ‘*Yhen the aggregntes of
crystallites exceed colloidal dimensions, a granular precijitute
sepaurates. Doppert and Stoverman (g} suggest that the mechanism
of retrogradation is based on von Smoluchowski's theury of cuag-
ulation . They concluded that from the rote of reirogiadatiocn
only i small fractionof collisions between amylose :ggregates
lead to permanent coagulation because there must he » mutunl
orientation of colliding aggregates.

Therefore amylose must he ahle to assume several config-

urations in solutiun. tuies conducted hy lao and Toster (7,
fverett and Toster (8), and Holld Szejtli and Gantner (9)

ngree that amylose in solution exists us nearly Gaussian, bhut

* von Smoluchowski's theory of coagulation is that of spher-
ical particles diffusing inte each other's sphere of influence

and then sticking together.

O



relatively «tiff coils, the bochbone of vhich 15 e enti 11y

helical. gel results when the helicel oo | #'iy wneoiled
Lelical twulesules forms hyodrosen Honds he e o other,
letrogidation oceurs whan the solecula wneord o0 o by n
thamselves lo ,ermit the formction of cryst fiilos »ldoh

altimately grow into large aggrega‘es. Gieecowoud ({0)
sug_ests an equilibriuwm solution exiats in the Uollovin,
LEnner:

' R . . .
Lgeregated helicesghelical confiyur:tiongliuc.r

configuration@ugpregated linear chains.

Factors ‘flecting the letrogr.dation of mylose

There are several factors thut may «ffect the rate of
retrogradantion.  Foster and Sturmun (ll) sug;est o depeadince
of retrogriedation on the prior physical st . te of smylose
(i.e., the cenditions of precipitation :nd drying). They
concluded that retrogrudation is retarded by increased per—
fection of the helicul crystalline forw. They {urther
suggest thet the rate of retrogredation is governed Ly the
rate of Jdisruption of the intramoleculirly hydrogen honded
heliecal fora of anylose.

‘nother important fuctor is the molecular weight of
amylose. Leewus und Rriggs (12) found that douhling the mole-
culur weight of the wiylose increased the tiwme required to
reach a purticulir stage of retrogrudation by u fuctor of
six to eizht. Whistler and Johnson (lgj noted that on acid
kydrolysis, the riute of retrogradation increaxsed to & maximum
:nd then continuously decreused as the molecul.r mugnitude
wiis decreased. In other words, at larger or smaller molecular
weichts than the retrogradation size, the rate of retrogradation
is slower. loewus und Briggs (12) confirmed this observation

by also noting that the rate gradually accelerated to a



maximum and then decayed as complete retrogradition w:s
approached. Lansky, Kooi, ond Schoch (li) deterwined from
turbidimetric measurements that the chain length wvor tnversely
proportional to the retropgrudation rate until » cert.iin
critical value wus reached, helow which the molerules were

too smull to crystallize.

Time, temper:ture, and ﬁmylose concentration in soli-
tion are also important factors determining the rats of retro-
wradation. With any particular amylose prepar.tiun the rite
of retrogradation inversely on the approximate square of the
amylose concentration.

From turhidimetric studies on corn uamylose as u func-
tion of pH and time, Pasch:ll and Foster (15) found that at
pll 4.0 the turbidity wus constant for at least thirty days.

In 1 N. KCH, ther~ was » slow reduction of turhidity. They
also found that at pH 8.5 to 7.0 there was & much more rujid
decreanse in turbhidity. Kalb and Sterling (16) measured retro-
gradation by crystallinity and found that meximun retrogr.-
dation occurred at pll 3 when gelled after pli adjustments,
while the maximum retrogradation occurred at pif 1 to 2?2 when
gelled before pll adjustwent.

The rate of retrogradation of amylose may nlso be ultered
by chemical reaction with other substances te forwm acetylated
or ethylated sturches for example. Whistler (11} also
suggests that the presence of foreign ions also affects the

raote of retrogradation.

The Light Scattering Method as ipplied to Dilute Solutions
The rate of retrogrudation of standard emylose solutions

(prepared by l-butanol fractionations) at varying concentra-

tions was monitored by light scattering. the study was con-

ducted under standard conditions of pH, temperature, and time.



To fully apprecinte this investigatiun, it is necessury
to possess a basic understanding of the 1li:ht =citteriag
method as applied to dilute sclutions (18-!2). Ii: Lt scattering
occurs whenever light encounters mutter. oLight incident on
matter causes the electrons of the atoms und (oievules to
undergo induced vibrations in jhase with the incident light
wave. The particle then hecomes a suvurce of scottered Iight.
The atom or molccule involved determines the ~wplitude
and the intensity of the scattered light. Jigure 1 shows a
light wave traveling in the xz plane imcident upon o particle

locnted at the origin.

Y L

Figure 1. The path of a light wave striking o particle ut

the origin.

The e;uatiun developnients will be wade hy first assuming
the light is plune polarized and that the particl e is isotrop-
ically polarizable. This particle will then scatter licht
equally #t any angle 8z (assuming its size is less than one-
twentieth of the wi:velength of the incident light) frow the
xz plane.

The electrical intensity of the incident light i, can

be ex;ressed by tlie following equation

)
Aoz cosTct

D i (1)

where

¢ = the velocity of light



Aoz = the amplitude of the incident beam which is
i lune polarized in the xz | lune

t = ticnie

N = the wavelength of light

The wave will induce an electric moment in the poiticle,
the strength of this noment is proportional to tue ~lectric

field intensity.

2
- °<i0z cosn ct 5
m = &L, = ¥ (L_}
hN
where
o =the induced electric moment
e = the molecular polarizibility

The electiricial intensity of the scattered wave de ends
upon the acceleratiun of the induced moment which is equal
to dgm/dtg. If e uation (2) is solved for the .cceleration
of the induced momint it is tound that the amplitude of the

scattered wave will be

. 2
Py :A(a;oz)(2>‘ﬂ> s5in 8z (3)

vhere
Ssc = the amjplitude of the scattered light

distunce of observatjon from the origin of

-
)

scatter
8z = the angle of observution from the xz plane
The intensity of the scattered wave equals the squure of

the awj.litude

4 3 2
1867w Joz«™ sin 6z
z 2.4 (4)
r° x
where
Toz = _-ioz2 = intensity of incident beam
iz = the intensity of the scattered beam

This is scattering due to a single particle when the incident

heam is plane polerized.



However, most light scattering instrients use umpolarized

‘

light and the solution of many particles. o the comhined
intensity of scattered light at a distance r -nd in o direct-
tion specified by @ due to wll particles in « unit volume

N/V of a dilute solutiun becomes

4 2 2
; I N 8mwa™ 1+ cos™ @
1 = 0o (5)
e 1 =
v A r-
where
i6 = combined intensity of scuttered light at «
distance r and in a direction specified hy
8 due to all particles
N = number of particles
v = unit volume

For practical use the polarizibility must he replaced hy
obsrrvable uantities; in particular the opticul dielectric
constiants Etuulf&. The excess polurizability e, is related to

the dielectric vonstants in the following manner

« = (E-g(——) (6)

N
The dielectric constants are equal to the squares of their
respective refructive indexes providing beth of these

quantities are weasured at the same frequency. Therefore

\'4 2 2
o« = ( )(n” - n) (1)
‘;“N ;
where
n = refractive index of the asolution
p, = refractive index of solvent

‘then the refractive index is substituted for dielectric
constant, the refructive index increment is used because it

1s an intrinsic constant of rost dilute solutions:



a 2
n -n
E-€, - 2%
c
- o, - _ ﬁ.‘.“
(n no)(n + no) = «no(n no) = :no(du} (8)
c c
where
_ dn . . .
n-u - Py refractive index increnent
c

Through algebraic mani;ulation (separation of terwus ond
division hy ¢) it can he shown thet equativn (7) may be

expressed .s

= (@UF) ()™ "0) (2 ) (%)
c

for dilate solutiuns. Substitution of equation (9) into

equation (5) and subsequent cohining of terms yields

2

ir” TR 2 N

2 = (C7 %) (° T M) (ne)(1 + cos”o)

I , : (10)

o N c
0
where

N = numher of moulecules
v
v = volume in which they are contained
c = concentration in grams per milliliter

Instead of measuring the intensity of the light scatter-
ed from the incident heam, often the diminution of the inci-
dent beaw, due to scattering ujon transversing a distance, 1,
is measured. The turbidity is known as the naturul log of the
decrease in the transmitted intemsity, 1. The turbidity is
esuiil to the extinctioun coefficient f{or absorbing systems.

I -1 e-1i
0

The turbidity equals the total scnttering integrated over all
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angles.
- . Sele(lﬁ
Therefore, . r2
q . 8w lo0" 16w
90 ~ 3 I B 3 90
0
where 3 ,( ,
P 32wn(n - n ) Nc
R = 2 X = 3
90 1gr and ¢ ‘ 0 (11)
" 3N
3N X
This 1s & bazic development of the relationship hetween

scattered light and the niolecular weipht of a dissvlved wole-
cule.

However, it was assumed that we had an ideal sovlution
and that isotropic wmolecules are completely randui: with reaject
to one another. ictually, the solutions are non-ideal and
the thermal movements of the scattering units are not totally
independent. Consequently the totuxl intensity of the scattered
light cannot he obtained hy the sum intensity of lizht scattered
from the individual molecules. Destructive interference occurs
due to "local order” and there is a decrease in the intensity
of the scattered light.

Light scattering by non-ideal solutions is considered
to depend on the irregular spacing of scattering centers.

Yhen molecules are regularly spaced such as in & perfect
crystal the scatteriug from one volume is cancelled by the
scattering from a siwmilar volume appropriately located.

The scattering from a solution than should become greater
as the system becomes more heterogeneous or, more precisely, as
the density and concentration within volume elements fluctuate.

Since the scuttering of the solute molecules is of interest,
the scattering due tu concentration fluctuations must be consider-
ed. The scattering resulting from density fluctuations may be
eliminated by subtracting the scattering due to the solvent from

the scattering due to the solutién.
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Girtically, the concentration fluctuation can bHe mecsured
by the resulting (deviction oi the dielecliic curn-tunt
from its mean value. By reluating the wean s vore [luct-
uation in concentration to the nmean square {fluctuntion in
dielectric constnnt wnd the effect of fluctuutiona in the
dielectrie constant on turbidity, Einstein develu,ed the

following e u:tion:

ke = 1 + Be (l 0y
Hgo M
and
lle = 1 + UBe
T M
where
B = interauction const.nt
3 2,n-n 2
H . O "o( o/c)
an a3
oo
Z 9 D) b)
= “ wfn_n fe)”
K 20" o fn-n c)

< 't
YoM

which allows us to consider scattering due Lo cuncentrution
fluctuntion in + non-ideal solution.

lecause the wmylose particle size is grecter then 1720
of the wavelenpth of lizht, still wnother corvection must
te wnde in order to determine the wmolecular weight. Treviously,
individuil molecules coulil be treated us puint sources or
scattered light. IHovever, when the particles excsed 1/20
of the wavelength of light. Light is scattered frwa differvent
parts of the same molecule und consejyuently opticuil intec~
ference will occur. Tiis is of major importance hecuuse
it leads to decrease in the intensity of the scattered
1i_ht, the effect increasing as the scattering angle increuses.
Since the wmolecul:r weight relation in ejuation (12) does not
ti«ke this interference into account it is obvieus that a

correction must he ajp, Jied,



Fi

Figure 2. Tath difference hetween forward and huckiuyd scat-
tering of light waves. _

Figure ! shews that the puth difference is greuter for
the portions of wauves scattered from A to B in the buch-
ward or ', direction. Destructive interference owing to
phase dif%erences between rays scattered by different sections
of the sace molecule will therefore be greater the lurger
the scattering angle and will vanish as the scattering
angle approaches zero. It is obvious then thit the scattering
will not be symmetrical about 90°. Tt will be less .t angles
greater than 90° than for angles equally swaller thun 90°.
The ohserved ratio is the ratio of the light scattered at

45° to the light scattered at 135°.

. (13)

It is obvious that the dissymmetry ratio can be used as a
relative measure ¢f molecular size. It is, in effect, a
measure of the radius of gyration.

The intensity, in the direction 8, will he reduced

LY )
by intra-particle intgrference at & factor customarily
designated by I'(®#) which depends on the size and shape of
the particles us well ns on the angle ®.

The derivation of an expression for T(@) which may be
called the particle scattering factor was firat derived by
Rayleigh for the case of spheres, by Neugebauer for rod-
like particles, and for randomly coiled chain molecules
hy Yimm, Stein, Dellye, and Doty. Tables of 1/1(8), z,
and D/A have heen calculuted for each of these three main

types of wolecules.
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EXPEAMENT AL FROCEDUARES

Amylose fructionation

‘n amylose fraction wns prejared by n stindord l-boetunol
fractionation. The complex consisted of 207 avvlo:e iu butanul
1 o

to be used for acid modification and light sco ttering meulurements,

Acid Modification of lmylose
Since this thesis is a continuence of work Jobhn Tergin
hegun in 1966, the ncid modified samples used sere those pre-
pered at that tiwe. They were acid modified by using o pot-
ussium acid phthulate buffer at o pH of 4. to 4.3. The seoujples
were stored at o concentrection of zbhout 0.5 :uyloce. ‘fter hydrol-

ysis, the Lutinol comp:lex was reformed ond stored under butunol,

Irepar tion of the Zolutions for Light Scatt.ring He surements:

The hydrolyrsized amylose fructions wer+ recovered hy
introducing the hutanol complex into distilled water ot
100°C. This was done to svoid capsulation of the waylose
when distilling off the but.nol. The butanol =l woler forwm
2 minivum boiling nzeotrope at 93°, Dy hKea, ing the vilune
of the solution constent Ly adiling witer it is 0. .sible to
distill A11 the 't nol off by sucerasive dilutions o0 voter,
The disjersivna were »djusted to 0.1 to 0.5 concentr tions.
The amylose dis, eriions were clarified for light scotiering
messuresents by [iltrotion throuph 0022 willipore liltees,

Turhidity, bissymetry, und —f%ray

“cid hydrolysis re:duced the chain length of the storch

molecules., This eunsbled the moleculaes to align thow-
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selves more easily. Therelore, the rite of vetroge.l Lion

sheuld dnere.se o the =olecvl r wei bt deve oo antil 706

choein length i3 no longer characteristie of pulrmier cad
the property ¢f retrogradetion is no longer Jreoont,

The anylose dis, ersions were clarified 25°¢ nd
21lowed to coul for | hour to obtuin o constent ten; oo ture.
The molecul i werght ot the various hydroiysi. lesolow o not

ohtiiinahle using the ohove prucedure beciiec retro v o tion
occurred during this initi 1 | hour before the first turtidity

©y

ond dissymaetry measurenents (et time = 0 on Fi

s 2 through

6). Since turbidity is progortionnl to the mele-ul r wei ht,
by plotting turbidity (W) ve. tiwme und correctiung the tur idity
for the effects of molecule shnue .nd size ( —%ZST Y, it
was possible to observe the rate of retrogrudntioﬁ by noting
the rate of jirticle growth with tiune,

fter srelininary agitation to effe t ¢ coustunt tewjer-
ature, the dis ersions weie not w_itited nguin., The afTect
obt.ined was thrt the molecules would retrozrade to ¢ waxioum
ngolomerate size, wherehy the particles wurld hegin to
precipitate and settle to the botlom of the cell. This
procedure was followed to :aintwin the vulidity of the lizht
scattering measurenients. Recause the light scattering
application ap,.lies to dilute solutions of known shuje and
size, the scottering of light by precipituting lirge agg lo-
meriates, may thus affect the significance of uny measurements
made after precipitation hus started to occur,

The initinl molecular weight of unhydrolyzed amylose
was s0 high thut during the initial { hour cooling period
the particle size was lurge enough to cause precipitation.
It con be seen in Figure 3 that the dispersions at 0.352
and 0.306% had precipitated before the first measurements
could be tanken. The % and 1 hour hydrolyzed semples (Figures
4 «nd5) rates of retrogradation. The 1} Hydrolysis (Figure
f) seems to huve reduced the chain length of amylose to the

point where the molecules are the most mobile und can align
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themselves eusily, therehy increasing the rote of retrogrudation
to a maximum. \s can be scen from Migure 6, vrvetro radotion

hus occured and the particles huve alwost conpietely Lnitled

out of the dispersion. The 24 hydrolysis (Figure 7} of three
different cuncentrations exhibits quite different curves,

It is possible to see the rate of retrogradation decreasing

with respect to the previous hydrolysis sample~., It is possible
that the chain length of the molecules have heen ceduced to

Lhe ;oint where retrogradatien is no longer heing exhibited.
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Date Compiled From Light Scattering Meusureuweuts of

Table 1.
Unhydrolyzed ‘mylose Solutions.
.o Conc. = 0.306%
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3 — ——— .
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Figure 3. Aigglomer:teSize Vs. Time for Unhydrolyzed Amylose
at Three Concentrations.
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Table I1. Data Compiled From Light Scattering “ecsurewents of
3 Hr. Hydrolysis.
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Figure 4. Agglomerate Size vs. Time for % Hr. Hydrolyzed
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CONCLUBTUNS

The results obtuined generully followe:l the expected,
By acid modifying, the chain length of amylose mciecules
were reduced. The rate of retrugradation tncressed with
decreasing moleculer weight until a meximug was recched
at 1} hours of hydrolysis. The rate of retrogrid:tion
then decreused with further dJdecreasing moleculur weight
until retrugradation began to lessen.

‘Yhile the rate of retrogradation of the unhydrolysized
omylose dispersion could not be observed, the } and 1 hour
hydrolysized dispersiuns generally exhibited un increasing
rate at 1} hours of hydrolysis. 4t 2} hours of hydrolysis
the rate of retrogrudation seemed transient, i1.e., the r.te
decreased with respect to the %y, 1o and 1} hour sawmjles
and also s~emed to lose the properties of reirugrodution,

which j;ussibly i8 due to decreased chain length.
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