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SECTION 1 

INTRODUCTION

A polymer molecule consists of a large number of small units, 

each of which can be described in simple chemical terms, fashioned 

together by chemical bonding to form a large and often complex 

structure. Each unit may be identical to its neighbours, or it may 

be different. It may be joined to two neighbouring units, or to 

more than two. In a mathematical, although not necessarily a 

chemical or biological sense, the sequence of units within a polymer 

molecule may be random, or it may be ordered.

The ramifications of the detailed chemical structure of some 

polymers, e.g. the globular proteins, confer on the molecules a unique 

shape, so that the molefcuj.es are of fixed dimensions in solution. 

On the other hand, the molecules of most linear polymers - those in 

which the units are joined end-to-end in a chain-like fashion - often 

possess in solution a high degree of flexibility about the inter-unit 

bonds. In this case, there can be a very large number of arrange 

ments in space which a molecule can assume, all equally favoured in 

terms of energy. The molecules continually coil from one possible 

shape to another, and only average dimensions can be specified.

Starch is a polymeric material with a-V -glucose comprising the 

simple units from which it is formed. It is generally recognised to 

consist of two distinct components. Amylopectin is the very high 

molecular-weight component consisting of up to 10 glucose units 

forming a highly branched structure. Chains of 2,-l~*k linked glucose 

units are branched through a.-l"*6 bonds to give an average chain- 

length of 20-25 glucose units. Amylose, the second component, is 

of much lower molecular-weight, consisting of linear chains of no more



than 5000 a,-!^ linked glucose units. Some amyloses have been found 

to contain a small amount of material with a limited number of &-l-"6 

branch points.

The conformation, or shape, which amylose adopts in solution has 

long been a matter of debate. As a polymer consisting of linear 

chains with a degree of flexibility, it would reasonably be expected 

to conform to the model of the random coil, unless a mechanism existed 

to encourage some fixed conformation. The earliest hydrodynamic 

studies relating dilute solution viscosity to molecular-weight, pur 

ported to show that amylose had a rod-like shape in aqueous solutions, 

but the experimentation suffered from the inadequate procedures 

available for fractionation according to molecular-weight. X-ray 

diffraction studies on amylose-addition complexes, including that of 

amylose-iodine t and on stretched films of amylose-derivatives, showed 

that the amylose molecule can adopt a helical conformation. There 

was strong evidence that in solution the amylose-iodine complex main 

tained its structure, the conformation being stabilised by dipolar 

interaction between the aoylose-helix and the enclosed iodine. The 

details of this early work have been described by Greenwood (195&).

The helical form has been shown in the last twenty years to be 

of great importance for certain biological macromolecules. The or- 

helix of proteins and the double helix of DNA, for example, are maintained 

in solution and are indeed vital to the function of these polymers. 

The conformation is stabilised in each case by hydrogen-bonding. 

Ifydrogen-bonding can also be invoked to stabilise a helical structure 

for amylose, and the dimensions of the helix would be very similar to 

those of the amylose-addition complexes, with 6-8 anhydroglucose units 

per helix turn. Thus, the rod-like model froi; hydrodynamic studies 

was plausibly explained.



It does not necessarily follow, however, that because a polymer 

can assume an ordered structure in the solid state, it will maintain 

this structure in solution. Thus, synthetic linear polymers, in 

particular those with isotactic stereospecifity, can display a high 

degree of crystallinity in the solid state, and this can be 

demonstrated as due to the efficient packing of helical chains, but 

on solution these polymers behave as random coils. The x-l~*4 

linkage of the anhydroglucose units in linear amylose means that the 

polymer is isotactic, and that adoption of the helical form in the 

solid state can be readily explained. As with the synthetic polymers, 

the order found in the solid state would break down on solution, unless 

a mechanism such as intramolecular hydrogen-bonding was available to 

maintain the fixed conformation.

With the introduction of an efficient procedure for the 

fractionation of amylose (Everett and Foster, 1959 a), the recognition 

of the importance of verifying that only linear fractions of natural 

amylose are employed in hydrodynamio studies (G-reenwood, I960) f and 

the synthesis in useful quantities of completely linear amylose with 

phosphorylaae (Husemann, 19&1), it became apparent from the experimen 

tal relationships between viscosity and molecular-weight that the con 

cept of the stiff helical-rod for amylose in both aqueous and organic 

solvents would have to be abandoned in favour of the random coil 

(Everett and Foster, 1959 b; Cowie, 19^1; Burchard, 1963 a,b; Banks 

and Greenwood, 1963 a,b).

The picture is complicated by the varying degree of solvent- 

permeability to which the essentially flexible random coil may be 

subject. The more compact the coil, the greater the tendency for 

solvent molecules to be trapped within the domain of the polymer 

molecule. In the limiting case, solvent within the polymer coil



moves as if it were part of the macromolecule, and the polymer coil 

behaves aa if it were an undrained solid particle. Afc the other 

extreme, no solvent is entrapped, and solvent is free to drain through 

the polymer domain. This would be expected to occur if the polymer 

molecule has a high degree of inflexibility so that it is relatively 

greatly ext ended in solution. The three most important factors 

determining the size of the polymer molecule in solution are the 

polymer molecular-weight, the inherent flexibility or inflexibility of 

the polymer molecule, and the nature of the solvent - the better the 

solvent, the more extended the polymer domain,

Most synthetic linear polymers have been shown to be impermeable 

random coils even at the lowest molecular-weights usually investigated. 

Deviation of a polymer/solvent system from the behaviour expected of 

the impermeable random coil can be ascribed to either expansion of the 

random coil due to favourable polymer-solvent interaction, or to an 

inherent inflexibility of the coil manifesting itself in the form of 

free-draining characteristcis.

Cowie (1961 a), Burchard (1963 b), and Rfto and Foster (1963) 

claimed to have detected partial free-draining of amylose in various 

solvents from the relationship between dilute solution viscosity and 

molecular-weight. The degree of rigidity implied by the free-draining 

was ascribed to helical character within the coil, Rao and Foster's 

investigation of the sedimentation behaviour did not, however, indicate 

free-draining. The results of Everett and Foster (1959 b) showed 

that amylose behaves as an impermeable random coil in neutral aqueous 

solution. Deviation from this behaviour in better solvents was due 

to polymer-solvent interaction extending the polymer domain. Banks 

and Greenwood (1963 a,b) agreed that in neutral aqueous solution amylose 

behaves as a random impermeable coil, and displays no helical 

characteristica.



Hollo and Szejtli (1958), from a study of the viscosity 

behaviour of amyloae-iodine solutions, had concluded that the amylose 

molecule in solution possessed a high helical content. Rao and 

Foster (19&3) demonstrated what, in view of the resemblance to the 

famous phenomenon observed in polyglutamic acid by Doty, et al. (195?), 

they took to be a helix-coil transition in amylose at pH 12.

To explain these disparate results, Szejtli and Augustat (19&6) 

(in a very full review of the experimental data gathered to that time) 

and independently Fo ster (19&5)» formally proposed the model of the 

interrupted helix. In this model, the araylose molecule in solution 

consists of rigid helical segments linked together by random-coil 

flexible 'hinge'-regions. fftrdrodynamic results characteristic of the 

random-coil could be explained, while the concept of high helical con 

tent could be retained (Flory, 1961).

Banks and Greenwood (19&7 c), however, criticised the arguments 

marshalled by Szejtli and Augustat. They introduced previously un 

published results of their own work, and of Procter (19^5), to demon 

strate that amylose in neutral aqueous solution is an impermeable 

random coil. Deviation from the completely random coil in better 

solvents is due to polymer-solvent interaction (Banks and Greenwood,

1969).

Extension of the hydrodynamic studies to the behaviour of amylose 

derivatives in various solvents continued the controversy. Cowie 

(1961 b) produced results to show that amylose-triacetate is essentially 

fairly inflexible with a degree of free-draining, indicating a helical 

content to the coil. In the light of new theories of hydrodynamic 

behaviour, Cowie and Toporowski (1964) re-interpreted Cowie 1 s results 

in favour of the interrupted random coil, impermeable except at lower 

molecular-weights. Self-contradictory results were obtained by Patel



and Patel (1965, 1966). Banks and Greenwood (196? d) criticised 

all these results on the basis that the fractions employed contained 

non-linear material. Their own results (Banks, et al.. 1968, and 

Banks and Greenwood, 1968 b) showed that the acetate behaves as an 

impermeable random coil with no helical content. The steric bulk of 

the CH7 COO-substituents does not increase sufficiently the hindrance 

to rotation about the inter-unit bonds to render the molecule 

inherently inflexible.

A derivative with very large substituent groups, however, might 

well be expected to invest the molecule with a high degree of in 

flexibility. Such a derivative is the tricarbanilate, an ester 

containing the bulky benzene ring - the substituent group is 

C^H -NH-CO-. Burchard and Husemann (l96l) and Burchard (1964, 19&5) 

investigated the dilute solution viscosity behaviour of this amylose 

derivative. They found that free-draining was significant, arid 

suggested that the molecule was essentially helical. According to 

Burchard (1967) this is in common with the rest of the amylose series, 

reflecting a basic inflexibility in the amylose backbone. Banks, et 

al. (1968) ascribed the free-draining to the large size of the sub 

stituent groups.

This thesis records the extension of the work in theoe laboratories 

to the case of amylose-tricarbanilate. It was of interest to see 

whether or not free-draining would be encountered. An important facet 

of the investigation was the study of the sedimentation behaviour of 

the tricarbanilate, not dealt with by Burchard and his collaborators.

Section 2 describes the preparation and fractionation of the tri- 

oarbanilate. Tho experimental techniques employed in the hydrodynamic 

study are outlined, and the details of their application to the 

systems amylose-trioarbanilate/pyridine and amylose-tricarbanilate/



solvent-precipitant mixture are described in full. Section 3 con 

tains a description of the development of a method for obtaining 

more readily than heretofore accurate light-scattering results from 

aqueous solutions of amylose. This was of use in deciding whether 

or not degradation had taken place during the tricarbanilation 

reaction. Section 4 summarises the theoretical models for polymer 

molecules in solution. Section 5 contains the results obtained for 

the tricarbanilate, and a comparison of these results with those ex 

pected from the theories developed in the previous section. A unique 

opportunity was in fact afforded to test the models for partial free- 

draining systems.



SECTION 2

EXPERIMENTAL METHODS



8

SECTION 2

EXPERIMENTAL METHODS 

1. Introduction

The individual molecules of a polymer, in contrast to the 

molecules of compounds with which 'classical chemistry* concerns it 

self, can, and in general do differ from each other in molecular 

weight* Thus, the application of any technique to the measurement of 

the molecular weight of a polymer sample can lead only to an average 

value* Further, different techniques yield different averages,

Methods which depend on colligative properties, i.e. on the number 

of molecules present, give the number-average molecular weight ft . 

If n. is the number of molecules in the mixture with molecular weight 

Mlt then

fln «

If the measured property is a function of weight rather than 

number, as for example in the technique of light-scattering, the 

weight-average molecular weight $ is obtained

Equilibrium ultracentrifugation yields the z-average molecular 

weight
2

and can in principle also be used to obtain the so-called z + 1 

average*

Plory (1953) showed that viscosity measurements give a molecular 

weight average of the form

BT - (^n^1
where £ is the exponent in the Mark-Houwink equation (see equation



When $ is unity, M > M , and when £ is less than unity, M lies
W ^w '

between M and fi  
w n

In general M < M < M , and the ratios of these quantities are n w 2

used as a measure of the molecular weight distribution within a 

sample, although only fractionation can yield a complete description 

of the distribution.
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2* Yisoometrv

Polymer molecules increase the viscosity of the medium in which 

they are dissolved* This increase is a function of the size and 

shape of the dissolved molecules, and can be used to characterise the 

polymer system*

It is convenient to express experimental results in terms of 

the specific viscosity

risp 2.5
rl

where *? is the solution viscosity and 17 o is the solvent viscosity. 

Because viscosity is a function of concentration, results must be 

extrapolated to infinite dilution to give the limiting viscosity 

number

M = lim (-Osp/o) , 2.6 
I c-»o c

where o denotes concentration. tO] has the dimensions of reciprocal

concentration* Throughout this thesis concentration is expressed in 

gm ml" as recommended by the I.U.P.A.C. (1932). 

2a* Capillary Viscometrv

Capillary visoometry was performed at 25.0°C in a modified 

Ubbelohde suspended-level visoometer. For this type of instrument 

it can be readily shown that when the density of solution is negligibly 

greater than that of solvent

* t - to 9 2.7

*o

where t and t are the flow times through the capillary of solution 

and solvent respectively. Thus the plot of 'fjsp/c against c can be 

readily constructed*

A detailed account of the technique for aqueous solutions of 

amylose has been given by Greenwood (1964).



II

Since pyridine and water have similar viscosities, determinations 

using pyridine as solvent for the tricarbanilate were carried out in 

a visoometer designed for use with aqueous solutions - flow times of 

approximately 200 sees are required to render kinetic energy 

corrections negligible so that equation 2.7 is valid. Pyridine and 

pyridine solutions were cleaned of extraneous matter by filtration 

under gravity through Grade 3 sintered glass filters.

The 6-solvent employed was found to have a very much higher 

viscosity (approximately 1.6 times that of pyridine) so that flow 

times in an aqueous viscometer were inconveniently long. Measurements 

were therefore carried out in a viscometer designed for use with DMSO 

as solvent. A Grade 1 sintered filter was adequate for clarifying the 

0-solvent when using the DMSO-viscometer.

It was found that the flow time of pyridine in the viscometer 

remained constant over four days despite the slightly hygroscopic 

nature of the solvent. The 6-solvent displayed no change in flow time 

over the same period, although it would typically become somewhat dis 

coloured after 48 hours. Tricarbanilate showed no degradation in 

either solvent since flow times again remained constant.

As a final check, it was found that the viscosity of one of the 

tricarbanilate fractions in pyridine as determined in the DMSO visco 

meter differed from that determined in the aqueous viscometer by less 

than 2/'o.

2b. Rotational Visoometry

The capillary viscometer subjects the liquid to a high rate of 

shear, which in the case of the Ubbelohde viscometers described above 

is approximately 1200 sec" . It is possible for polymer solutions to 

display a dependence of viscosity on shear-rate i.e. to behave in a



non-Newtonian fashion. It is then necessary to extrapolate vis 

cosity to zero rate of shear.

Commercial instruments which work at low rates of shear are 

available and have been reviewed by Van Wazer et al. (19^3)« F<>r 

this thesis an instrument designed by Ogston and Stanier (l953)> as 

modified by Greenwood et al. (1970) was employed. Shear rates as 

low as 0.5 sec could be attained.

The instrument consists essentially of a carefully-levelled cup 

rotated by an electric motor, and a concentric inner bob suspended by 

a fine torsion wire. The liquid is contained in the cup (working 

volume 11.0 ml) and transmits the stress to the bob whose deflection 

at a given speed of rotation is a measure of the viscosity. The 

speed of rotation is determined with a stop watch. The deflection 

is measured on a circular scale (radius 100 cm, length of arc 200 cm) 

by the image of a hair-line projected onto a mirror flsced to the 

torsion wire and reflected back onto the scale. An outer water-jacket 

allows the temperature to be controlled, in this case to 25.0 C.

For an instrument of this design in which end-effects are 

negligible, the couple acting on the bob is given by the Margules 

equation (Van Wazer et al. (1963))

C.e a 4 |tI« 77 u;/[(l/RJ~) - (3/Rp)] f 2.8 

where C is the couple per unit angular displacement, 6 the deflection 

in radians, L the length of the torsion wire, -n the absolute vis 

cosity of the liquid, ^ the speed of rotation of the cup in radians 

sec" , R, and R radius of bob and cup respectively.

The equation reduces to

-n » A . £ 2.9 
c \jj> '

where A is the combined instrument constant.

The mean value of the rate of shear is given by



8 - 2 « R(R ' «> 2 '10

Cup and bob were constructed so that 5 is equal to half the speed of 

rotation of the cup in revs min" . The instrument was found to give 

reproducible results between 1 and 18 sec" , the range depending 

slightly on the viscosity of the liquid.

Calibration

Calibration to find the constant A consists essentially of 

determining the deflection over a range of speeds for a liquid with 

accurately known absolute viscosity in the cup. Water, deionised, 

filtered through a Grade 4 sinter and degassed, and n-butanol redis- 

tilled over Fenske helices, were used as the Newtonian liquids for 

calibration.

Graphs of 6 (radians) against oJ (radians sec" ) yielded straight 

lines passing through the origin for both water and n-butanol, as 

expected for Newtonian liquids. This was an indication that the vis 

cometer was properly levelled and centred. Taking the absolute vis 

cosities for water and n-butanol at 25«0°C as 0,8937 and 2.574 centi- 

poises respectively (l.C.T.) the constant A was found to have a value 

of 2.20 centipoises sec" . More conveniently

a 0.210 x £ 9 2.11 
s

where A. is the displacement of the image on the scale in cm, s is the 

speed of rotation of the cup in revs min" .



3« Ultrac entrifugat ion

The ultracentrifuge has come Into wide use since the early 1950s. 

Schachman (1959) has provided a review of modern instrumentation and 

methods. A new manual by the makers of the Beokman model E ultra- 

centrifuge (Chervenka, 1969) is als° available.

Since the original discussion by Svedberg and Pedersen (l940)» 

there has been much effort to put the technique onto a sound 

theoretical footing. Recent works are those by Pujita (1962) and 

Williams (1963).

.Sedimentation Velocity

This technique is the least elaborate of those which can be 

applied to the ultracentrifuge. It provides a measure of the rate 

at which macromolecules migrate away from the centre of rotation at 

high force fields.

The sedimentation coefficient S is defined as the rate of move 

ment per unit force-field.

S a dx/dt = JL . d Inx/dt , 2.12WM^^^^^^^^^M 4MmnM y

2 2 x **

where «* is the angular velocity (radians sec ) and x is the distance 

from the centre of rotation of the boundary between solute and solvent 

at time t.

In general, the sedimentation coefficient decreases with 

increasing concentration. It is therefore necessary to determine S 

at several concentrations and extrapolate to Infinite dilution. Un 

fortunately, the extrapolation must be carried out empirically. In 

this work, a plot of reciprocal S against concentration was found to 

yield an adequate straight-line extrapolation.

Experimental

The ultracentrifuge employed is a Spinoo Model E fitted with
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Schlieren optics. The optical system records directly the rate of 

change of refractive index with position in the cell. The machine 

can be run at up to 60,000 rev min" , A special unit allows the 

temperature of the rotor to be controlled during operation.

The rate of movement of the peak as recorded on the photographic 

plate can be taken as the same as the rate of movement of the 

boundary within the cell (allowing for an optical magnification 

factor). This is true as long as the peak is symmetrical - for a 

discussion of this point see Goldberg (1953) and Williams e£ aj». (1958). 

The gradient of a plot of log 1Qx against time yields the sedimentation 

coefficient directly.

Because pyridine is a good wetting agent, extra care had to be 

taken in sealing the cell assemblies for use with this solvent to 

prevent leaks. It was found best for this reason to employ the 

anodised aluminium centrepieces. Assemblies Incorporating plane 

windows were found preferable to those with wedge windows. Different 

concentrations could still be run simultaneously by the simple expedient 

of putting a smaller volume of the more dilute solution in one cell 

than of the more concentrated in the other, thus ensuring no overlap 

of peaks on the photographic plate,

As discussed by Hourston (l96?)» it is desirable to run the 

centrifuge at as high a speed as possible to minimise the apparent 

slight dependence of sedimentation coefficient on force-field. The 

highest convenient speed with pyridine in the cells was 39»M>0 revs 

min" , All determinations of sedimentation coefficient of the trioar- 

banilate in pyridine and in the 8-solvent were made at this speed and 

at 25°C, Runs at speed lasted between 10 minutes and 60 minutes de 

pending on concentration (0.2 to 3»0 rag ml ) and molecular weight.



Five photographs were taken during each run. No evidence for 

pressure effects waa fbund, i,e. plots of log 1Qx against time 

were linear.



4* Pvknometry

The interpretation of hydrodynamic behaviour from results 

derived in ultraoentrifugation experiments requires a knowledge of 

the polymer partial specific volume. Partial specific volume is 

defined in thermodynamic terms as

v1 = (*V*m,)Tp m (I^JA....) 2.13 i 1 ±,*%fflj ,10^

where V denotes total solution volume, m weight, T temperature, P 

pressure, and i,j,k... the components of the solution. The physical 

equivalent of the partial specific volume of a component is the 

increase in volume when 1 gm of that component is added to a large 

volume of the solution. Partial specific volume has the units of 

reciprocal density.

As discussed by Schachman (1959)* the degree of solvation of the 

raacromolecules is irrelevant to obtaining the correct anhydrous 

molecular weight from the Svedberg equation

M « RTS , 2.14
)

as long as S, D, and v*. are quantities determined from experiments on 

the polymer solution. (Here M denotes molecular weight, D diffusion 

coefficient, ^- partial specific volume of solute, and & is the solution 

density.)

From equation 2.13, for a two-component system consisting of 

solute (l) and solvent (2), the partial specific volume of the solute 

is given by

v* = UvAm_)T pm . 2.15 1 1 T,P,m x

Because the specific volume of solution is

. « Y 4 (m. 4 m^dv/dn^. 2.16



Now v = p "* and dv/dn^ = -p*2 (dp/dnO so that

. 2.17

Because the weight fraction of solute w. % 1-w. = m-j/Cm. + nu) ,
« 

dw a -dw s m_. dm-AnL + nu) , and equation 2.17 can be re-arranged

to

-V^p) = (1-O . dp. 2.18

It fonows that both (l - ^p) and 7. can be calculated from 

the densities of a series of solutions of known concentration. 

Calibration

The pyknometer is a simple device for the measurement of liquid 

densities. The instrument used in this work, that of Lipkin, et al. 

(19^4), consists of a glass bulb with capillary tube side arms in 

which a known volume of liquid can be conveniently weighed. The volume 

of the bulb is approximately 4 ml, and the capillary tube bore 0.6 mm. 

The height of liquid above an etched reference mark on each arm is 

measured to .001 cm by means of a cathetometer. The working length 

of arm above each reference mark is about 6 cm.

The pyknometer is filled with liquid, allowed to equilibrate in 

a bath thermostatted to 25.0 C, and the liquid height in each arm 

measured. The weight of the pyknometer plus liquid is then determined 

to 10 gm , the pyknometer emptied, and reweighed. Thus the weight 

of liquid corresponding to a known volume is found and the density 

calculated.

Calibration involves relating the volume of the apparatus to the 

height above the reference mark on each arm. Benzene ('Pure for 

Molecular Weight Determination1 from Hopkin & Williams Ltd.) was used



as the liquid of known density (0.8735 gm ml"1 at 25.0°C (l.C.T.)). 

Quantities of benzene were drawn into the pyknometer, and from their 

weights the volumes calculated* These were then graphed against 

the sum of the heights of the liquid levels. From the gradient of 

the straight line obtained and its intercept on the volume axis, 

the volume in mis cf the pyknometer was found to be related to the 

sum of the heights ht. in cms. by

Vol. = 0.0080 ht. + 4.0960. 2.19 

Tricarbanilate Partial Specific Volume

The polymer partial specific volume is independent of molecular 

weight. Thus v* for the Tricarbanilate in pyridine was determined 

on Fraction 2, in the 0-solvent on Fraction 1. As with sedimentation 

coefficients, partial specific volumes must be extrapolated to zero 

concentration. The method is as follows.

The densities p of a series of polymer solutions of known con 

centration are determined from the pyknometer results. The polymer 

weight fraction w_ at each concentration is calculated from the 

solution volume, the weight of solution and its concentration. A 

graph of p against w yields a straight line at the low concentrations 

involved (0.5 to 2.5 mg ml" ), gradient dp/dw_. v1. is then calculated 

for each concentration from equation 2.18. A graph of V against 

concentration yields v8, . The terra (l - V p) is found from
JL.CsO JL \ CssO

?. and the solvent density.
l,CsO

The graphs for tricarbanilate Fraction ^pyridine are shown in 

Fig* 2*1* Very similar graphs were obtained for Fraction 1/6-solvent. 

The values of V, and (l - V_ p ) ^ determined for the tricarbani-
l,CsO I} CaO

late in pyridine and 6-solvent are shown in Table 2.1 (ovei-leaf).
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Table 2.1 Tricarbanilate, 25.0°C,

F^ridine 6-Solvent

l'c=o 0



5« Light-Spattering

Light-scattering is an extremely powerful technique for studying 

solutions of macromolecules. It is unique in providing an estimate 

of molecular dimensions without prior assumptions about the shape of 

the molecules. The method gives weight average molecular weights 

M , and osmotic virial coefficients*
^f

Scattering by G-aaea

The oscillating electrical field of a light beam induces an 

oscillating dipole in molecules lying in its path. Light of the same 

wavelength as the incident beam is radiated by the dipoles, giving rise 

to the phenomenon of light-scattering.

Rayleigh (l8yi) considered the simplest case, that of the 

scattering by gases. The particles are assumed small compared with 

the wavelength of light, randomly situated at large distances from each 

other, and electrically isotropic. If the incident light is polarised 

in the vertical plans, the light scattered by a gas-particle will also 

be polarised in the vertical plane, and its intensity independent of 

the angle 6 subtended by the incident and scattered rays (the angle of 

viewing). Light scattered from horizontally polarised incident light

is polarised in the horizontal plane, and its intensity therefore pro-

2 o 
portional to cos 6. Thus the light scattered at 90 from an un-

polarised incident beam is polarised entirely in the vertical plane, 

whereas the light scattered along the direction of the incident beam 

(6 m 0°) is completely polarised in both the horizontal and vertical

planes.

Rayleigh showed that the intensity of light scattered at the 

general angle 6 is given by

I = I (8rrV^2/X V) (l +cos2e) . 2.20



where I is the intensity of the unpolarised incident beam, N is 

the number of scattering particles per unit volume, a the particle 

polarisability (spherically symmetrical), \ the wavelength in 

the medium of the incident light, and r the distance of the 

scattering element from the point of observation.

From the relationship between index of refraction n and polaris- 

ability, and a simplifying assumption which allows n to be replaced 

by a Taylor expansion, equation 2.20 reduces to

RA « Ift r = 2 n 2 (dn/dc)2 . M.c , 2.21

1(1 + cos2e) ° o

where M denotes molecular weight, c concentration, and N Avogadro's 

number.

R is known as Rayleigh1 s ratio, and (dn/dc) as the refractive 

index increment. 

Scattering by Small Solute Particles

Rayleigh's treatment can be extended in a non-rigorous fashion 

to the case of scattering by small molecules in dilute solution. 

Debye (1947) suggested a more satisfactory approach employing the 

fluctuation theory developed by Einstein (1910). In this method, the 

scattering particle is a spontaneous local fluctuation in density and 

concentration of a medium which to a first approximation is considered 

homogeneous. Tanford (l96l) and Morawetz (19&5) give detailed accounts 

of the derivation for dilute solutions of equation 2.22 which is 

analogous to equation 2.21 for gases.

RQ = 2 n 2n2 ( Sn/Sc)2 . c , 2.22

where n is the refractive index of the solution, v1. the partial molal 

volume of solvent, k Boltcmann's constant, T the absolute temperature, 

and /A- the chemical potential of the solvent.



McMillan and Mayor (1945) have shown that an equation of the 

following form is completely general for non-electrolyte solutions, 

with the coefficients A , A , etc., functions of temperature and 

pressure and of the specific nature of solvent and solute:

- F° « - NkTVjod/k 4 A2c * AjC2 ..... ), 2.23

where F. is the molar free energy of the solvent in its pure state, 

and M the solute molecular weight.

Differentiation of equation 2.23 and substitution into equation 

2.22 with n *-. n (the refractive index of solution can be replaced by 

the refractive index of solvent for sufficiently dilute solutions), 

yields

RA • 2 n 2 n2 (dn/dc) 2 c . 2.24
0 O

N A^d/M + 2A2 c + 3A3 c2 + ....)

This can be simplified to

R * Kc/(l/M + 2Ac +3Ac2 ...) , 2.25

where K = 2 n2n2(dn/dc)2 . 2.26

Here Rft is the difference between Rayleigh's ratio for the solution 
0

and Rayleigh's ratio for the solvent.

An alternative approach, and in fact the one employed by Debye 

(1947), is to measure the diminution of intensity of the incident beam 

as it passes through the solution. According to the Lambert-Beer law,

I a I0 «tp(-tl) , 2.27 

where I is the intensity of the beam after traversing an optical path



length 1. It is easily shown that

T« (l6n/3). Rfl . 2.28
D

It follows from equations 2.25, 2.26 and 2.28 that

He. = ££ = 1 +2Ac + 3A C2 ..... f 2.29

where H = (l6n/3). K. Thus graphs of HC/T and Kc/R against c 

yield the molecular weight from the intercept at infinite dilution, 

and the second virial coefficient from the limiting slope.

The derivation given in this section has been for a two-component 

system, solute plus solvent. An average value for the molecular 

weight is obtained if the solution contains a series of components, 

as for example in a solution of a heterogeneous polymer mixture. In 

this case,

Lim R. m K s c.M.   
c=o i

Because ^Tc. * c, the total macromoleoular concentration,

Lim Kc/R =5 C -/ M e VH . 2.30

Therefore the molecular weight obtained in lightsoattering experiments 

is a weight average. It can be shown in the same way that the value 

of the limiting slope gives the Z-average second virial coefficient. 

Pepolarisation by Anisotropic Particles

If the scattering particles are not electrically iao tropic, the 

scattered light is depolarised so that the light scattered from a 

vertically polarised incident beam has a horizontal component, and 

vice versa. The ratio of horizontally to vertically polarised 

scattered light, the depolarisation ratio p , is not zero, and



2.5"

experimental values of Rfi and T" have to be multiplied by Cabannes1 

factor, (6-7 p )/(6 + 6p ) f if the correct M is to be obtained.

Insertion into the scattered beam of an analyser which passes 

only polarised light allows p to be measured. As pointed out by 

(Jeiduschek (1954), however, measured values of p may not reflect 

the true optical anisotropy of a polymer system at all, and care must 

be taken in the interpretation of experimental results* The light 

scattered by small unsymmetrical solvent molecules would be expected 

to be depolarised. Accounting for the depolarisation often reported 

for flexible polymer molecules (after subtraction for solvent scatter) 

is a rather more tedious matter (Doty, 1948). 

Scattering by Macromoleculea

When the solute molecules have at least one dimension greater 

than approximately 1/20 the wavelength of the incident light, the 

light scattered from one part of a molecule will interfere destructively 

with that scattered from other parts of the same molecule. The 

destructive interference is greater in the direction of backward 

scatter (180 ^6^90 ) than in the direction of forward scatter 

(900^ 6^ 0°) and absent in the direction of the incident beam (e s= 0 ), 

so that the envelope of the intensity of scattered light is no longer 

symmetrical about ths point of scatter (Pig. 2.7). This effect may 

be described by the particle scattering factor P(e)

P(0) s scattered intensity for a large particle , 2.31 
scattered intensity without interference

which is unity when 8 = 0 and which decreases as the angle of 

scattering observed is increased towards 6 « 180 .

The general form of P(e) was first derived by Debye (1915). 

The particular forms for various geometric models of molecules in 

solution (spheres, random coils, rods, etc.) have also been calculated 

(Tanford,



Guinier (1939) pointed out, however, that the shape of the 

molecule in solution need not be assumed for calculation of M .
W

Furthermore, because P(0) becomes independent of particle shape as 

6 approaches zero according to

2Lim lPe » 1 4 Ign . R . sin
3 \y A o

where (^Q.) is the root-mean-square average radius of gyration, P(0)

itself provides a measure of the molecular dimensions*

The

Equation 2,32 is valid only at high dilution, so that the data 

at each angle must be extrapolated to zero concentration* Equation 

2.29 is valid for large molecules at only zero angle, so that the data 

at each concentration must be extrapolated to zero angle for evaluation 

of $ and A .
w c*

The simultaneous extrapolation is conveniently performed by the
n

method suggested by Ziram (1948). Kc/JL is plotted against (sin 6/2 +cJ

where k is an arbitrary constant chosen so that the grid-like graph is 

adequately spread out (Fig. 2.2).

Combination of equations 2.29, 2.30, 2.31, and 2.32 gives

6 n 2 . R;. sin2 £ +    ). 2.33

R0 flw . p(e) flw 3 X* 2

Thus extrapolation to zero concentration yields a graph of Kc/R.
D

against sin 0/2, the intercept being 2/M 9 and the limiting slope
FW

16 n Rl/3 X   t ao that R« (a Z-average) is readily calculated from i» ^o w « 

the ratio of slope to intercept, (\ is the wavelength in the 

scattering medium, equal to the wavelength in the solvent for dilute 

solutions). Extrapolating to 0 a 0 yields a graph of Kc/RQo against
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kc, the limiting slope from equation 2.29 being 2AVk, the intercept 

again being the reciprocal of the molecular weight. 

The Dissymmetry Ratio

A convenient measure of the extent of internal interference when 

the scattering particles are larger than 1/20 the wavelength of the 

incident light is the dissymmetry ratio Z at 45° and 135  

= P(45°)/P(135°) . 2.34

Z should be equal to unity for solvents. If it is greater than 

this, it means that the solvent has not been adequately clarified, 

and suspended dust is scattering light. As discussed later, this is 

undesirable. A solvent is adequately clarified (if the solvent- 

scatter is to be subtracted from the solution-scatter) when Z <* 1.05. 

The Light-scattering Photometer

The machine employed was the Brioe-Phoenix Light-scattering 

Photometer (Model 10 0-D) manufactured by the Phoenix Precision 

Instrument Co. to the design of Brice et ai. (1950). See Fig. 2.3.

The blue and green monochromatic filters supplied by the manufac 

turers were replaced with interference filters made by Grubb Parsons

Ltd. These isolate the mercury green (54^1 A) and mercury blue

o 
(4358 A) wavelengths of the mercury arc with a lower intensity loss

than the originals. The replacement necessitated a new determination 

of the transmittances of the neutral filters used for attenuating the 

light beam. This was carried out as recommended in the Brioe-Phoenix 

manual. The new figures for the individual filters differed from the 

old by approximately 2#. The exact values for the new transmittances 

of the neutral filters (l, 2, 3, 4, numbered as in the instrument 

manual) are collected in Table 2.2. The transmittance of a filter 

combination found experimentally was in close agreement with the product
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of the individual filter transinittances, as would be expected. This 

is contrary to the reports by Tomimatsu and Palmer (l959» 196l).

Table 2.2. Transmittances

Neutral Filter 
Combination

1

2

3

4

12

13

14

23

24

34

123

134

234

124

1234

of Neutral Filters

Wavelength 
Green, 5461 A

0.4758

0.2772

0.1303

0.05245

0.1319

0.06200

0.02496

0.03612

0.01454

0.006834

0.01719

0.003252

0.001895

0.006918

0.0009024

Wavelength. 
Blue,4358 A

0.4713

0.2675

0.1219

0.04983

0.1261

0.05745

0.02348

0.03261

0.01333

0.006074

0.01537

0.002863

0.001625

0.006284

0.0007659

Optical Alignment

The photometer optical system was aligned according to the 

manufacturer*s instructions.

A common test for correct alignment is to inspect the envelope 

of light produced when a fluorescent solution is illuminated in a 

cylindrical cell (Brice ,g£ ai. f 1950). The fluorescence should be



symmetrical provided that the concentration of fluorescing material 

is sufficiently low. Thus a symmetrical envelope confirms a) that 

the optical system consisting of light source, oollimating tube and 

slits, and photometer is in alignment, b) that significant amounts 

of light are not being scattered from the edges of the collimating 

slits, c) that the cylindrical cell is seated on the cell table so 

that its plane entrance and exit faces are normal to the light beam, 

and d) that the cell has been fabricated free of distortion so that 

multiple reflections from the inside of the cell walls do not contri 

bute to the envelope at the lower angles viewed. An unsymmetrioal 

envelope indicates that at least one of these criteria is not being 

met*

Dilute solutions of fluorescein (approximately 10 * mg ml ) in 

NaCl (approximately O.O^M) were illuminated with unpolarised blue 

light (4358 A) in the large cylindrical (C-lOl) cells. The fluorescein 

solutions had been filtered under gravity directly into the cells 

through Grade 4 sintered glass filters to remove extraneous material* 

A yellow filter was placed on the nose-piece of the photomultiplier to 

provide a sharp cut-off of any blue light scattered by the solution or 

parts of the optical system. A graph of 6- , the galvanometer reading 

for the intensity viewed by the photomultiplier, against 0 , the angle 

of view, should be symmetrical about a minimum at 0 « 90   The 

scattering volume viewed varies as sin 6, so that the terms & .sin 8 

should be independent of angle. This was indeed found to be the case, 

as shown in Fig. 2.4.

According to this test therefore, the photometer was in an ideal 

state for operation. But at lower concentrations of fluorescein 

(approximately 10"* mg ml" ), a significant proportion of the light
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reaching the photomultiplier was scattered light from dust in the 

solutions. While smooth curves were still obtained, they were no 

longer symmetrical about 6 = 90   Thus, the fluorescein test was 

deemed insufficiently sensitive for checking the set-up of the 

instrument.

The scattered light from solvents is of very low intensity and

should, therefore, form a good test. A graph of &- against 6 would
6

again be symmetrical about a minimum at 0 » 90°. Taking account of

the variation of intensity of scattered light with angle, the terms

P 
G- .sin 0/(l + cos 0) should be constant, if the molecules of the

liquid are optically isotropic. If the molecules are anisotropic, 

the scattered light is depolarised, but the correction factor for this

effect would be expected to vary symmetrically about 0 e 90 , so that

^ 
graphs of &. and G- .sin 6/(l + cos e) against 6 should both be

o 0

symmetrical.

Water and aqueous solvents are difficult to clarify, whereas 

organic solvents are fairly readily obtained free of dust simply by 

distilling them. Acetone and benzene were therefore distilled through 

Fenske helices directly into the light - scattering cells. Although 

the curves obtained had a semblance of symmetry about them, indicating 

a minimum of contaminating dust, they were highly irregular rather 

than smooth. Further, the details of the irregularities were largely 

the same for different cylindrical cells.

Conditions a) and c) above can, to a first approximation, be 

verified by eye, and condition d) assumed. All the evidence, there 

fore, pointed to scattering from slit edges in the optical system as 

the source of the trouble.

Careful inspection revealed that the highest proportion of scattered



light was coming from slit C. Minor adjustments to the alignment 

of the optical system gave no improvement, nor did careful painting 

of surfaces and edges with matt black paint. The problem was 

finally solved by workshop fabrication of a new slit B, its dimensions 

being marginally smaller than those of C. Slit B was carefully 

centred, and could be reproducibly fixed in position. This modifi 

cation, in combination with the use of 'Matt Black1 paint by Johnsons 

of Hendon Ltd., (found superior to other commercial matt blacks and 

various laboratory formulations), decreased the extraneous scattering 

to a negligible level.

As shown in Fig. 2.5, extremely satisfactory solvent scatter was 

then obtained. Because benzene and glass have very similar re 

fractive indices, the frosted back surface of the C101 cells appeared 

transparent, and scanning could be carried out on both sides of the 

incident beam. The graphs obtained were identical and superimposable, 

indicating accurate optical alignment.

The scattering of solvents was therefore shown to provide an 

extremely sensitive test for the alignment of the photometer optical 

system. 

Calibration

The ideal light-scattering photometer would be of a design such 

that Rayleigh's ratio could be related to observed scattering intensity 

by a geometrical consideration of the optical system. The Brice- 

Phoenix instrument may be calibrated by a combination of geometrical 

methods and measurements on standard diffusors (Brice el; aj^., 1950 » 

1954)* but this approach is unsatisfactory in that it takes no account 

of the slight differences which may be present in individual instruments. 

A useful critique of the results obtained by different methodr, of 

calibration has been provided by Kratohvil et aj,. (1962).





The most satisfactory calibration procedure for the Brice- 

Phoenix instrument involves an experimental comparison of the light 

scattered at 6 « 90° by a suitable calibrant solution with the 

absolute turbidity of the solution determined spectroscopically. 

The calibrant must fulfil the following conditions. a) The particles 

should be small compared with the wavelength of light so that the 

scattering is symmetrical. b) The particles should be optically 

isotropic so that no depolarisation occurs . c) The particles should 

be sufficiently d ense to give reasonably high turbidity values at low 

concentrations. d) The solution should be stable with no tendency 

for the particles to aggregate over the time of the experiment, and 

removal of extraneous dust should be easily accomplishable. e) The 

light lost in passing through the solution should be caused by 

scattering alone, and not by absorption. Syton 2X, a colloidal silica 

made by Monsanto Chemicals, Ltd., fulfils these conditions, and its 

use as a calibrant has been recommended by Jennings and Jerrard (1964). 

The details of the calibration procedure are as follows.

The stock Syton 2X, concentration approximately 3® gn/100 ml, 

was diluted with fresh glass-distilled water and 0.1 M NaCl to provide 

four solutions in 0.05 M NaCl of various concentrations, approximately 

1Q#, 8?c 9 6fr, and jft. These solutions, and the 0.05 M NaCl solvent, 

were centrifuged at 20,000 g for 1 hour. Clarification was completed 

by filtering all solutions and solvent through 1.2 Millipore filters 

directly into the C-101 cylindrical cells.

With the narrow slits at A and C in position, a narrow diaphragm 

D in the photometer nose-piece (appropriate for use with the C-101 

cells), and the new slit B attached to the cell table, the ratio
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90, S of the galvanometer deflection at 6 a 90° to that at 6 a 0° 

(i.e. the experimentally recorded intensity ratio of light scattered 

at 6 = 90 to light leaving the cell at 6 = 0°), was recorded for 

each solution at 54&1 A. The cells were scanned from 30° to 135° 

to make sure that the scattering was symmetrical. The ratio GQQ f 

for solvent in the cells was later recorded also, and this blank 

correction subtracted from &QQ g to give G , the ratio of scattered 

to transmitted light for the solute at each concentration.

The iightscatterinfi solutions were filtered immediately through 

1.2 Millipores into matched 10.00 cm silica cells. These cells, 

painted matt black on the outsides, were held in a special housing to 

fit a Unicam S,P. 500 spectophotometer. The optical density E of 

each solution, corrected for a solvent blank, was read at 250 A 

intervals between 4000 and 6000 A, and the optical densities at 54^1 A 

interpolated from graphs of E against A*". (That these graphs were 

linear indicated condition e) above to hold.) Thus the turbidity 

T" a: 2.303E/10.00 was found for each concentration. The relationship 

between T and G^ for each concentration of calibrant was then used 

to calculate the calibration constant for the photometer, as shown 

below.

After the optical density determinations, the solutions were 

filtered into 30 mm square (T-lOl) light-scattering cells. With the 

wide slits at A and C, and without the new slit B in position, or 

the narrow diaphragm D in the photometer nose-piece, the values of 

Gon for square cells were recorded. These are directly related to
7U

the values found with the cylindrical cells, and provide an immediate 

check on the calibration.



The method used here is essentially that of Maron and Lou 

(1954, a), who corrected that of Oster (1950) in which no account 

was taken of the light absorbed from the incident beam in travelling 

to the scattering volume, or from the scattered beam in travelling 

from the scattering volume to the point of detection,

The calibration constant J is given by

*9o - 

Now, from equations 2.21 and 2.28, it follows that

*r = 16 n . £90 = 16 n ,r . IOQ , 2.36 ~
3.T

IOQ 
T

where v is the volume of the scattering element, IQQ is the intensity 

of the scattered light at the scattering volume, and I~ the intensity 

of the incident light at the scattering volume. The intensities of
A

the scattered light I Q as it is detected at 6 = 90 , and the incident 

light IQ as it is detected at 6 s 0 , are given by the Lambert-Beer 

relationship as

i i
exp (-T1 ) and IQ * IQ exp (- rl^) ,

where 1. and 1 are the optical path lengths between scattering volume 

and points of detection of scattered and transmitted light respectively, 

Substitution into equation 2.36 and rearrangement gives

16 nr2 exp (T^ -Tig) . 2.37

The quantity (IQQ/IQ) is e(lual to &OQ ** defincd above, so that

x Iog10(l6nr2/3v) ^ (^-12)^/2.303. 2.38

Therefore a graph of ^S-^ against T should yield a straight
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line. The intercept at zero *T* gives the calibration constant 

for the type of cell in which G- Q has been measured.

Fig. 2.6 shows the graphs obtained at 5461 A and 25°C for the C-101 

and T-101

JC-101 * °-01^2 JT-101   °-00972

According to the instrument manual, the calibration constants J

should be related to each other by the ratio G-Q//GQO* where G-
t

denotes the T-101 cell, &QQ denotes the C-101 cell. The average

value of this ratio from the fbur solutions employed was 1.477, so 

that Jm 101 x 1*477 = 0.0143,., in good agreement with the value

determined in the separate experiment for *L _ nn .
w JLUl

An opal glass and neutral filter combination (the so-called 

working-standard, Item 15 in the instrument manual) is attached to 

the phototube arm, and is introduced into the light beam when the arm 

is set at 6 & 0 , but not when the arm is set at any other working 

angle. An explicit knowledge of the working-standard constant f af , 

the ratio of the intensity recorded when the phototube views the 

working-standard to that recorded when it views a reference-standard 

opal glass set on the cell table, is required for the method of 

calibration mentioned earlier (that of Brice et ]£., 1950, 1954). 

An explicit knowledge of 'a1 -would not be required for the method 

used here were it not for the fact that the properties of the working- 

standard may change slightly with time, the optical alignment, and 

the state of the lamp. The working-standard constant f a' was 

therefore periodically checked, and found to vary somewhat from the
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o
value of 0.0579 at 54^1 A determined at the time of calibration.

The values of J above were adjusted according to the ratio of the 

values of  a' found at the time of calibration and at the time of 

subsequent discovery of variation.

Check on the Calibration

The calibration constants J were verified by determining the 

excess turbidity and molecular weight of Cornell polystyrene in 

toluene, and Rayleigh's ratio for benzene and toluene, and comparing 

the values found with those quoted in the literature.

Cornell Standard polystyrene was dried at 40 C for 24 hours 

in vacuo, and dissolved in toluene which had been redistilled through 

Fenske helices. Solutions were centrifuged at 20,000 g for 1 hour, 

then filtered through a Grade 4 sinter. The excess turbidity

(i.e. turbidity of solution minus turbidity of solvent) at 25 C and

o .3 «1
54ol A for 0.5 gm polystyrene/100 ml toluene was 1.23 x 10 "cm as

determined in the T-101 cell. According to Kratohvil et a^. (1962), 

the value obtained would be expected to fall in the range (1.25 * ! 

x 10~*cm . Measurements in the C-101 cell at several concentrations 

(0.16 to 0.50 gm/100 ml), determination of dn/dc for the system, and 

a full extrapolation of the data by the method of Zimm, including a

Cabannes factor of 0.970, gave M as 509,000, compared with 505,000
w

obtained by Maron and Lou (1954,a).

Benzene and toluene were redistilled through Fenske helices, 

and collected directly in the T-101 light-scattering cells. At 

25°C and 5461 A, the Rg0 values obtained were 15.4 x 10* cm" for 

benzene, and 21.2 x 10 cm for toluene* These compared well with 

the respective literature values of 15.5 - 16.0 x 10* CM* (Kratohvil

»i 1962) and 20.5 x 10" cm"1 (Maron and Lou, 1954, b).



Correction^ Factors

The Brice-Phoenix manual details the precautions to be taken 

when light-scattering studies are made on solutions which display 

selective absorption or fluore»cence. In addition, the phototube 

may be sensitive to the direction of polarisation of the light 

incident on it, in which case the appropriate correction factors must 

be determined.

Of more immediate importance are the correction factors required 

to compensate for various optical effects inherent in the details of 

the instrument design. These are particularly important when 

absolute values of parameters are required, for example in the 

determination of the absolute values for Rqo of pure liquids, and 

less important when relative values suffice, for example in the 

determination of the molecular weights of a series of polymer fractions*

Carr and Zlmm (1950) pointed out that the phototube views a 

larger scattering volume than the volume defined by the dimensions of 

the beam, and that this effect is dependent on the refractive index 

of the scattering medium, Kerker et al. (1964) gave the first com 

plete analysis for the general case. They showed that for the Brice- 

Phoenix instrument calibrated with an aqueous solution, the volume 

correction factor C for use with the wide slit system (square cells) 

and benzene (also toluene with a similar refractive index) is 1,070.

A further correction to which Carr and Zimm (1950) and Brice jg£ 

.Si. (1950) drew attention is that necessitated by the refraction effect

at the cell-air interface, which reduces the cone of light seen by the
i

photomultiplier. This refractive index correction C , again referred

to water, was calculated for the wide slit system (square cells) and 

5461 A, 25°C from the formulation of Maron and Lou (l954,b) and the 

dimensions provided by Kerker $t a^. (1964). For toluene, C is 1.214



and 1.201 for the JQ mm and 40 mm cells respectively, for benzene 

the corresponding figures are 1.226 and 1.212.

Fig. 2.7 shows the shape of the envelope for light scattered 

by solute molecules greater than 1/2Q the wavelength of the incident 

light (continuous curve). A small fraction of light incident 

normally on the interface of two transparent media is reflected. 

The phenomenon is known as Presnel reflection. In the light- 

scattering cell, there are two interfaces, the liquid-glass and the 

glass-air, and the light reflected back into the solution from the 

exit-face of the cell forms its own scattering envelope in the reverse 

direction (broken curve). The intensity of scattered light observed 

at an angle Q must be corrected to that which would be observed if 

there was no transmission loss at interfaces, no reflection from the 

back of the cell, and no contribution from the reverse scattering 

envelope.

Tomimatsu and Palmer (1961, 1963) reviewed this problem, and 

provided several correcting equations. Their approach, however, did 

not allow for the reflection occurring at the liquid-glass interface, 

Kratohvil (1966) was the first to incorporate this, and he showed that 

the equations for the corrected intensities have the general form

where G is the corrected intensity at angle 6 , and G- and

are the experimentally recorded intensities at 6 and the complementary 

angle ( 180-6 )°. X and Y are constants which depend only on the 

fractions of light reflected at the liquid-glass and glass-air inter 

faces. For aqueous systems, a significant amount of light ia re 

flected at the liquid -glass interface, but organic solvents have 

refractive indices close to that of glass, and only the reflection
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at the glass-air interface need be considered. In the latter 

case, for a cylindrical C-101 cell of Pyrex glass with a frosted 

inner back face, X * 1.080 and Y =  0.074.

It is important that a correction of this type be made to the 

data used fbr Zimm plots, otherwise the lines of constant concentra 

tion begin to curve at high angle. In fact, a less elaborate 

correction involving only the fraction of light scattered by the 

reverse envelope at the angle of measurement was found to be adequate, 

and more convenient for the purposes of ready calculation. This had 

the form

where K is the fraction reflected at the air-glass interface. 

R s 1/20 is a sufficiently good approximation. This correction was 

first suggested by Sheffer and Hyde (1952) and Oth e£ al. (1953). 

It was routinely applied in this work to organic solutions and also 

to aqueous solutions (because the photometer had been calibrated with 

an aqueous solution, reflections at the water-glass interface were 

already compensated fbr in the value determined for the calibration 

constant). 

Experimental Accuracy

The form of equation 2.32 limits the applicability of the common

light-scattering technique to molecules with dimensions between
o 

approximately 200 and 2000 A. The experimental accuracy depends to

a great extent on the material being investigated, but in general

values of R can be determined to within 4- 3?^» and a careful extra- 
6

polation can cive a molecular weight to within - 5>°« The greater the 

molecular weight, the higher is the intensity of light scattered, but

0

an upper limit ca. M > 10 is set by the diminishing value of thew



intercept on the Kc/IL axis. A high value for the refractive
9

index increment again means a high intensity of scattered light, but 

because dn/dc occurs in the light-scattering equations as the square, 

it is often the accuracy of this measurement which is the limiting 

factor.

The most convenient method of providing temperature control was 

found to be to thermostat the room in which measurements were made. 

All determinations were carried out at 25.0 4 0.5°C. 

Clarification

Although little-mentioned in the literature, clarification is 

the most serious technical difficulty encountered in light-scattering. 

Accurate results cannot be expected if light is scattered by dust in 

solutions. Preliminary precautions are very worthwhile, in particular, 

provision of a dust-free room in which to carry out all experimentation. 

Centrifuge tubes should be cleaned in dust-free acetone and allowed 

to dry by standing on a clean surface. Pipettes should be washed in 

dust-free acetone and dried by drawing air into them through a Grade 

4 sinter. Flasks and light-scattering cells should be allowed to 

soak in a mild detergent (*Decon 75* was found suitable), rinsed with 

water and acetone 9 and suspended in a stream of condensing acetone 

(Thurmond, 1952). They should be allowed to dry by standing upside- 

down. Dust adhering to the outsides of cells should be removed with 

a fine camel-hair brush rather than lens-tissue. Cells should be 

kept covered as far as possible during manipulation.

Organic solvents are clarified fairly readily by distillation 

through a column of Fenske helices. This is best carried out directly 

into the light-scattering cells   volumes can be estimated by 

weight. Filtration after distillation is unnecessary, and indeed



usually provides no improvement. A variety of methods was tried on 

water which because of its highly polar nature is difficult to 

clarify. Filtration through &rade 5 sinters and Millipore filters 

was found to be both inefficient and unreliable. Water displaying 

a symmetrical scattering envelope (although with a slightly high 

value of R ) was eventually obtained from a continuously-running all- 

glass still. No advantage was to be gained in ultracentrifuging 

solvents.

The quantity of interest is the excess scattering by the solute 

molecules, i.e. the difference between the solution- and solvent- 

scatter. The scattering with solvent in the cell is determined, 

then aliquots of a stock solution added and the scattering by the 

solutions of increasing concentration determined. The reverse pro 

cess, successive dilution of a stock solution n the light-scattering 

cell, could lead to a high proportion of the light scattered at the 

lower concentrations being due to contaminating dust, and a separate 

solvent blank would have to be determined.

The major problem is the clarification of the stock solutions 

rather than the clarification of solvent, although the addition of 

aliquots of stock to solvent in the cell should keep the contribution 

to the scattering by dust to a minimum at each concentration. Never 

theless, the increasing amounts of dust introduced with the stock mean 

that the constant solvent correction underestimates tho real solvent 

correction that should be made for each concentration. Because the 

intensity of scattered light is highest in the forward direction, i.e. 

when 6" 0° , spuriously high intensities caused by light scattered by 

dust are recorded particularly at the lower angles (30 < 0 <60 ). 

This effect is most serious when the 'true* solution-scatter is not



much greater than the 'true* solvent-scatter, i.e. at low solute 

concentration, at low solute molecular weight, or at low values of 

diydc. If significant quantities of light are being scattered by 

dust in solution, the lines of constant concentration on the Ziam 

plot suffer from downward curvature, and the extrapolation procedure 

becomes unreliable. The magnitudes of the resultant possible 

errors in the determination of molecular weights are discussed in 

Section 3, in which is described the development of a method for 

overcoming the effects of dust in light-scattering studies on aqueous 

solutions of the starch components.

Various methods and combinations of methods have been used in 

the past for the clarification of solutions. The clarification 

procedure found most convenient and reliable in the work described 

in this thesis was that of preparatory ultracentrifugation. Solutions 

of tricarbanilate in pyridine, tricarbanilate in 6-solvent, and amylose 

and amylopectin iii aqueous solvents, were centrifuged in an M.S.E. 

Automatic * Superspeed 50* T.C. centrifuge.

Solutions of 0.57? concentration were filtered under gravity 

through Grade 2 sintered glass filters into the centrifuge tubes, then 

spun for 1 hour under temperature control. (The force-fields used 

on the various solute/solvent systems are detailed elsewhere.) The 

8 x 50 ml rotor was employed with a minimum of 20 mis solution in 

each tube   smaller volumes of liquid, or the use of a smaller rotor 

and smaller tubes, led to difficulties in extracting the solutions at 

the end of runs without stirring up material from the bottoms of the 

tubes. It was found advantageous to place a glass-fibre filter pad 

at the bottom of each centrifuge tube to entrap sedimented material, 

and to withdraw the solutions by pipette rather than by decanting.



The 6-solvent was also clarified by this procedure. F^ridine 

and 0-solvent of the same age (after preparatory distillation of 

pyridine and water) as that used for dissolving polymer were employed 

as the solvent blanks in the cells to which were adled aliquots of 

the 0.5^ solutions.



$  Differential Refractometry

Refractive index increment is a characteristic property of a 

material in solution. It is a measure of the molecular environment 

of the solute. Thus the refractive index increment of a polymer 

depends on the solvent, and cannot be determined in mixed solvent 

systems. It also varies with temperature and wavelength ( O'Mara 

and Mclntyre, 1959).

The refractive index increment is defined as

Lim « 
dc " c-*o c '» *

where n is the refractive index of solution, no the refractive index 

of the solvent, and c the concentration. As already noted, the re 

fractive index increment is required in determining molecular weight 

from light scattering data. It occurs in equation 2.26 as the square, 

and must therefore be determined as accurately as possible. 

Calibration

The refractive index increments for various systems were measured 

on the differential refractometer designed by Brice and Halwer (1951) 

and manufactured by the Brice-Phoenix Precision Instrument Corporation.

The instrument consists of a light source, a cell in which 

solvent and solution are contained in adjacent compartments, and a 

micrometer telescope to measure the deviation of the light beam, all 

mounted on an optical bench. Temperature control is provided by water 

circulated round the cell-housing.

The deviation of the light beam Ad (mm.) on passing through the 

solution is related to the difference An in refractive index between 

solution and solvent by

An = k. Ad . 2.43



Therefore, at sufficiently low concentrationa

k = (dn/dc) (c/Ad). 2.44 

Sucrose solutions were used as the calibrating medium of known 

dn/dc. Sucrose was dried at 60°C for 24 hours in vacuo, and six 

solutions of known concentration between 1 and 50 mg ml made up by 

weight in distilled water and filtered under gravity through a Grade 

4 sinter. Concentrations were checked by polarimetry before cali 

bration - in fact no significant amount of material was lost in the 

filtration.

Table 2.3 Sucrose-Water, 25.0°C 

Wavelength X, (X) dn/dc (ml gm""1 ) k (ram"1 ) 

5461 0.1430s 0.933 

4358 0.1449^ 0.939

* Costing and Morris, 1949. -Norberg and Sundelof, 1964.

The values for the calibration constant at the two wavelengths 

were confirmed by determination of dn/dc for the following systems.

Cornell Standard polystyrene was driefl at 40°C for 24 hours in 

vacuo, and dissolved in toluene which had been redistilled over Fenske 

helices. Several concentrations in the range 2 to 20 rag ml"" were 

made up by weight. Solutions were filtered under gravity through a 

Grade 4 sinter before use.

Syton 2X (a colloidal silica made by Monsanto Chemicals Ltd.) was 

diluted from the stock 3°^ to approximately lOJr with distilled water 

which had been filtered through a Grade 3 sinter. The 10% solution 

waa then centrifuged at 15,000 g for 1 hour. Several solutions in 

the range 5 to 40 mg ml" were made by dilution of the centrifuged

solution. Concentrations were accurately determined by evapora 

tion to dryness.



Table 2.4 Indicates the accuracy of the calibration with

sucrose.

Polystyrene - Toluene, 25.0 C
^

Wavelength , (A) 

5461 

4358

5461

4358

dn/dc (Exptl.) 

0.1079 

0.1122 

Syton 2X - Water, 25.0°C

0.063

0.064,

0

dn/dc (Lit.) 

0.1091* 

0.1129s

0.0638£

0.108^ 

0.112*

%Iorberg and Sundelof, 1964. -Maron and Lou, 1954.

%ennings and Jerrard, 1964.

Table 2.5

System

&lycogen - ILO 

Amylose - 0.33 MKC1 

Amylose - H 0 

An^ylopectin - HO

Refractive Index Increments, 25.0 C

5461 A

dn/dc 
(Exptl.)

0.150 0.151

0.140 0.143-

0.148 0.150&

0.149 0

Anylopectin - 0.1 M NaCl 0.156 0.151-

Amylose-Acetate- 
Nitromethane

Amylose-Tricarbanilate- 
I^ridine

0.0840 0.083|

0.097,

4358 A

dn/dc dn/dc 
(Lit.) (Exptl.)

dn/dc 
(Lit.)

%ourston (1967) ^Putzeys and Verhoeven (1949)

%oster and Paschall (1952) ones (1959)

0.154 0 

0.143 c 

0.150

0.151 c 

0.160 0.156s

0.0858 0,

0.102,

%itnauer, Senti and Stern (1955)



Refractive Index Increments

The refractive index increments of various systems are included 

in Table 2*5* Reference is made to any known literature values* 

Solutions were clarified by filtration through &rade 4 sinters, 

solvents by redistillation. Polysaccharide concentrations were 

estimated after acid hydrolysis by the alkaline-ferricyanide method 

of Lampitt &t &1* (1955) as developed by Adkins et a^. (19&9). 

Solutions of amylose derivatives were made up by weight.



7» Determination of 0-solvent Composition

A 0-solvent for a polymer is a solvent which is just capable 

of dissolving a sample of that polymer of infinite molecular weight 

at zero concentration. The composition at 25°C of the pyridine/ 

water mixture which acts as a 0-solvent for amylose-tricarbanilate 

was determined as follows by the method of Schultz and Plory (1953).

The tricarbanilate fractions numbered 1, 2, 3, 5, 8, and 9 

(with the molecular weights shown in Table 2.6) were dissolved to 

known concentrations of approximately 4.5 mg ml" in pyridine which 

had been freshly distilled over NaOH pellets. 1.00 ml aliquots of 

each solution in pyridine (solvent) were allowed to equilibrate in 

boiling tubes to 25 C in a water bath. Distilled water (non-solvent) 

at 25 C was added slowly from a burette, the boiling tube being con 

tinuously agitated by hand, until the first faint permanent turbidity 

was observed. The volume of precipitant was noted, a 2.00 ml aliquot 

of pyridine added to dissolve the precipitated material and provide a 

new starting point, and the procedure repeated. Seven such steps 

were carried out for each solution so that the final tricarbanilate 

concentration was approximately 0.3 mg ml .

For all fractions, the volume fraction of solvent at each 

precipitation point was independent of the polymer concentration 

within experimental error, and no extrapolation to aero concentration 

was therefore required. The empirical graph of averaged solvent 

volume fraction against lO^Mw~5 was constructed (Fig. 2.8), and the
^w

linear extrapolation to infinite molecular weight yielded the com 

position of the 0-solvent at 25°C as 86.73$ pyridine and 13.29$ water 

by volume.

Preparation of 500 ml of the 0-solvent revealed a sli^it volume 

contraction on mixing pyridine and water. Working quantities of the
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6- solvent were therefore prepared by measuring out by pipette the 

quantities of both pyridine and water required, rather than by 

making a measured volume of one of them up to the mark in a volumetric 

flask with the other. This ensured that the composition would be 

the same as determined above*

This method of preparation of 500 ml at a time always gave the 

same composition, as evidenced by constancy of flow time in the 

Ubbelohde viscometer, and constancy of refractive index (n a 1.488) 

determined in an Abbe refractometer. Furthermore, that the mixture 

of 86 .71^ pyridine and 13.2<$ water does indeed constitute a e-solvent 

for the tricarbanilate at 25°C was shown by the fact that the second 

virial coefficient A , determined in the ligfct-scattering experiments 

described in this thesis, is zero for the system.

An attempt was made to establish the composition of another 

0-solvent for the tricarbanilate, namely pyridine/n-propanol at 25 C. 

Preliminary experiments showed the composition would be approximately 

35^ pyridine to 65$ n-propanol. An accurate value for the composition 

could not f however, be established, due to inconsistencies and un- 

reproducibility in results. These presumably reflected complex 

phase behaviour in the pyridine/n-propanol system.
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8* Experimentation in the Hydrodynamic Studies

The modifications to the general experimental techniques 

(Sub-sections 2 to 7) required for the study of the hydrodynamic 

behaviour of amylose- tricarbanilate have already been described 

where appropriate. It is necessary to say something about the 

general approach to the experimentation, and convenient to enlarge 

here to some extent on the precautions taken to ensure consistent 

results.

The tricarbanilate was found to require somewhat lengthy 

periods to dry to constant weight. Tricarbanilate fractions were 

therefore dried in vacuo at 60°C for at least 36 hours immediately 

prior to being made up into solutions. Weighed amounts of the 

tricarbanilate were put into conical flasks, and solvent added by 

pipette to give approximately 0.& solutions. In the case of 

pyridine, solution was achieved by gently shaking the stoppered 

flasks for 24 hours. In the case of the 6-solvent, the stoppered 

flasks were placed in an incubator at 37 C overnight, and complete 

solution achieved the following day by alternatively shaking the 

flasks and replacing them in the incubator. The polymer, particularly 

the higher molecular weight fractions, was found to precipitate from 

the 0- solvent at temperature appreciably less than 25 C, and all 

pipettes, filters, syringes, etc., used in the manipulation of the 

tricarbanilate in 6-solvent were pre-warmed in the incubator.

The 0.5^ solutions were filtered into the M.S. 2. ultracentrifuge 

tubes through sintered glass filters to remove any gross extraneous 

matter. The pyridine solutions were spun at 20,000 g for 1 hour and 

temperature controlled to 20 C to prevent convection. The tricarban

ilate in 6-solvent was centrifuged at 20,000 g for l hours at a



constant temperature somewhere between 25°C and 30°C (M.SJ2. 

ultracentrifuge design does not allow close specification of 

temperature above 25°C), the higher temperature ensuring that no 

solute precipitated during ultracentrifugation.

In general, all the physical measurements on a fraction were 

made from the same ultracentrifuged 0.5?? stock solution. This 

ensured that all the results for the fraction were self-consistent. 

The stock solutions were transferred by pipette from the centrifuge 

tubes to cleaned conical flasks, and aliquots of these stored 

solutions used for the light-scattering experiments. Removal of 

aliquots for light-scattering directly from the centrifuge tubes 

could have led to spurious results due to the molecular weight-height 

distribution of material in the tubes.

3.00 and 4.00 ml aliquots of the centrifuged O.S?t stock solutions 

were therefore added to solvent in the cylindrical C-101 cells for 

light-scattering. The solvents employed here, and for all subsequent 

dilutions, had been prepared at the same time as the solvents used 

for making up the initial 0.5/1 solutions. For pyridine, solvent had 

been collected in the light-scattering cells when the pyridine for 

making up the 0.5;? solution was distilled over NaOH pellets. The 

0-solvent mixture used for the 0.5>c solution was spun in the M.S.E. 

at the same time as the stock.

In the case of the pyridine solutions, the final concentrations 

in the light-scattering cells, approximately 1.5 to 2.0 ag ml" , were 

high enough for 2.00, 3.00, and 4.00 ml aliquots to be withdrawn and 

used directly in the viscosity and analytical ultracentrifugational 

experiments. In the case of the tricarbanilate fractions in 6-solvent, 

usually only two concentrations were employed in the light-scatter ing,
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sufficient to ensure A was zero, and it was more convenient to 

use diluted stock solution for the viscosity and sedimentation 

coefficient determinations.

Each fraction was retrieved after the experiments by pouring 

the solution into cthanol to precipitate the tricarbanilate.



9« Preparation and Fractionation of Amylose Tricarbanilate

The total amylose used as starting material was prepared from 

a dispersion of tapioca starch kindly provided by Dr. W. Banks. 

The limit of conversion [8] into maltose under the action of 

crystalline beta-amylase of this amylose was 96^, indicating that 

the sample contained a high proportion of linear material (Banks and 

G-reenwood, 1967,a). The amylose was dissolved in dimethylsulphoxide, 

and approximately 1<$ of the (highest molecular weight) material 

precipitated out by the addition of ethanol. The remaining amylose 

was removed from solution by the addition of further ethanol, washed 

repeatedly in ethanol, dissolved in boiling water and reprecipitated 

as the butan-1-ol complex. The [0]-linit of this material was found 

to be 100$, indicating that the polymer molecules were completely 

linear. This is an important starting requirement because the 

theories and models developed for the behaviour of polymer solutions 

discussed in this thesis assume that the macromolecules are unbranched 

(Banks e£ ̂ ., 1968).

A sample of this total amylose from which the derivative was to 

be made was retained for molecular weight determination by light- 

scattering. M was found to be 0.342 x 10 by the method developed
W^

in Section 3. 

Tricarbanilation

Amylose - tricarbanilate was prepared by the method of Burchard 

and Husemann (1961). Care must be taken that acid-hydrolysis of 

the amylose does not take place during this reaction. The amylose- 

oomplex was therefore dehydrated by stirring with butan-1-ol followed 

by benoh-centrifugation until the water had been removed. The 

resultant powder was dried overnight in a vacuum-oven at 60 C.



Water was r emoved from the pyridine used in the reaction by prior 

distillation over NaOH pellets, A calcium-chloride trap was 

attached to the top of the condenser during the tricarbanilation 

reaction. High purity phenyl-isocyanate (Koch-Light Laboratories 

Ltd.) was used.

The polysaccharide was suspended in the pyridine (to approxi 

mately 2 gi/100 ml), and a three-fold stoichiometric excess of 

phenyl-isocyanate added. The reaction-vessel was heated for 12 

hours at 100 C, with occasional agitation to ensure adequate sus 

pension of the amylose in the mixture. The product was precipitated 

by pouring the reaction mixture into methanol. After repeated 

washing with methanol, the product was finally dissolved in acetone 

and precipitated by the addition of water. Drying to constant 

weight required 36 hours in vacuo at 60°C. The reaction yield was 

approximately 8^£.

The degree of substitution achieved was found by determination 

of the nitrogen-content of the product. This was done by a semi- 

micro Kjeldahl process which had been calibrated with ferrous- 

ammonium-sulphate. The calculated nitrogen-content for amylose- 

tricarbanilate is 8.09%. The product was found to have a nitrogen 

content of 8«J$, indicating lOQft conversion of the starting amylose 

to the tricarbanilate.

Preliminary experiments on a maize amylose involving reaction 

times from 6 to 48 hours, had shown that the nitrogen-contents and 

viscosities (determined in pyridine) of the products rose to a maximum 

and constant value after approximately 10 hours reaction. This was 

good ad hoc evidence that degradation did not occur under the reaction 

conditions employed.



The molecular weight M of the tapioca amylose-tricarbanilate
W

waa found by light scattering in pyridine to be 1.09 x 10 . This 

corresponds exactly to M calculated fbr the tricarbanilate from 

the molecular formulae and the molecular weight determined for the 

starting amylose. 

Fractionation

Polymer fractionation can be effected by several methods. 

Of these, the most convenient is fractional precipitation by the 

addition of non-solvent to a solution (Cragg and Hammerschlag, 1946). 

The higher molecular weight material is less soluble than that of 

lower molecular weight, and therefore precipitates first.

The least disagreeable of the various solvents in which amylose- 

tricarbanilate can be dissolved is acetone, which has the further 

advantage of dissolving the polymer very rapidly ( in minutes rather 

than hours). The high rate of evaporation of acetone presented little 

experimental difficulty.

The tricarbanilate was dissolved in acetone to give a 0.;$ 

solution. This was sufficiently dilute to provide the large volume 

of supernatant required for efficient fractionation. The solution 

was equilibrated in a water bath to 25 C. Ethanol at the same temper 

ature was added until the first faint turbidity appeared, the flask 

was stoppered, and the system allowed to reach thermodynamic equilibrium 

at 25° C over 6 hours. The supernatant was removed by centrifugation 

in a high capacity M.S.E. preparative centrifuge (1000 r.p.m. for 10 

minutes) , the polymer forming a tacky film at the bottom of the 

centrifuge bottle. The precipitate was hardened-up with ethanol, and 

removed from the bottle. The supernatant was returned to the flask 

in the thermostatted bath, and the procedure repeated.



In this way, 11 fractions were obtained from the total amylose- 

tricarbanilate. Each fraction was washed with ethanol, and dried 

to constant weight in vaouo at 60°C for approximately 36 hours. 

Mechanical losses in the fractionation were fairly high, approxi 

mately 2($, 5 gffls being recovered from an initial 6.5 gm.

Table 2.6 shows the weight of each fraction expressed as a 

percentage of the total weight of tricarbanilate recovered, and the 

molecular weight of each fraction as determined by lightscattering 

in pyridine solutions.

Table 2.6

Fraction

1

2

3

4

5

6

7

8

9

10

11

Original

Fractionation

M x 10"6
w

2.44

1.91

1.59

1.50

1.26

0.88

0.84

0.73

0.57

0.40

0.30

1.09

Data

Yield (wt. £)

11.62

8.34

10.08

7.20

14.30

9.22

10.84

6.88

8.91

6.29

6.32

  

w(M)

0.9419

0.8421

0.7500

0.6636

0.5561

0.4385

0.3382

0.2496

0.1706

0.0947

0.0317

 

The efficiency of the fractionation procedure is shown by 

comparing the value of 8 for the unfractionated starting material
w9

with that calculated from the results in Table 2.6 using the relation
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Hw(calo.) = T.\(fy± , 2.45

in which w± is the weight-fraction of material with the weight- 

average molecular weight ($ ).. The calculated value of 1.19 x 10

is in good agreement with the experimental figure of 1.09 x 10 .

Also shown in Table 2.6 are the cumulative weight fractions 

w(M) up to the mid-point of each fraction of molecular weight M. 

The integral molecular weight distribution curve calculated from this 

data is shown in Fig. 2.9.

Banks and Greenwood (1968) suggested that the distribution 

function for an any lose depends only on the amount of branched 

material it contains. They showed that an amylose leached from 

potato starch granules at 60 C, with a [p]-limit of 10($, indicating 

complete linearity of all the macromolecules, has an exponential 

(most probable) molecular weight distribution of the form (Gordon, 1957)

dw(M)/dM = (2iH/fl ) exp (-2M/& ), 2.46

where M is the weight-average molecular weight of the unfractionated 
w

starting material. Here the value of w(M) is based on the assumptions 

that half the material lies on each side of the measured M and that 

the overlap between successive fractions is small enough to be 

negligible. In this type of distribution

M:M:$f - 1:2:3. 2.47 
n w z

On the other hand, the total amylose obtained from the complete 

aqueous dispersion of the potato starch granules, containing 4($ non 

linear amylose material according to the enzymic characterisation, has 

a distribution of the form described by the Wesslau (1956) function.
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Here the distribution is much broader than the 'most probable' 

 xponential distribution, with

2n : MW » 1 : 3.7 . 2.A8

The fraotionation of the trioarbanilate provided an opportunity to 

test the validity of the theory of Banks and Greenwood, because the 

starting material for the tricarbanilation was virtually the total 

any lose, but a total amylose consisting entirely of linear material.

The integrated fbrm of the exponential distribution (equation 

2,46) ia

[l - w(M)]/[(2M/5 ) + l] r exp (- 2M/SM. 2.49
W W

A graph of log ([l - w(M)]/[(2^/M ) + l]) against (2M/M ) should be a
^n *»

straight line. Fig, 2,10 shows the data from Table 2,6 plotted in 

this manner. The linear relationship observed is good confirmation 

for the concept of Banks and Greenwood,

The deviation from linearity in Fig, 2,10 at high molecular 

weights indicates a distribution a little narrower than the 'moat 

probable* exponential distribution. This is not unexpected because 

the precipitation to remove the small proportion of non-linear material 

from the amylose would also in all probability remove some high 

molecular weight linear material.
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SECTION

LIGHT-SCATTERING- BY AQUEOUS SOLUTIONS OP THE STARCH COMPONENTS



SECTION 3 

LIGHT-SCATTBRIN& BY AQUEOUS SOLUTIONS OF THE STARCH COMPONENTS

Introduction.

Banks and Greenwood (19^3) reported that 0.33 M KC1 and 

0.2 M NaAc behave as thermodynamically ideal solvents for linear 

aaylose isolated from natural sources. They suggested that due to 

internal conformations! changes in the amylose molecules, there are 

no fixed 6-temperatures for these two systems, and that apparent 

0-solvent "behaviour is extended over a temperature range of 17.5°C to 

45 C. There was no change in \rf\ detected over this temperature 

range for these systems, nor for amylose in water. The second virial 

coefficient A obtained from Zimm plots for amylose/KCl was zero.

Burchard (l963a,b) investigated the behaviour of synthetic linear 

amylose samples in a variety of solvents, including water. According 

to his results, !/o] decreases between 20 C and 60 C for amylose/H 0, 

as does the root-mean-square radius of gyration. The second virial 

coefficient was not found to be zero, and the value increased over 

the temperature range.

In view of these differences, it was of interest to extend the 

investigations of Banks and Greenwood to include light-scattering 

studies on natural amyloses in pure water. The immediate technical 

difficulty encountered is that mentioned earlier (Section 2.5), 

naaely clarification. The highly polar nature of the water-molecules 

makes for ready suspension of dust, a problem less acute in dilute 

salt solutions in which charge effects encourage coagulation and 

precipitation of dust-particles. The presence of dust contributes 

particularly to the low-angle scattering intensities recorded, intro 

ducing downward curvature to the lines of constant concentration on



Zimra plots (c/RQ against sin 0/2) anri consequent difficulty in 

extrapolation anc theoretical interpretation. A technique which 

allowed the estimation, or the elimination, of the contribution to 

the total recorded scattering intensity by the suspended dust, 

would be an obvious advance.

The Technique of Stainsby

In a brief communication, Stainaby (1956) reported a method he 

had devised for use with gelatin solutions. A minute amount of the 

enzyme trypsin, a protease, was added to the solution on which light- 

scattering had been performed. The gelatin was degraded to peptides 

too small to scatter light. The difference between the amount of 

light scattered after enzymic digestion and the amount of light 

scattered by the solvent blank to which an aliquot of atock gelatin 

solution had been added, was the scattering caused by dust introduced 

to the light-scattering cell with the stock gelatin solution. There 

fore the correct value to subtract for solvent scatter at each con 

centration waa that recorded after enzymic degradation.

As Stainsby pointed out, this technique should be generally 

applicable to light-scattering on systems of biopolymers which are 

susceptible to enzymic action. The components of starch are degraded 

by various enzymes, and a modification of Stainsby1 s method utilising 

alpha-amvlase to degrade amylose and amylopectin to small maltodextrina 

is reported here.

Solutions of Amvlose and Amvlopeotin

The amylose and amylopectin fractions used in the investigation 

had been isolated from potato and cereal starches as described by 

Banks et al. (1959) and Banks and Greenwood (l967,b).

The amylose solutions were obtained by boiling 1te hard-packed



butan-1-ol complex for 3° minutes. The solutions were flushed 

during this period with nitrogen to remove the butan-1-ol. The 

final concentration of amylose was approximately 0.35/T.

The amylopectin solutions were obtained director from their 

starch dispersions, after removal of the amylose as the thymol 

complex. Traces of thymol were removed by shaking with chloroform, 

and residual chloroform by flushing with nitrogen. The concentration 

of amylopectin was approximately 0.4/t.

These amylose and amylopectin solutions were clarified by ultra- 

centrifu^ation at 20,000 g for 1 hour at 20°C. Gross extraneous 

matter was removed from the amylose solutions by filtration under 

gravity through Grade 4 sintered glass filters either before ultra- 

centrifugation or after. In the case of amylopectin, the solutions 

were diluted five-fold prior to filtration after ultracentrifugation. 

Aliquots of these solutions were used in the light-scattering.

Solutions of Alpha-Amylase

Bacterial (A. orvzae) alpha-amylase (Sigma Chemical Co.) waa 

dissolved in water to give a 0.3$ solution with an activity of 20 units 

ml" . The unit of activity employed was that defined as the amount 

of enzyme found to release 1 mg of maltose from a 0.5A solution of 

AnalaR soluble starch in 3 minutes at pH 6.9 and 20 C. The aloha- 

amylase solutions were clarified by ultracentrifugation at 20,000 g 

for 75 minutes at 20°C. Aliquots were withdrawn from the centrifuge- 

tubes by syringe, the needle of which did not penetrate more than 

0.5 cm below the surface of the solution.

Th Li/?:ht-Scattering Technique

Water was distilled directly from an all-glass still into the 

C-101 light-scattering cells. No advantage was to be gained in



filtering or ultracentrifuging the distilled water. In general, 

the absolute scatter of the water obtained was approximately 2^

higher than the literature value (R__ ca 1.0 x 10 cm"1 , G-oring9U - 

and Napier, 195A-) but the dissymmetry was low (Z < l.Ol).

Angular measurements were made between 30° and 135° at ambient

temperature between 20 C and 25°C, and using the green mercury wave-

o 
length, 5461 A, throughout. The value of (dn/dc) employed for

amylose and amylopectin is shown in Table 2.5. The correction dia- 

cussed in Section 2.5 for backward reflection was made.

The scattering envelope of the water distilled into the cell 

(25 - 35 ml) was measured at 5° intervals from 30° to 50°, then at 10° 

intervals to 130°, and at 135°. A 3.00 ml aliquot of the clarified 

amylose or amylopectin solution was added to the solvent. The cell 

was shaken to achieve complete mixing, and allowed to equilibrate to 

the ambient temperature. The scattering envelope for the solution was 

determined. A small drop of the clarified alpha-amvlase solution 

(formed at the tip of the syringe-needle) was then touched onto the 

surface of the solution in the cell. The cell was shaken, and the 

contents allowed to stand at the ambient temperature for 3° minutes to 

allow the enzyme to effect the degradation of the polymer. Control 

experiments showed in fact that degradation was complete after 10 

minutes (the angular-scatter reached a constant limiting value in this 

time, and was not further decreased by addition of more enzyme).

Values of R , Rayleigh's ratio for the solute, were computed on 

the basis of both the 'apparent 1 solvent-scatter (i.e. the scatter from 

the water distilled into the cell) and the 'true 1 solvent-scatter (i.e. 

the scatter after the enzyme digestion). The quantities c/R were 

extrapolated to Q » 0°, and M and (a&)? obtained from equation 2.33, 

as explained in Section 2.5 (The Zimm Plot).



Possible Causes of Downward Curvature
n

Fig. 3.1 shows graphs of c/R against sin 6/2 for oat-amylose 

on the basis of both 'apparent1 and 'true' solvent-scatter. A 

pronounced downward curvature occurs at angles below 80° on the graph 

computed from the 'apparent' solvent-scatter. In principle, three 

explanations could account for this effect.

a) The Molecular-weight distribution. According to Tanford 

(1961), a treatment by Debye showed that for a system of monodisperse 

Graussian coils of degree of polymerisation x, the particle-scattering 

factor is given by

P(e) = (2/x2u2)[xu - 1 + exp(- xu)] f 3.1

where u = M*T> /6, b is the length of the statistical segment,

ALS (4n/ X )sin 6/2, and X is the wavelength of light in the 
/ o o

medium. If 1/P(0) is graphed as a function of (xu), there is an 

asymptote y defined by y a xu/2 + 1/2, and when the molecules are 

large enough it should be possible to observe this behaviour. Benoit 

(1953) modified equation 3.1 to include the case of polydispersity,

and was able to show that for a sufficiently wide molecular weight
o

distribution, the intercept of the curve of the c/R against sin 6/2

graph at 6   0° gives the number-average molecular weight ffn. (He 

also showed that curvature results from branching of monodisperse 

coils.) Thus, if there is a broad molecular-weight distribution 

present, the Intercept A defines M , and the intercept B gives 2 .
 v *»

b) The presence of microgel. Amylose can retrograde from 

solution, i.e. the molecules aggregate through hydrogen-bonding and 

form particles of microgel which are large enough and numerous enough 

to scatter significant amounts of light.
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The presence of dust. Dust introduced with the any lose 

contributes significantly to the amount of light scattered by the 

solution, and the contribution increases disproportionately as the

angle of view approaches 6 = 0°, with the result that c/IL decreases0

rapidly to give the downward curvature observed. In this case an 

attempt can be made to extract the molecular parameters by extrapo 

lation of the straight-line portion of the curve. 

Dust and Downward Curvature

Molecular parameters obtained from Fig. 3.1 on the basis of each 

of the three possible explanations, using the line calculated from the 

'apparent1 solvent-scatter, are given in Table 3.1. A sample of the 

amylose had earlier been converted into the triacetate under con 

ditions of minimum degradation, and its molecular weight determined by 

light-scattering in nitromethane (Banks and Greenwood, 19&7*

Tab^e },!

Explanation

a)

b)

o)

Molecular Parameters

f ^BVP 4 —

2 x 10*6 (R?)*,A M x 10*"6 
w (r n

2.86 1770 0.69

2.86 1770

1.38 535

Organic solvents and solutions are a good deal easier to clarify than 

aqueous, and there is no real difficulty in obtaining accurate results.

The value of M obtained for the acetate corresponded to M = 1.23 x 10
w w

for the original amylose. This is much smaller than the values obtained 

from intercept A, but is in reasonable agreement with that from 

intercept B, suggesting the curvature is an artefact.



The intercept of the line in Fig. 3.1 calculated on the 

basis of 'true1 solvent-scatter gives M = 1.26 x 10 , in excellent
^*

agreement with the value of 1.23 x 10 from the acetate, and the root-
o

mean-square radius of gyration is 500 A. Furthermore, the graph is

linear over the entire angular range.

If the curvature had been real, it would have been reproduced in 

the graph drawn on the basis of the 'true 1 solvent-scatter. Molecular 

aggregates, due to incipient retrogradation, or very large molecules 

forming part of a wide molecular-weight distribution, would both be 

degraded to raaltodextrins by the action of the added alpha-amvlase « 

and the high intensities of scattered light viewed at the lower angles 

would disappear. Fig. 3*2 shows the experimental data in the form 

of the intensity of the scattered light as a function of angle for 

l) water, 2) water + amylose, 3) water + amylose + alpha-amvlase. 

Vastly more light is scattered at low angles in 3) than in l), and so 

scattering material is present which is not attacked by alpha-amvlase . 

This is therefore not amylaceous, i.e. it is contaminating dust.

In this technique, it is of course essential that the excess 

scattering due to the added alpha-amylase can be ignored. Fig. 3.3 

shows that under the conditions of low enzyme-concentration employed, 

the contribution by the enzyme to the light scattered by the 'true' 

solvent is negligible.

itv of Extraoating from Above Q « 80

The value of 5 , 1.38 x 10 , obtained by extrapolating the
»»

straight-line portion of the curve in Fig. 3.1, ignoring the data for 

angles below 80° f is comparable to the 1.26 x 10 obtained from the 

straight line found when the 'true' solvent-scatter is used. To 

investigate the general validity of ignoring curvature caused by dust,
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light-scattering was performed on a potato amylose of low moleoular- 

weight, and also on an amylopectin of high molecular-weight. The 

graphs obtained are shown in Fig, 3.4, and the corresponding 

molecular parameters in Table 3.2.

£.4£i&J.A2 Molecular

Component

Amylose, 'apparent' solvent

'true* solvent

Amylopectin, 'apparent* solvent

'true* solvent

Parameters 

Mw x 1C'6

0.292

0.202

27.4

24.9

"5 4 °(v ,A
260

135

1095

1035

A very high error (approximately 5Q?0 is associated with extra 

polating the linear portion of the graph based on "apparent1 solvent- 

scatter in the case of the amylose. The present technique is being 

used to its limit to give the graph based on 'true* solvent-scatter, 

and this explains the scatter of points about the line in the appro 

priate graph. At 30°, the 'true' solvent-scatter is approximately 

7<y/o of the solution scatter.

In the case of amylopectin, contaminating material contributes 

very little to the total intensity of the scattered light, even at 

low angles, because the molecular weight of amylopectin is so high. 

The graphs based on 'apparent' and 'true' solvent-scatter are both 

straight lines, and the values of M obtained on extrapolation differ
^w

by less than 1C$.

These results show that unless the molecular-weight of the 

material under investigation is very high ( >107), extrapolating the
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linear portion of the c/RQ against sin26/2 graph is not a good
D

approximation, and that molecular-weights of the order of 10^ ob 

tained by such an approximation may be in error by as much as 50fr'« 

Furthermore, the extension of Stainsby's technique developed here 

provides an accurate, convenient, and time-saving method of 

determining the size and shape of the starch components in neutral 

aqueous solutions, 

The Second Virial Coefficient

Table 3.3 shows c/R. as a function of angle for three different9

values of c for a maite-amylose in water at 25°C. For each concen-

Table 3.3

Angle 6°

30

35

40

45

50

60

70

80

90

100

110

120

130

135

0.334 mg ml"1

6.60

6.59

6.73

6.86

7.01

7.48

7.84

8.15

8.55

8.95

9.29

9.66

10.10

10.20

Values of c/R.
o

0.560 mg ml"

6.55

6.64

6.80

6.94

7.06

7.44

7.75

8.17

8.63

8.95

9.37

9.71

10.00

10.20

0.736 mg ml

6.57

6.59

6.78

6.95

7.07

7.48

7.88

8.25

8.60

9.00

9.35

9.67

10.10

10.20



tration, the data refer to the 'true1 solvent-scatter obtained on 

addition of enzyme. It can be seen that the lines of constant angle 

are all parallel with zero gradient, i.e. the second virial 

coefficient A for the system amylose/water is zero. This is con

sistent with the earlier results of Banks and Greenwood (19&3)

light- scattering in dilute salt solutions, and viscosity determination

in dilute salt solutions and pure water. There is no confirmation

for the finite values of A found by Burchard (19&3, a »*>) from light- 

scattering on the amylose/water system.



SECTION

THE FLEXIBLE LINEAR POLYMER MOLECULE IN SOLUTION
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SECTION L 

THE FLEXIBLE LINDAS POLYMER MOLECULE IN SOLUTION

!  The kaussian Coil

The completely flexible chain, consisting of a sequence of mass 

elements linked by a series of bonds which can assume any direction 

in space, provides the model for the linear (i.e. uribranched) polymer 

molecule in solution. Under the aegis of kinetic energy, the 

molecule visits at random all the possible spatial arrangements 

available to it, and only average dimensions can be specified. The 

molecule is thus ranr'omly coiled, and its average symmetry is that of 

the sphere. The distribution of the chain ends about the centre of 

mass of such a molecule obeys the G-aucsian function (Flory, 1955)* 

It follows that

~°2 2 "5
r = nb = 6 Rp , 4»1

**2 T- 
where (r ) 2 is the root-mean-square end-to-encl distance of the molecule,

n is the number of bonds of length b alon^ the chain, anr && is the 

root-mean-square average racius of gyration.

In real polymer molecules the bonds cannot assume any direction 

in space, but are oriented about the atoms at fixed angles. A degree 

of inflexibility is therefore imposed on the chain, and the coil ex- • 

pandod beyond the dimensions predicted by equation 4«1« If* 0 is the 

angle between the positive direction of successive bonds, it can be

shown (e.g. Tanforc-., 19&1) that
-w 9
r = rib (1 + cos 6)/(l - cos 0), 4.2

except when cos 0 is close to unity. .uhn (193^) showed that all 

flexible polymer chains, if they are sufficiently large, obey the



Gaussian distribution despite the restriction on the angles of 

successive bonds. The real chain can be represented by an equivalent 

chain with the same end-to-end distance, the equivalent chain con 

sisting of (n/m) sequences of m bonds with a length 1 for each 

sequence. The number m is chosen large enough so that the orienta 

tion of each sequence is independent of the orientation of the 

neighbouring sequences* Equation 4.1 is therefore obeyed, and

"5 2

r m (n/m) 1 . 4.3

n

The quantity (l /m) is obviously identical to the quantity
o 

b (l + cos 0)/(l - cos 0) of equation 4.2.

The molecular dimensions calculated however, are still signifi 

cantly smaller than those obtained by experiment, from light- 

scattering for example. The reason is that steric interference be 

tween the substituents on neighbouring atoms of the polymer chain 

hinders rotation about the bonds of the chain. The polymer chain is 

therefore denied a significant number of conformations (or at least 

these conformations become less probable), and the result is an added 

inflexibility. Unlike the effect of fixed bond-angle, calculation of 

the magnitude of this restriction cannot be readily made. But the 

form of equation 4.3 is still valid. Thus

2
» n p* 9 4.4

where P is known as the effective bond-length. P is a characteristic 

constant for each polymer, and depends on the bond-length, the fixed 

bond-angle, and the degree of restriction to rotation.

End-to-end distance is more usefully related to molecular-weight 

than to the number of bonds. If M is the polymer molecular-weight, 

and M the monomer sub-unit molecular weight, n = M/MQ , and it



follows that

? « 00lo) P 2 . 4.5

Therefore if the distribution of chain elements about the centre of
 * 

mass in a molecule obeys the G-aussian function, (r /M) is a constant

independent of molecular weight.

'typical polymer fractions contain a range of molecular weights,

and an additional averaging process is required. By analogy with
-* 

equations 2.1, 2.2, and 2.3, the weight-average value of r , for

example, is given by

where N. is the number of molecules of molecular weight M. . For the
"5 

Craussian coil, r- is proportional to M., and

« = ? 2 * 4.7

2* The Hvdrodvnamic Theories

There are two distinct approaches to polymer solution behaviour. 

The more powerful method invokes general thermodynamic theory and 

adapts it to treat the special case of systems containing high molecular- 

weight material. This line of attack has been adopted with a 

reasonable degree of success, notably by Flory and his collaborators, 

and will be described presently. The hydrodynamic theories are 

essentially mechanical in concept, presenting various models to which 

different types of polymer molecules might be expected to conform. 

Thus a polymer system could be tested against the behaviour expected 

for a collection of microscopic spheres, rigid rods, etc. Neither the 

thermodynamic nor hydrodynamic theory has yet proved completely success 

ful in describing the solution behaviour of flexible raacromolecules.



The two approaches are best regarded as complementary means by 

which light may be thrown on the observed behaviour of polymer 

solutions*

The most accessible experimental parameters are those derived 

from viscosity behaviour, sedimentation, and light-scatter ing. 

Interest centres on accounting for the following relationships.

= KM* . 4.8
cl

4.9 

SQ . KM* . 4.10

Equation 4.8 is the familiar Mark-Houwink empirical relationship. 

Early results indicated the exponent JL to have the value 1.0, (the 

Staudinger relationship). If the polymer has a G-aussian chain-end 

distribution, the exponent b, in equation 4.9 is 1.0. Equation 4.10 

for sedimentation coefficient is directly analogous to 4.8 for 

limiting viscosity number. The significance of the coefficients and 

exponents in these equations will become apparent in the following dis 

cussion.

3. The Free-Draining Coil

The model for the flexible polymer molecule in solution is that 

known as the pearl-necklace. The molecule is represented as a series 

of beads on a string, the monomer sub-units forming the beads, the 

sequence of bonds between the sub-units forming the string. In its 

simplest form, the model is described as free-draining. Resistance 

to flow is offered only by the beads, not by the string. There is no 

perturbation of the flow about a bead by the flow about the other 

beads on the string* Solvent permeates throughout the molecule.
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In viscosity experiments, the molecule movea with the same 

velocity v as the solvent, rotating about its centre of mass. 

Debye (1946) showed from a consideration of the energy dissipated 

"by a molecule that

?. 4.11
o

f is the frictional coefficient of a bead such that f.v is the 

force acting on a bead, and -n is the solvent viscosity. If the 

distribution of chain-aegments about the centre of mass is G-aussian, 

[tj] is therefore proportional to If * . Equation 4.11 is completely 

general - for example it predicts that for a fully-extended rigid

rod-shaped molecule, for which r is proportional to the square of
2 0 

molecular weight, [77] is proportional to M ' .

In the case of sedimentation in which the molecule as a whole 

translates through the solvent, the frictional coefficient of the

molecule f » nf . The frictional force on the molecule equals the 
o

centrifugal force, so that from equation 2.12,

It follows that for a free-draining coil, SQ should be independent of 

M.

4« The Impermeable Coil

Many exceptions to the Staudinger relationship (& = 1.0) were 

found, and it was obvious that the free-draining model waa inadequate 

for explaining the behaviour of random coils. If the random coil 

completely immobilised the solvent within itself, it would reasonably 

be expected to behave in solution as a solid sphere. The viscosity 

of a suspension of aolid spheres of radius R and molecule-weight M is 

given by the well-known Einstein equation, 

[ti] . 2.5. 4H R



N is Avogadro's number. Because the volume of a sphere is 

proportional to its weight, [ij] as given by equation 4.13 would 

be independent of molecular-weight. This would be most exceptional 

behaviour fbr a polymer. Nonetheless, the real polymer molecules 

in solution can be represented by a suspension of equivalent hydro- 

dynamic spheres, i.e. a suspension of spheres which would lead to 

the same behaviour as is observed fbr the real polymer solution. 

Quite generally, the radius Rg of the equivalent hydrodynamic sphere

would be related to the root-mean-square radius of gyration of the

2 & 
real polymer molecule by Rg a )j (R&) . It follows from equation

^ 13 that for an impermeable Oaussian coil, [*|] should be proportional 

to U°'5.

5» The Kirkwood Riaeman Theory

There are thus two limiting oases for the random coil. If 

solvent permeates completely through the coil and no solvent is 

immobilised, the coil is said to be free-draining and [tl] is propor 

tional to M . If all the solvent within the domain of the coil is 

completely immobilised and the coil totally Impermeable, [17] is pro 

portional to M . Random coils which display a proportionality of 

Dn] to molecular weight between £ a 0.5 and & s 1.0 would have 

draining characteristics intermediate between the two extremes.

Kirkwood and Riseman (19/+S) introduced the concept of hydro- 

dynamic shielding to allow semi-rigorous mathematical treatment of 

the partial free-draining pearl-necklace molecule. Polymer segments 

close to the centre of mass of the molecule are less exposed to the 

perturbing effect of the solvent velocity-gradient than are those 

near the periphery of the molecule. At high molecular-weight, the 

resistance to flow of the segments in the centre of the coil would 

become negligible due to the hydrodynamic shielding by the outer 

segment a.
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For a Gaussian coil subject to the effects of fixed bond-angle 

and hindered rotation (described by equation 4.4),

• n. F(x), 4.14

where F(x) » JL H JL • 1 . 4.15
n 2 k«l ,2 ~ >~? H k 1 + x/kz

F(x) « F(X n*) and A * f/(6n 3 )* <n P . 4.16
00

Re-arrangement of equation 4*14 using equations 4.16 gives the 

effective bond-length 3 from

P3 . 6*M . ] . 4.17

N rr n5. x F(x)

Kirkwood, et al> (1955) , tabulated values of xF(x) as a function of 

a, (equation 4,8). As & goes from 1.0 to 0,5, x goes from 0 to °o , 

and x F(x) from 0,00 to 1,48 (later corrected by Auer and G-ardner 

(1955) to 1,26), corresponding to the progression from the completely 

free-draining molecule by immobilisation of increasing amounts of 

solvent to the fully impermeable molecule,

The equation analogous to 4.14 for the sedimentation coefficient

is

+ 8 n*/3)/Nf . 4.18

For the free-draining coil, S is independent of molecular weight.
0.5 

For the impermeable coil, SQ is proportional to M -/ .

The root-mean-square end-to-end length is calculated ft*ora 

equation 4.4.

6. The Debve-Bueohe Theory

Debye and Bueche (1948), in a paper accompanying that of Kirkwood



and Riseman (1943), developed a similar shielding concept for the 

partially-drained coil. So that the mathematics could be solved 

rigorously, they represented the polymer molecule as a sphere of 

radius Rg in which the segment density is uniform rather than 

G-aussian. Rotation about the bonds of the polymer chain was 

assumed to be unhindered. The final results take the fbrm

ty] « Mr 8*. N. 4>(*) . 4.19

* 11(1 - fx p )/6n rj^ N. Y (d) . 4.20

) and ¥ (of) are tabulated functions of tf , the shielding ratio,
•»

T) Rv 

In the limit of o* a o f equation 4.19 reduces to

n

which is given by tf = *S L » where L = 4n

« ^ •10"

For coincidence with the result previously derived by Debye (1946)

for * completely free-draining fcaussian model (equation 4»ll),
-xi "5 - 

R_ = 0.527 (r )*. This relationship is used to calculate (r ) 2 for

all values of o* , although strictly it holds only in the limiting case 

of aero shielding. In the limit of high values for the shielding 

ratio f equation 4.19 reduces to Einstein's equation for rigid impene 

trable spheres. In general, as tf goes from 0 to oo and $(oO goes 

from 0 to 2.50, it can be shown that the exponent & (equation 4.8) 

goes from 1.0 to 0.5, as in the Kirkwood-Riseman theory.

The root-mean-square end-to-end distance can be calculated from

0.92
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or from the analogous treatment of sedimentation behaviour,

. 4.23

Brinkman (1947) Independently advanced the same treatment as 

Debye and Bueche.

7» The Kuhn-Kuhn Theory

Kuhn and Kuhn (1943) employed the same model as Kirkwood and 

Riseman, but followed the procedure of Kuhn (193&) in representing 

the real polymer chain as another consisting of statistical segments 

sufficiently long to be independent of each other in orientation. 

The hypothetical Gaussian chain has the same contour length as the

real chain, i.e. r * rib en A where n is the number of straight
c mm m

line segments each of length A .m
Prom the behaviour of wire-models in viscous fluids, Kuhn et a^. 

(1954) demonstrated that

fy[ « Nb2(Ayteo)(0.43n/[-1.6 + 2.3 log^d^ + (nb/Aj*]) , 4.24

where d, is the hydrodynamic thickness of the monomer unit. Also

S , 1C (1 - v5 f )[-0.03 + 0.16 logtA/d^ ^ 0.136(rib/Am )*]. 4.25
°

The parameters A and dh can be obtained from graphs of n/fy] versus 

n* and S versus n5. The root-mean-square end-to-end distance is
o 

given by equation 4.1 9

(?) * n A2 s nbA* ' mm m

If there is restricted rotation about the inter-unit bonds in

the polymer chain, A will be increased beyond the value calculated
m

here from consideration of only the fixed bond-angle. The greater 

the statistical segment length, the less flexible the chain. The



effective bond-length P in the Kirkwood-Riseman treatment is also 

an inverse measure of the chain flexibility.

8« The Peterlin Theory

Peterlin (1950) discussed the above theories, and concluded that 

none of them provide a complete account of the random coil in solution. 

They are all especially inadequate in the prediction of the behaviour 

of coils with a high degree of inflexibility arising from the nature 

of the inter-unit bonds*

Peterlin showed that if the sequences of bonds are chosen long 

enough to render the orientation of successive sequences independent 

of each other, then any unbranched polymer molecule of sufficiently 

high molecular-weight can be regarded as a random coil. The following 

relationships hold.

* 1.52 x Hf8 (cot <xf M°'5 , 4.27

where tan a is the slope of the graph of M/M versus M * .

(7)^ « 3.25 x 10"25 (cot a') M°' 5 , 4.28

where tan a is the slope of the graph of [SQ] against M * . 

The parameter [S ] is defined as

" So

9. flie Assumptions of the HvdrodYnamic Theoriea

The theories of hydrodynamic behaviour outlined above rest on 

two assumptions, (i) that in general the random coil polymer molecule 

possesses partial free-draining characteristics, (ii) that the distri 

bution of chain segments about the centre of mass obeys the G-aussian
-*

function, i.e. (r /M) is a constant.

In the limit of high molecular weight, all the above theories



reduce to
"3

lim ] » C(rZ) * M . 4.30
M-*oo

where the constant C has different values depending on which theory 

is employed. Because r is proportional to M1 *0 , equation 4.30 can 

be written aa

lim tr£] « KM0 -5 . 4.31

Fox and Flory suggested that this equation is valid over the 

whole molecular-weight range, i.e. in general the random coil is 

completely impermeable. Deviations from the proportionality ex 

pressed in equation 4*31 are ascribed to breakdown of the assumption 

of the G-aussian distribution. The reasons for this are discussed 

below. They provide a convenient introduction to the thermodynamic 

approach to polymer solution behaviour.

10. Long-Range Intramolecular Effects

The effects described above - those of fixed bond-angle and 

hindered rotation - which require that the molecular dimensions calcu 

lated on the basis of probability theory be modified, are essentially 

short range. That is t they describe the restrictions introduced to 

the completely flexible coil by the relationships between adjacent 

atoms. Account must also be taken of what are conveniently termed 

the 'long-range1 interactions between different segments of the same 

polymer molecule.

No two segments of the coil can occupy the same region of space. 

The conformations of the real coil which correspond to this possibility 

in the mathematical model are not allowed. The second of two seg 

ments which would superimpose itself on the first of them must find 

an alternative position. The result is to expand the spatial extension
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predicted from the short-range interactions alone. This is known 

as the excluded-volume effect.

The interaction between polymer molecules and solvent molecules 

must also be considered. If a molecule is to go into solution, the 

environment in the solvent must be more favourable in thermodynamic 

terms to the potential solute molecule than the environment in the 

pure solute phase. A good solvent for a polymer favours segment- 

solvent contact rather than segment-segment contact, so that the coil 

is effectively expanded* In a poor solvent segment- solvent contact 

is less favoured, segment-segment contact is preferred, and the coil 

adopts a compact conformation. This contraction in a poor solvent 

partially cancels the expansion due to the excluded- volume effect.

If the solvent is sufficiently poor, the excluded-volume effect 

may be completely cancelled. Only in this case, according to Flory 

(1949) » does the polymer molecule assume the dimensions predicted on 

the basis of the short-range interactions. These 'unperturbed1 

dimensions are characteristic of the nature of the polymer and indepen 

dent of the nature of the solvent.

11. TheL Thermodynamic Theories

An ideal solution is defined in thermodynamic terms as one in 

which chemical potential ju is described by

« HT d In X 4.32

where R Is the gas-constant, T the absolute temperature, and XA the 

mole-fraotion of component i. On integration this yields

where «,? is the standard chemical potential. All dilute solutions 

approach ideality as they approach infinite dilution, i.e. they obey



equation 4.33. If the solute is miscible with solvent in all 

proportions so that the standard chemical potential A-° of the 

solvent is equal to its molar free energy F°, by replacing In X 

with In (l - X ) and expanding in the power series, and expressing 

solute concentration c in gm ml" , equation 4.33 can be rewritten as 

equation 4*34. (For simplicity in the following discussion, unsub- 

scripted thermodynamic quantities refer to solvent, and those sub 

scripted with the figure 1 refer to solute.)

- F° * - RTV°c(l/M + [V°/2M2] c + .....) , 4.34

where V denotes solvent molar volume, M denotes solute molecular- 

weight. Compare this equation with that of McMillan and Mayor (1945) ,

XX- P° = - RTV°c(l/M + A2c +A c2 + .....) , 2.23

which is completely general for the behaviour of all real (non- 

electrolyte) solutions. A A , etc., are known as the virial co 

efficients, and are functions of temperature, pressure, and the 

specific interactions between solvent and solute. Equation 2.23 

shows that real solutions attain ideal behaviour in the limit of 

infinite dilution. For the ideal solution the second virial co 

efficient A = V°/2M2 is clearly negligibly small (as are the higher 

coefficients) and can be set equal to zero.

The problem of the non-ideal behaviour of polymer solutions is 

treated by means of statistical mechanics. The entropy terms in the 

appropriate thermodynamic relationships are calculated from probability 

considerations. There is a large contribution to the entropy of the 

polymer solution by the huge number of conformations available to each 

molecule.
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12. The Flory-Huggjna Lattice Theory

All the thormodyxiamic theories developed to account for the 

solution behaviour of flexible polymers take as starting point the 

theory of Flory and Huggins (fully set out in the classic text by 

Plory, 1953), which provides a method fbr calculating chemical poten 

tial in real polymer solutions*

The solution is represented by a lattice, each point on the lat 

tice accommodating either a solvent molecule or a polymer segment. 

A polymer molecule consists of n segments, each segment having the 

same volume as a solvent molecule. An assumption required for 

rigorous mathematical treatment is that the segment density is uni 

form throughout the solution, which means that the domains of the 

polymer molecules must overlap. This condition holds in concentrated 

solutions only. By computing the number of ways in which segments 

can be placed on the lattice, it can be shown that the entropy of 

mixing unoriented polymer with solvent is given by

= - k(nQ In VQ + ^ In vx) , 4.35

where k is Boltzracnn* e constant, n the number of solvent molecules, 

n- the number of solute molecules, and v and v. the respective volume 

fractions.

The heat of mixing Aft,, which is the difference between the 

total interaction energy in the polymer solution and the total inter 

action energy for both polymer and solvent in their separate pure 

liquid states, arises from the replacement of some of the contacts 

between like species in the pure liquids with contacts between unlike 

species in the solution. Consideration of the solvent-solvent, seg- 

ment-segment , and segment-solvent interactions gives

A H|| . kT Xno v1 , 4.36
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-X » Zne01/kT ,

where Z is the number of nearest-neighbour sites to any one lattice 

site, and eQ1 is the change in energy on formation of a segment- 

solvent pair. The quantity "X is a dimensionless parameter which 

gives the energy of interaction of a solvent molecule in solution, 

divided by kT. Strictly speaking, it also reflects a contribution 

to the entropy arising from local contacts, but it is convenient to 

ignore this here so that the entropy arising from the conformational 

arrangements, calculated earlier, can be equated with the total 

entropy of mixing.

The free energy of mixing is given by

A*"M * AHM - T. A SM , 4.38 

e kT(n Inv + IL In v. +

Differentiation of equation 4.39 with respect to n , and multiplication 

of the result by Avogadro's number to obtain the chemical potential 

per mole, yields

- F° = RT(ln[l - vU

For a heterogeneous polymer, the number of segments, n, per molecule 

is replaced by the number-average degree of polymerisation.

13. The Florv-Krigbaum Theory

Flory and Kirgbaum (1950) extended this treatment to the case of 

dilute polymer solutions, in which the sequent density is non-uniform. 

The dilute solution is regarded as a dispersion of dilute clusters of 

segments, the region between clusters consisting of pure solvent. 

Acceptable locations for a polymer molecule are more abundant in the 

solvent regions than in the domains occupied by other polymer molecules,



Thus, each molecule tends to exclude all others from the volume 

which it occupies. To calculate this excluded volume, the inter 

action of a pair of molecules is required. The interaction is 

conveniently calculated for a volume element situated in an inter 

mediate position between the centres of mass of two molecules. The 

segment density within the volume element is uniform, and the approach 

developed above for concentrated solutions can be applied to the cal 

culation. Because the element is small compared with the dimensions 

of a complete polymer molecule, only segments can enter within it.

The chemical potential of the solvent within the volume element 

is

where "K and H* are heat and entropy parameters. If these para 

meters are expressed in terms of a third parameter 0 with the 

dimensions of temperature,

0 = K/T^ , 4.42 

so that re-arrangement gives

(H> - X ) s * (1 - 0/T) , 4.43 

and

( A*-- LL0)* » - RT ^ (1 - 0/T) v, . 4.44/ r E *
In a poor solvent K and K /f generally are positive so that 0 is 

positive. At T = 0 the excess chemical potential of the solvent 

within the volume element is zero by equation 4.44, so that the 

solution behaves as if it were a pure solvent (equation 4.33), i.e. 

as if there were no segment-solvent interaction, and hence no segment- 

segment interaction.

The sum of the interactions in all the volume elements equals the
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total intermoleoular interaction due t o the proximity of one molecule 

to another. The excluded volume can be calculated if the variation 

of the interaction with intermolecular distance is determined. The 

excluded volume, u , is given by
00

u= J(l - exp[-AF&/kT] 4na2 , da , 4.45 

where AF is the total free energy change involved in bringing two
ct

polymer molecules from infinite distance apart to a distance, a, 

apart. According to Flory and Krigbaum, if the distribution of chain 

segments within the pollster molecule is Gaussian,

u s [Z^V. V (1 - e/T). F(X)]A°N , 4.46

where F(x) = 1 - X + X2 - X3 + ..... , 4.47

2! 2* 3! 3* 4l 4"

and X = (35/2^n^ ) V (l - Q/T) (1?/V°l!)U2/fr2) * . 4.48

In these equations, 7. is the polymer partial specific volume, and 

V° is the molar volume of the solvent.

The total excluded volume in a solution is the sum of the volumes 

excluded by all the molecules. Calculation of AFM from the number 

of arrangements of n. polymer molecules possible on this basis, 

followed by standard thermodynamic operations, gives the second virial 

coefficient

A2 = Nu/2M2 . 4.49

If the excluded volume u is of the same order of magnitude as the 

volume of a solvent molecule, A is approximately V /2M , which is 

exactly the value of A^ for an ideal solution (equation 4.34). The 

volume excluded by a polymer molecule is however much greater than the 

volume of a solvent molecule, illustrating the point that the non-



ideality of polymer solutions is due to the high molecular-weight 

of polymer.

Consider equations 4.46 and 4.49. As the quantity f (l - 8/T) 

decreases with decreasing solvent-power, the excluded volume and 

the second virial coefficient also decrease. At T x 6, both u and 

Ag become zero. At the 6-temperature in the poor solvent the polymer 

molecules do not repel each other and they behave as if they exert 

no forces on each other. (A solvent at its 6-temperature is known 

as a 6-solvent.) This situation is manifested by zero second virial 

coefficient, e.g. the lin.es of constant angle on Zimm plots are
n

parallel to the (sin 6/2 + kc) axis. This leads to the conclusion 

that only at its 6-point is a dilute polymer solution described by 

the Flory-Huggins theory.

If the temperature of the polymer in a poor solvent is decreased 

below its 6-temperature, the excluded volume becomes negative, which 

means that the polymer molecules attract each other. A critical 

temperature, T~, is reached at which polymer and solvent are no 

longer miscible in all proportions. At temperatures lower than T. 

polymer and solvent separate into two phases. The following relation 

ship holds

= (i/e)

where Q is a constant. It follows that 0 is the critical miscibility 

temperature for a polymer of infinite molecular weight. Flory (1953) 

showed that in the ternary system consisting of polymer, solvent, and 

non- solvent, there exists a solvent/non-solvent ratio at which the 

system behaves as if it were a binary polymer- solvent system at its 

0-temperature. This provides a rapid and convenient method for 

devising 6- sol vents, as described in Section 2.7.



14« The Flory-Fox Theory

The excluded-volume effect arising from the interaction of 

segments of different polymer molecules, discussed in the Flory- 

Krigbaum theory, must be closely related to the interaction of seg 

ments of the same polymer molecule, termed in anticipation the 'ex- 

oluded-volume effect 1 in Section 4.10. Flory (1949) pointed out 

that the long-range intramolecular effects, tacitly ignored in the 

theories of partial free-draining detailed above, give rise to an 

expansion in the linear dimensions of the G-aussian molecule by some 

factor, a, such that
-3 1 

<?)* . crCr) 2 , 4.51

where (r ) refers to the unexpanded Gaussian coil.

Flory (1949) showed that the intramolecular interactions between 

segments of the same molecule are characterised by the same parameters 

*K and H* as the intermolecular interactions. According to a deri 

vation by Flory and Fox (1951),

a5 - a3 * 2*0 (1 - 6/T)H* , 4.52
m

where C » (3/2 n )(AN)(H/) . 4.53

C is a constant depending on the polymer- solvent system under con-
m
sideration. There are several Important implications in equation

4.52.

(i) The expansion factor a increases slowly with increasing 

molecular-weight, assuming that V (l - e/T) i» greater than unity. 

Combining equations 4.5 and 4.51

7 * a2 r^ « a2 P2 I0«o , 4.54 

BO that the theory of Flory and Fox predicts that the root-mean-
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square end-to-end distance of the molecule (r )2 should increase more

rapidly than with M *5 . In the limit of high ct, rx5» cr3 , a becomes 

proportional to M * , 30 that in a good solvent (r )? can be propor

tional to a power of M as high as 0.60.

(ii) In a good solvent, V (l-G/T) is positive and relatively 

large. The better the solvent, the greater the expansion of the 

molecule, and vice versa. H> is usually positive, and in a poor 

solvent 0 is also positive, so that a decreases as temperature de 

creases in a poor solvent. a will never be much less than unity 

however, because phase- separation occurs, as already discussed.

(iii) In a poor solvent at the 6-temperature, or - or =0, so 

that a equals unity. The molecule adopts its unperturbed dimensions, 

that is, those dependent on the nature of the polymer alone. Only in 

this case can the root-mean-square end-to-end distance be calculated 

directly on the basis of G-aussian statistics, fixed bond-angle, and 

hindered rotation (i.e. from equation 4«5).

According to Flory and Fox, therefore, from equation 4*30, in the 

limit of high molecular-weight,

so that

Ke

<£«5 ()/M , 4.55

In the partial free-draining theories, K increases with M. But 

according to Flory and Fox, K would attain its asymptotic limit below 

the molecular-weight range usually of interest. If a is proportional

to M0 *1 , the upper limit for the proportionality of [rj] to molecular-

0 8 weight becomes M * for the impermeable coil. An experimental value

of ^ > 0.8 means that free-draining is sett ing- in, or that the 

molecule in its unperturbed state does not obey the Gaussian chain-end 

distribution.



K should be a constant for a given polymer independent of
-* 

solvent. The quantity J = K^r^Al) should be a universal

constant independent of both polymer and solvent. Experiments on 

a series of polyisobutylene fractions in various solvents indicated 

<$ to hare a value of (2.1 - 2.2) x 1025 (Fox and Flory, 1951). 

Later results showed that for monodisperse fractions j> a 2.5 x 10 * 

(Flory, 1953).

Only in a 6-solvent does the following relationship hold.

KQ M°' 5 . $ fcjfc) * M°' 5 . 4.57

The expansion factor or is conveniently obtained from

- «3 . 4.58

The structural parameter r /M for a polymer can be calculated

from K determined in viscosity experiments and the constant $ . 
0

A treatment of sedimentation (Mandelkern and Flory, 1952) yields 

a relationship analogous to equation 4

SQ = M (1 - 1if)/Pl)Jb(r*r , 4.59

in which P is a universal constant with a value of 5.1.

15. The Florv-Orofino Theory

Equation 4.49 can be written as

A0 = Y. F(X) , J*

/V°) H1 (1 - 6/T) .

The parameter Y is independent of molecular-weight, but dependent on 

temperature. An exoluded-volume parameter, 8, can be defined for 

convenience as

Y (1 -



so that the parameter Y is given by

Before the second virial coefficient can be calculated from 

equation 4.60 (which is in fact the form in which all theories for 

the second virial coefficient can be expressed), P(X) must be ob 

tained in a closed form. An open expression is given by the Flory- 

Krigbaum theory (equations 4.47 and 4.48). Orofino and Flory (195?) 

showed that the open expression is approximated in a closed form as 

follows .

F(X) * (n X/4)" In (1 + n X/4) .

X = 3^ z/cr 3 . 4.65 

From equations 4*52 and 4.62,

X « 2 (or 2 - 1) , 4.66 

and rr^ - or* s 2.60 z . 4.6?

16. The Kurata-yflfnf[|in.wa Theory

Kurata, gfc, j£. (1958), Kurata and Yamakawa (1958), and Kurata, $& 

al. (1959), advanced a rather more sophisticated mathematical treat 

ment of the excluded-volume effect than previously attempted. Their 

results take the form

, nb2[l * (4/3)z - .....

4.69

where i is the excluded volume parameter. Whan T = 6, z becomes zero, 

and equations 4.68 and 4.69 indicate that the chain behaves as a

&aussian coil. The Kurata-Yaraakawa theory is valid only near the
not 

e-temperature, because the coefficients beyond that of z are/given by

the theory. Comparison with experimental results shows the theory to 

be very accurate for 0.15 ) • ^ 0.



Calculation of the mean-square distance of different segments 

from the centre of mass of a molecule indicates that the expansion 

of the coil under the excluded-volume effect is not uniform. More 

expansion takes place around the periphery of the molecule than in 

the region of the centre of mass. In other words, the hydrodynamic 

radius increases less rapidly as the excluded-volume effect increases 

than does the statistical radius. With the statistical expansion 

coefficient a defined by equation 4*51, and the hydro dynamic ex 

pansion coefficient ««, defined by equation 4.58, it follows that

<*«l 4 a »

The Kirkwood-Riseman treatment for the viscosity of polymer

solutions assumes that the distribution of segments within the 

polymer-molecule is G-aussian. The Kurata-Yamakawa theory extends 

the Kirkwood-Riseman treatment to the case in which the distribution 

of segments deviates from the G-aussian in the manner predicted by the 

Kurata-Yamakawa excluded-volume calculations. The limiting viscosity 

number and sedimentation coefficient become functions of the excluded

volume, as follows.
._ i .

+ p(x). 2-.....], 4.70

+ q(x). z - ...], 4.71

where xF (x), xG- (x), p(x), and q(x) are tabulated functions of the 

drainage parameter x. All the functions of x increase as the 

permeability of the coil decreases, and they attain limiting values 

for the completely impermeable coil.

In the limit of the impermeable coil,

cr 3 m 1 + 2.0 z . 4.72 

a* s 1 4 1.55 * . 4.73



According to the Flory-Fox theory, the parameter 4 is a constant. 

According to the Kurata-Yamakawa theory, Q is only a constant when 

the excluded volume is zero, i.e. under 6-conditions. Otherwise, 

it varies with (or^A) . From equations 4.77 and 4.78, (| obviously 

decreases with increasing or, i.e. with increasing molecular-weight 

or with increasing solvent power. The difference between or and or* 

(the expansion coefficient for translation through the solvent- 

medium analogous to or ) is negligible (Kirkwood and Riseman, 1948), 

so that P does not vary with or •

17. The Kurata-Stockiaayer Theory

Equations 4.72 and 4.73 give the connection between or^ and a as

3 2.43 , -7, 
or^ as or . 4.74

Kurata and Stockmayer (19&3) proposed an alternative closed expression,

at "" **l * & g^1 ^ * ' 4*75 

where & is a constant and g(a^, ) a function of a^ . The expansion 

coefficient is obtained as in the Kurata-Yamakawa theory, from 

equation 4.58,

, «*_ . *
In the limit of the impermeable coil expanded in a good solvent, ot^ 

is much greater than or and g(a ) reaches a limiting value, so that 

from equations 4.58 and 4«75,

K M°'5 &' z . 4.59

Because z is proportional to M *^, it follows that according to the 

Kurata-Stockmayer theory, [T?] for an impermeable coil in a good sol 

vent can be proportional to as high a power of the molecular-weight 

as 1.00. This of course is a direct consequence of the 3rd-power ex 

pression in equation 4.75 compared with the 5th-power expression of 

equation 4.52.
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SECTION 5 

AMYLOSE-TRICARBANILATE IN SOLUTION

!  Introduction

Any linear polymer molecule will, in the limit of high molecular- 

weight, obey the G-aussian chain-end distribution in a thermodynamically 

ideal solvent. The typical synthetic linear polymer is sufficiently 

flexible to do so within the molecular-weight range usually of interest. 

Expansion of the molecule in good solvents beyond G-aussian dimensions 

is caused by favourable solvent interaction as predicted by the 

theories developed by the Flory school.

The hydrodynamio behaviour of natural polymers is less readily 

interpreted than that of synthetic polymers. Cellulose, for example, 

has in the past been regarded as the classic example of the stiff 

chain, rendered inflexible by severely hindered rotation about the 

£-r*4 glycosidio bond. G-aussian statistics are not obeyed even in 

ideal solvents, and free-draining is observed. The any lose series, 

according to Burchard and other workers, also displays a measure of 

free-draining. The results of Banks and Greenwood show that both 

amylose and its triacetate possess negligible free-draining character 

istics, and that the hydrodynamic behaviour in ideal and good solvents 

corresponds to Flory' s model.

The results of an investigation into the hydrodynamic behaviour 

of amylose-tricarbanilate in a good solvent and in a 0-solvent are 

reported in this section. It was expected that the steric bulk of 

the substituents would cause the internal rotation of the polymer to 

be severely restricted, investing the molecules with a high degree of 

rigidity. This could be reflected in a partial permeability in the 

good solvent, which might or might not also be evident in the ideal 

solvent.



'• Amylp^e*Tricarbanilate in Pvridine

Viscosityt light-seattering and sedimentation measurements were 

made on the 11 fractions of the amylose-tricarbanilate in pyridine as 

described in Section 2.

The results for the determination of fa] and S for each fraction 

are shown in Table 5.1, together with the yields. The viscosity 

results are graphed in Pig. 5.1, and Pig. 5.2 shows the extrapolation 

for a typical sedimentation coefficient.

Table 5.1

Traction

1

2

3
4

5
6

7
8

9
10

11

Original

Viscosity and

t j(. 1200

ml gm

364

335

283

256

228

194

187

147

120

89

58

215

Sedimentation Data

[T>] s x io15f o o

ml gm sec

360 14.30

340 13.30

12.40

12.00

233 11.35

10.30

9.65

9.25

8.45

95 7.05

6.30

• ""

Yield

wt. %

11.62

8.34

10.08

7.20

14.30

9.22

10.94

6.88

8.91

6.29

6.32

The limiting viscosity numbers at sero rate of shear, 

were obtained for several fractions in the rotating-cylinder visco- 

meter* Within experimental error f these were the same as those
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determined at an average shear rate of 1200 sec"1 in the modified 

UbbelohdBViscometer. There was therefore no evidence for deforma 

tion or orientation of the polymer molecules with varying shear 

rate. This would suggest that the amylose-tricarbanilate molecule 

is not particularly extended in solution, the same conclusion as 

drawn for anylose and amylose-acetate in solution by Greenwood et al. 

(1970). Burohard and Husemann (I96l) also failed to detect signifi 

cant shear effects for amylose-tricarbanilate below M = 2 x 10 , and
W

at twice this molecular weight [ri] was no more than 1Q?( greater than

Calculation of the limiting viscosity number of the original 

total tricarbanilate from

tn] (calc.) = Tjjtyli . 5.1 

where w. is the weight-fraction of material with limiting viscosity

number Mif gives M (oalc.) = 218. This is in excellent agreement 

with the experimental figure for the starting material. Further in 

dication of self-consistency in the viscosity results is the regular 

increase in gradient of "^p/o versus c with molecular size, as 

shown in Fig. 5.1. A corresponding change in concentration depen 

dence was apparent in the extrapolation for sedimaatation coefficients,

The results for the light- scatter ing experiments are detailed 

in Table 5.2. A -typical Zimm plot is shown in Fig. 2.2. There is 

little evidence of downward curvature due to dust, and the extrapo 

lation procedures can therefore be expected to yield accurate results.

The efficiency of the fractionation procedure judged on the 

basis of the molecular-weights obtained by light-scattering has 

already been referred to in Section 2.9*



Table 5.2. Light-Scattering Data 

Fraction BW x 10*6 (2)*. A (?)*f o A_ x 103 . ml gm'1

1
2

3

4

5

6

7

8

9

10

11

2.44

1.91

1.59

1.50

1.26

0.88

0.84

0.73

0.57

0.40

0.30

920

795

730

700

630

520

500

470

405

375

330

2260

1950

1800

1720

1550

1280

1230

1150

999

920

810

0.26

0.25

0.23

0.28

0.34

0.29

0.21

0.26

0.22

0.19

0.17

The Experimental Hydrodynaniic Relationships

The coefficients and exponents in equations 4.8 , 4.9 , and 4.10 

are readily obtained by graphing the logarithms of M, S , and
- 

(1C) 2 against log M . The results for the 11 tricarbanilate fractions

in pyridine are shown in Figs. 5*5, 5.4, and 5.5 § and the corresponding 

equations detailed in Table 5.3 (all quantities expressed in c.g.s. 

unit s) .

Table 5.5 Amylose-Trioarbanilate/Pyridine, 25°C

« 2.00 x 10'3 «I 0 -83 . 4.8

. 1.08 x 10'17 fi,1 -08 . 4.9

8 . 7.16 x 10"15 M °'36 . 4.10
o w
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The exponent & = 0.83 and the coefficient K = 2.00 x 10~
a

have been extracted from the continuous straight line shown in 

Fig. 5.3. It could be argued, however, that the experimental 

points fall on a continuous curve, shown as the dotted line. This 

point has been discussed by Banks and Greenwood (1969). The curva 

ture in Fig. 5.3 is in the direction expected if the theories of 

partial free-draining apply to the system - at low molecular-weight 

in the limit of complete free-draining, £ s 1.0, whereas at hi^i 

molecular-weight in the limit of complete impermeability, £ = 0.50, 

with a continuous range of a. in between.

The two fractions of lowest molecular-weight deviate from the 

straight-line relationships of Table 5.3. Whereas the chain-end 

distribution in the other nine fractions is close to the G-aussian 

(£, a 1.08), the molecules in fractions 10 and 11 are relatively more 

extended in solution. They cannot consist of a sufficient number 

of monomer units to approximate to the G-aussian distribution.

According to the results of Burchard and Husemann (1961), the 

exponent ja in equation 4.8 is equal to 0.92 for the amylose- 

tricarbanilate/pyridine system. This result was arrived at by com 

bining the data from two different series of tricarbanilate fractions 

of which the molecular-weight ranges overlapped. One series was ob 

tained from synthetic amyloses, so that the distribution within a 

fraction was characterised by 8z/Sw < 1.10. The other series was 

obtained from potato amylose, and the distributions were found to be 

somewhat broader, with 1.40 > MZ/MW > 1.10.

The data of Burchard and Husemann has been re-graphed in Fig. 5.6, 

but instead of fitting one straight line to all the points to give 

£ c 0.92, a separate straight line has been fitted to each of the two 

series of tricarbanilate. The two straight lines are parallel, and
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within experimental error give a = 0.83. From this point of view, 

the results obtained here are in no way inconsistent with those of 

Burchard and Husemann.

The Flory-Fox theory gives the limiting viscosity number as

$ «3(7) l A , 4.55

5.2

"5 
from equation 4.51 • Replacement of (r ) in equation 5.2 from

equation 4.9 gives

1 „ K H* . 5.3

In a similar way, equation 4.59 yields

So * Ul - ^fO/P^ N K*] M1^2 « K& M*. 5.4

Therefore, if the Flory-Pox theory is valid (1.2 ̂  b^ 1.0),

- 2)/2, £ » (2-^)/2. 5.5

Insertion of the experimental value, b = 1.08, into equations 5*5> 

gives Ss, » 0.62, £ = 0.46, so that neither ^ nor £ is correctly pre 

dicted. The Plory-Fox theory does not describe the behaviour of the 

amylose-tricarbanilate/pyridine system.

The Flory-Fox theory is based on two assumptions. (i) In the

unperturbed state, the distribution of chain-ends about the centre of

"*5 i o 
mass in a molecule is G-aussian, i.e. r /M * is a constant. A mean-

square end-to-end distance found to be proportional to a power of M 

higher than 1.0 (up to 1.20) is ascribed to the excluded volume effect, 

(ii) The coil is Impermeable, so that it can be represented in 

aolution as an equivalent hydrodynamic sphere, of which the radius is 

proportional to a linear dimension of the real coil.



Because the theory does not describe the experimental results, 

one or other, or both of the assumptions is breaking down. It is

unlikely to be assumption (i) because r is very nearly proportional 

to M * 9 the proportionality expected for the G-aussian distribution. 

Ag for the system is finite, indicating an excluded volume effect, 

which could reasonably be invoked to account for the slight deviation 

from G-aussian statistics. It would appear, therefore, that it is 

assumption (ii) which is not valid for this system. In other words, 

amylose-tricarbanilate in pyridine displays free-draining characteris 

tics, the first time these have been observed in an amyloae -derivative 

in these laboratories. The occurrence and magnitude of the free- 

draining effect is frequently estimated from the viscosity constant $ 

and the frictional constant P (equations 4.55 »d 4.59).

Estimation of the Coil-Permeability

The constants <£ and P are obtained in terms of experimental 

parameters according to the Flory-Fox theory by substituting

m (6 R into equations 4.55 and 4.59.

M/(6 R) . 5.6 

N S (6 H)* . 5.7

The molecular-weight and root-mean-square radius of gyration should be 

expressed as number averages in these equations (Flory, 1953). In 

other words, a heterogeneity correction appropriate to the molecular- 

weight distribution within the fractions should be applied if the 

numerical value of $ and P is of interest . Since the interest here 

lies only in ascertaining whether or not $ and P are constants over 

the molecular-weight range, no heterogeneity correction has bewi 

attempted at this stage. The weight-average molecular-weight and
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Z-average root-mean-square radius of gyration obtained from light- 

scattering have been inserted in the equations for $ and P, and the

$• • 
and P .

Fractions 10 and 11 are not included.

Table 5.4 Derived Hydrodynamic Parameters

Fraction $' x 10"23 A P* x 10"22 & B* x 10l6 £

&

c. B

1
2

3
4

5
6

7

8

9

? . hW.

0.776

0.860

0.786

0.765

0.784

0.830

0.855

0.705

0.705

ycaa?)*

7.56

7.56

7.15

7.28

7.20

6.70

6.82

6.85

6.83

b P* *iL/Sj6^)i

5.63

5.94

5.98

5.83

5.98

6.47

6.45

6.00

6.05

i
The Flory-Fox theory predicts that $ and P should be constant

t 
in the limit of impermeability. In fact P exhibits a fairly steady

decrease with decreasing molecular weight. This is the behaviour

predicted by the theories if the various drainage parameters have not
t

reached their asymptotic limits. Thus, the P results indicate an

increasing amount of free-draining with decreasing molecular weight*
_t 

The wida scatter observed in the £ values, which makes it

difficult to discern a trend, can be ascribed to two sources. The
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first iathat of the experimental error asaociated with the light-
""5 1 

acattering determination of (*C)? . Thia dimenaion occurs as a
t 

linear term in the calculation of P , but as a cubic term in the

X* -x 1 *
calculation of $ , so that $ , but not P , auffers from conaiderable

"5 i
magnification of any inaccuracies in

The aeoond source of error arisea from the interpretation of 

theory. As already noted, the finite values for A. indicate a sig 

nificant excluded-volume effect. According to the Kurata-Yamakawa
- "*5 1

theory, the use of the experimental values of fy], M , and (B^)^ will

therefore have yielded $ (ot-n/cc) rather than $ . Superimpoaed on
-«

the decrease of <f with decreasing molecular-weight expected on the
x»

basis of increasing permeability, there is an increase in $ with

decreasing molecular-weight on the basis of the excluded-volume effect. 

The relative magnitude of the two opposing effects cannot be calculated*

It must be concluded that in systems which display both a variable 

degree of free-draining and an excluded-volume effect, the parameter

does not provide an unambiguous guide to the permeability. The 

parameter P is more useful because its dependence on t he excluded- 

volume effect is negligible.

The difficulties caused by the experimental errors in the deter-

"5 ± 
mination of (R«)* can be eliminated by calculating the Mandelkern-

wr

Plory (1952) constant B for each fraction.

B = *. p"1 * s] 4A*)[tfd- 01 * 5 *8

The values of the parameter B are collected in Table 5.4. They are 

effectively conatant over the molecular-weight range. Thia is not f 

however, a valid test for impermeability, beoauae Kurata and Yamakowa 

(1958) have ahown that the fraction obtained by combining equationa

4.70 and 4.71 ,
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p (x). «- ....]" , 5.9

3n tx&(x)]

takes on the same value over a considerable range of permeabilities 

as it takes on for the completely impermeable coil.

It has been shown therefore, that of the three parameters 

commonly used to test free-draining character! sties, only the fric- 

tional parameter P gives unambiguous results* On this basis, 

amylose-trioarbanilate in pyridine behaves as a partially free- 

draining coil. According to the Kurata-Stockmayer theory, the ex 

ponent & in the Mark-Houwink equation can be a high as 1*00 for the 

impermeable coil in a good solvent. The Flory theory predicts that 

above £ s 0.80 the coil should display free-draining characteristics. 

The results here, with free-draining evident at & a 0.83, indicate 

that the Flory theory is essentially correct.

The Theories of Partial Permeability

The theories of partial free-draining described in SectioiB4«5» 

4.7, and 4.8 assume that the semi-permeable coil obeys the Graussian 

chain-end distribution. The deviation from G-aussian statistics in 

the amylose-tricarbanilate/pyridine system is not very great fa = 1.08 

rather than 1.00). It is therefore reasonable to use this system to 

test the various theories. It is also of interest to see how valid 

is the replacement of the fcaussian distribution by a constant segment 

density in the Debye-Bueche-Brinkman theory. The various hydro- 

dynamic parameters given by each theory are derived below. The coil 

dimensions predicted from the viscosity and sedimentation data are 

later compared with those obtained directly from the light-scattering 

experiments.

As mentioned in Section 2.1, the various physical techniques 

yield different averages, and it is therefore necessary to apply
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corrections for the molecular-weight heterogeneity within the 

fractions. The generalised molecular-weight distribution function 

proposed by SchulB (1939) is assumed to describe the fractions. The 

function has the form

w(M) , [yh + V P (h + 1)] Mh . exp (-yM) , 5 .10 

where P is the gamma function of h, and

y . a/8 » (h + l)/Sw * (h * 2)/S . 5.11
•• « A

When h * 1, the function reduces to that for the 'most probable* ex 

ponential distribution of molecular-weight. Earlier work on amylose 

and amylose- acetate (Banks, et £i. t 1958) has shown that fractions 

prepared in the same way as the tricarbanilate have M /M ^ 1.5.
wV *<L

Exploratory osmotic experiments on the trioarbanilate in diethyl- 

ketone indicate the same ratio. The fractions here are therefore 

characterised by h « 2. This means of course, that the molecular- 

weight distribution within a fraction is much narrower than that 

within the original unfractionated total tricarbanilate.

Tihi? KirHi1**OQfl<"^3'83Pft'P' Theory

In the limit of high molecular-weight, the observed limiting 

viscosity number becomes independent of the frictional coefficient 

per monomer unit due to complete hydrodynamic shielding. The effec 

tive bond-length P may then be obtained from equation Jf.17, which has 

the limiting form

P3 s 6 % M . 1 . lim fy]/n* . 5.12 

N n 1 (1.26)

The intercept of a graph of [^]/n versus n"* gives the required
1 

limit of [rj\/n? at infinite molecular weitfit. Fig. 5.7 shows this

graph, constructed using the weight-average degree of polymerisation.
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Thus, nw a ^/^o* wnere M0 s 5*9   Tne corresponding treatment of 

the sedimentation data gives, from equations 4.16 and 4.18,

S « [8M(1 - ^p)/3N(6n 3 )* TP]n* + M(l - vV&f, 5.13
Q 1 0 Q

and the effective bond-length can be obtained from a graph of S
4 ° 

versus nz . This graph is shown in Pig. 5.8. The effective bond-

lengths obtained from these two treatments are shown in Table 5.5. 

They agree fairly closely. Their average value is high, showing that 

the molecule is fairly inflexible.

Table 5.5 Kirkwood-Riseman, Aaylose-Tricarbanilate/I^ridine

Parameter

o
P. A

f x 10 , got see*

X *io2A o

O
R, A

Visco sity

32

26

1.2

1.6

Sedimentation

37

12.9

6.7

0.8

Because 4 varies continuously over the molecular-weight range, 

the other parameters given by the Kirkwood-Riseman theory (Table 5.5) 

are best calculated for some molecular-weight representative of the 

range of molecular-weights over which the hydrodynamic behaviour has 

been investigated. Fraction 5 has therefore been chosen, and the 

friotional coefficient per monomer unit f, the parameter A Q , and the 

monomer-radius R calculated from the tabulated values of & and x, 

equations 4.l6t and Stoke's equation for the frictional coefficient 

of a sphere, f a 6 n ri R.

The values calculated for the monomer frictional coefficient f 

are very low. These in turn lead to low values for R, which would,
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in fact, be expected to be of the order of 5 - 10 A. This same 

effect has been found in the cases of ethyl-hydroxyethyl-cellulose 

in water (St. J. Manley, 1956) and cellulose-trinitrate in ethyl- 

acetate (Newman, e^ aJL., 1953). In any case, Stoke1 s equation

should probably be expected to break down at the molecular level.
"•75 1 

Tables 5.9 and 5.10 show the values of (r )* computed for each

fraction from the effective bond-lengths P and equation 4.5.

Dabve-Bueohe-Br^nJqaan Theory

From the values tabulated by Debye and Bueche (192+8), the ex 

ponents a, m 0.83 and c. a 0.36 give ty(0) = 0.63 and H5 (3) - 0.63. 

The respective shielding-ratio values are c? - 3.15 and d = 3.2.

Table 5.6 shows the parameters derived for fraction 5. R™ is 

calculated from equations 4.19 and 4.20, L from R™/** > and f from
TL O

4 n ri R_/3iiL • There is no more than adequate agreement between

Table 5.6 Debye-Bueche-Brinkman. Amvlo se-Tr icarb anil at e/Pyr idine

Parameter

6
o

L, 2
f x 10 , gm. sec""

o
R A 

9

Viscosity

3.15

565

180

8.5

0.5

Sedimentation

3.2

620

194

9.7

0.6

the parameters from the two sets of data. The values for the monomer 

frictions! coefficient again lead to unrealisticalty low values for 

the monomer radius. This could be the result of experimental error 

because R~, occurs as a cubic term in the calculation of f, or it
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could be the result of assuming that a monomer unit is adequately 

represented by a sphere.

The root-mean-square end-to~end distance calculated for each 

fraction from equations 4.22 and 4.23 is shown in Tables 5.9 and 

5.10.

The Kuhn-Kuhn Theory

Figs. 5.9 and 5.8 show the graphs of n/[-n] against n^ and S 

against rr which, according to equations 4.24 and 4.25, yield the 

parameters A and d, from the gradients and intercepts respectively. 

For amylose and its derivatives with the glucose units in the Cl 

conformation, b is 4.41 A, and this value has been assumed for calcu

lation of A and d, . See Table 5.7. 
D n

Table 5.7 Kuhn-Kuhn, Amylose-Tricarbanilate/Pyridine

Parameter, A Viscosity Sedimentation 

A 154 151
IB

0.5 0.05

In common with the values calculated fbr the monomer radius R 

by the Kirkwood-Riseman and the Debye-Bueche-Brinkman treatments, 

the hydrodynamic thickness oV of the monomer unit given by the Kuhn- 

Kuhn theory is unreasonably low. Furthermore, the sedimentation data 

gives d. an order of magnitude smaller than does the viscosity data. 

There is, however, very good agreement between the two A^ values. As 

noted in Section 4.7, the statistical segment length provides a 

measure of the stiffness of the polymer chain. Table 5.8 gives an

interesting comparison of the A values found for various systems.m
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Table 5.8 Chain Flexibility for Various Systems

Polymer

Amylose

Aoylose-acetate

Amylo se-tricarbanilate

Solvent

0-solvent 

0.15M KOH 

0-solvent 

Nitromethane 

0-solvent

Polystyrene Benzene

m

33

Cellulose Cadoxen 147 29

Cellulose-acetate Acetone 114 22

Cellulose-tricarbanilate Cyclohexanone 212 41

15

Reference

25

72

34

65

95

153

6

16

8

15

22

35

£

£

1L

&

£
a

I

£

& Banks and Greenwood (19&9)

£ Banks and Greenwood (19680)

£ Henley (19&) I Kuhn

Banks and Greenwood (l968b) 

This work 

. (1954) £ Shanbhag (1968)

Also Included in the table are the numbers of monomer units per Ku
hn 

statistical segment length, n.. = A /b. This is a more fundamental

parameter than A because of the difference in size of monomer units,

o 
Thus, for cellulose and its derivatives, b e 5»15 A.

Amy lose is much more flexible than cellulose, and has about the 

same flexibility as polystyrene in benzene. The difference in 

flexibility of the derivatives of amylose and cellulose becomes le
ss 

narked with increasing substituent size. Under 6-conditions, the 

polymer molecules assume dimensions characteristic of the nature o
f
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the polymer alone, and independent of the nature of the polymer- 

solvent interactions. Amylose-acetate can therefore be seen from 

Table 5.8 to be approximately one third less flexible than amylose 

itself. To anticipate the results of Section 5.3, the tricarbani- 

late, however, has a stiffness some four times that of amylose.

These considerations tend to support the view of Banks and 

Greenwood (l968b), namely that the amylose molecule is reasonably 

flexible, and that the degree of inflexibility found in the derivatives 

can be ascribed to the increased steric hindrance to rotation about 

the inter-unit bonds. The steric hindrance in the case of the tricar- 

banilate becomes so great that free-draining sets in.

Tables 5*9 and 5.10 show the root-mean-square end-to-end distances 

calculated for the nine fractions on the basis of equation 4.26 and

the two values of A .m

The Peterlin Theory

The tan a and tan a 1 of Peterlin1 s theory (equations 4.27, 4.28,

and 4.29) are readily obtained from Figs. 5.9 and 5.8. The calculated
"5 4

values of (r )* are shown in Tables 5.9 and 5.10.

Calculated and Experimental Coil Dimensions

Tables 5.9 and 5.10 show the root-inean-square end-to-end distances 

found for the fractions from the light-scattering root-mean-square 

radii of gyration (Table 5.2). These values are compared with those 

calculated from the various treatments above.

The mean-square radius of gyration obtained from light-scattering

is a Z-average, and therefbre so is the root-mean-square end-to-end
"5 4 1 T"1- 

distance calculated from (r )* = 6? (&£) 2 . On the other hand, the

*5 4 (r r calculated from the theoretical treatments are weight-averages.

The heterogeneity correction given by equation 5.H nas therefore been
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•pplied. Thus, where h = 2,

(3A)*. 5.14

Table 5.9

Fraction

1

2

3

4

5

6

7

8

9

LS

1965

1695

1560

1490

1345

1110

1065

1000

860

-5 i 0 
(rw)*(A) from Viacoaity Data

tricarbanilate/Fyridine

KB. DBB

2190 1425

1940 1280

1760 1155

1720 1080

1575 979

1315 825

1315 800

1200 705

1060 610

, Amylose-

KK

1785

1580

1435

1400

1280

1070

1045

975

865

P

1760

1580

1425

1380

1265

1060

1005

960

845

Table 5.10

Fraction

I

2

3

4

5

6

7

8

9

LS

1965

1695

15&>

1490

1345

1110

1065

1000

860

"51o 
(r ) 2 (A) from Sedimentation

 w

tricarbanilate/ftyridine

KR DBB

2510 1695

2220 1520

2020 1350

1970 1320

1805 1170

1510 905

1470 915

1375 835

1215 715

Data, Amylose-

KK

1760

1560

1420

1380

1265

1055

1030

965

850

P

2495

2205

2015

1950

1790

1495

1460

1365

1205



It can be seen from Table 5.9 that the most serious discrepancy 

between the experimental and calculated coil dimensions arises from 

the Debye-Bueche-Brinkman theory. The dimensions are severely 

underestimated. This is probably a result of the representation 

in this theory of the G-aussian chain-end distribution by a constant 

segment density. This is valid in the limit of complete permeability, 

but not otherwise. In contrast , the Kirkwood-Riseman treatment pre 

dicts coil dimensions significant]y greater than are observed.

The theories of Peterlin and of Kuhn and Kuhn, when applied to 

the viscosity data, give reasonable agreement with the light- 

scattering dimensions. The agreement at the lower molecular-weights 

is excellent, although the concordancy falls off at the higher 

molecular-weights. This can be ascribed to the excluded-volume 

effect of which these theories take no account. Yet the second 

virial coefficient A_, which is a function of polymer-solvent inter 

act ion, is finite for the series. This is equivalent to saying that 

the above theories should be applied only to coils which are strictly 

G-aussian in the nature of their chain-end distribution.

Table 5.10 shows the dimensions obtained on applying the various 

theories to the sedimentation data. Again the Kirkwood-Riseman 

theory gives coil dimensions much greater than those found experimen 

tally. The Debye-Bueche-Brinkman theory, while again providing an 

underestimation, does so to a lesser extent than the equivalent treat 

ment of the viscosity results. The Peterlin theory this time over 

estimates the coil dimensions, almost as much as does that of Kirkwood 

and Riseman. The Kuhn-Kuhn theory is the only one of the four which 

gives a reasonably close prediction of the light-scatter ing results. 

Again, the agreement is excellent at the lower molecular-weight end of 

the series. The under-estimation at the high molecular-weights is
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presumed due to the non-Gaussian nature of t he coils.

Only the Kuhn-Kuhn theory of partial free-draining predicts, 

on the basis of both viscosity and sedimentation behaviour, reason 

able values for the coil dimensions. It is noteworthy that the 

treatment is based on empirical rather than theoretical considera 

tions*

Conclusions

The amylose-tricarbanilate/pyridine system displays free- 

draining characteristics. Parameters from the various theories of 

partial permeability indicate that the polymer possesses an inflexi 

bility significantly greater than found in the cases of amylose it 

self and amylose-triacetate.

A hydrodynamic study of the behaviour in an ideal solvent should 

allow an accurate measure of the steric hindrance to internal rotation 

inferred above. The results of such a study are reported overleaf.



3» Ajgylose-Tricarbanilate in a 6-Solvent

A 6-solvent was devised for amylose-tricarb anil ate as described 

in Section 2.7. It had the composition 86.71?' pyridine and 1 7,.29^ 

water (v/v) at 25*0°C. Viscosity, sedimentation, and light- 

scattering experiments were carried out on the eleven fractions as 

described in Seotion 2. The results are shown in Table 5.11.

Table «5.11 Vis

Fraction

1

2

3

4

5

6

1

8

9

10

11

Original

oosity, Sedimentation, and Light-Scattering Data

ml gm

258

239

211

192

170

148

147

125

109

78

53

162

sec

8.81

8.35

7.30

7.02

6.49

6.12

5.71

5.16

4.80

3.95

3.49

-

o
A

710

657

594

576

537

452

430

388

358

273

224

 

From equation 5.1, WCo-alc.) = 166, which is in good agreement 

with the experimental figure for the starting total tricarbanilate.

The graphs of T) /c versus c for the eleven fraction were very
(»P

similar to those shown in Fig. 5.1 for the fractions in pyridine. 

As expected, the limiting viscosity number and the gradient of the



graph of ^gp/c versus c for a fraction in the 6-solvent was less 

than that for it in pyridine, indicating that the molecules are less 

extended in solution. Because no shear-dependence was manifested 

in pyridine, none would therefore be expected in the 6-solvent, and

was not determined in the rotating-cylinder viscometer. The 

concentration dependence of sedimentation coefficient was less 

marked in the 6-solvent than in pyridine, again a reflection of the 

smaller extension of the ooil in the 0-solvent.

Light-Scattering in the Mixed Solvent
n

As shown by Eyrard, et ^1. (194^), the (dn/dc) of equation 2.26

should be replaced for light-scattering in solvent precipitant mix 

tures by [(dn/dc) + a.,(df /dc)] . Here f is the volume fraction of 

the solvent in the solvent/non-solvent mixture, and a. = (-d*f_/dc). 

The volume fraction H5 . is t hat of solvent in the immediate vicinity 

of the polymer molecule. The solute molecules would be expected to 

preferentially adsorb solvent. An estimate of or, can only be ob 

tained by assuming the molecular size of the polymer, and therefore 

M cannot be determined by light-scattering in a mixed solvent. For 

the same reason, absolute values of A cannot be obtained.

Nonetheless, useful information can be extracted from light- 

soattering experiments in 6- solvents. Thus the above drawback does 

not apply when the second virial coefficient is zero. A Zimm plot 

for amylose-tricarbanilate in the 6-solvent is shown in Fig. 5.10. 

A is zero as expected. In general, full Zimm plots were not con 

structed, light- scattering on a fraction requiring only two different 

concentrations to verify Ag as zero.

The d etermination of the mean-square radius of gyration does not
n

require a value of (dn/dc) because of the cancellation involved in
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the ratio (gradient/intercept) for the line of zero concentration.

"5 ^ 
(&&) can therefore be determined in a straightforward manner. The

results are recorded in Table 5.11. The values refer to molecules 

rather than aggregates for two reasons.

(i) Aggregation would lead to downward curvature in the graph of 

oAQ against sin 6/2 at low angles. No such effect was detected 

in any of the results.

(ii) The intercepts on the Kc/IL anis should all be in the same9

ratio to each other as the molecular weights. Thus, the molecular- 

weights of ten of the fractions can be calculated with respect to the 

eleventh fraction if a value is assumed for the molecular-weight of 

the eleventh. The molecular-weight of fraction 1 as determined in 

pyridine, M = 2.44 x 10 f was therefore used to calculate the 

relative molecular-weights of all the other fractions. The results 

are shown in Table 5.12. There is excellent agreement between the 

absolute molecular-weights determined in pyridine and the relative 

molecular-weights determined in the 6-solvent. This confirms both 

the general accuracy of t he experimentation in the light-scattering 

studies and the absence of aggregation in the 6-solvent.

Table 5.12 Light-Scattering in tyridine and 0-Solvent

Fraction

1
2
3
4
5
6
7
8
9

10
n

M x 10~6w
(absolute)

2.44
1.91
1.59
1.50
1.26
0.88
0.84
0.73
0.57
0.40
0.30

M x 10"6w
(relative)

2.44
1.86
1.62
1.45
1.32
0.91
0.88
0.75
0.59
0.41
0.28
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The Experimental Hvdrodvnamic Relationship

The results shown in Table 5.11 are graphed as logarithmic 

functions of log BW in Pigs. 5.11, 5.12, and 5.13. The corresponding 

equations are summarised in Table 5.13.

Table 5-H Amylose-Tricarbanilate/6-Solvent, 25°C

* 2.08 x 10"2 M°*65 . 4.8

?\
so

s 2.22 

* 1.98

x 10-1? M^-00 . 

x 10^5 MW°^.

4.9 

4.10

The exponent £ in equation 4.9 is 1.00, characteristic of the 

G-aussian chain-end distribution. This is as expected in a thermo- 

dynamically ideal solvent according to the Plory-Pox theory. The 

exponents & and £ of equations 4.8 and 4.10 would both be 0.50 for a 

collection of completely impermeable &aussian coils. The exponents 

found experimentally therefore indicate a degree of free-draining. 

The system amylose-tricarbanilate/8-solvent is unique. All other 

polymer/ solvent systems have been found to reach the limit of total 

impermeability at the same molecular size as the onset of G-aussian 

statistics. It has become generally supposed that the two effects 

automatically go hand-in-hand, which is not the case as the results 

here show.

Fractions 10 and 11 again deviate from the straight-line relation 

ships. The G-aussian function describes the chain-end distribution 

only above a degree of polymerisation n = 1000. This is simply a 

consequence of the stiffness of the polymer molecule - above this 

degree of polymerisation the chain is sufficiently long to obey the
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fcaussian distribution, but the chain-elements are sufficiently 

separated from each other to allow a degree of permeability to 

solvent.

The conclusions drawn from the hydrodynamic behaviour of the 

tricarbanilate in pyridine are therefore largely substantiated. 

The polymer is partially free-draining up to the highest molecular 

weight investigated.

Verification of the Partial Permeability

Values of ' and Pf have been calculated for the system on the 

same basis as for the tricarbanilate in pyridine. See Table 5.34.

Table 644

Fraction

1

2

3

4

5
6

7
8

9

Derived Ifydrodynamic Parameters

$' x 1(T23

1.21

1.12

1.09

1.02

0.95

0.96

1.06

1.06

0.92

* .29P x 10 ^

15.9

14.2

14.9

15.0

14.7

12.9

13.8

14.7

13.4

I t
The values of both $ and P tend to decrease with decreasing

molecular-weight, indicating that the molecule is indeed partially 

free-draining. This is the first evidence obtained in these labora 

tories for partial free-draining in the amylose series.
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Partial Permeability and Hindered Rotation

Both amylose (Banks and Greenwood, 1968 d, 1969) and amylose- 

triaoetate (Banks, £t aj,., 1968, 1968b) have been shown to conform to 

Flory' s model of the impermeable G-auasian coil in ideal solvents. 

It has been shown above t hat the tricarbanilate in an ideal solvent 

possesses a degree of permeability although it is still sufficiently 

flexible to obey the G-aussian chain-end distribution. It is in 

ferred that the onset of free-draining in the Gaussian coil is a con 

sequence of the increased steric hindrance to internal rotation.

A direct measure of the hindrance to rotation can be obtained 

in terms of a parameter d defined as

- 5.15

Here r is the mean-square end-to-end distance of the polymer chain

in its unperturbed state as determined in a 6 -solvent, and r ,, is the 

mean-square end-to-end distance calculated for the polymer on the 

basis of free rotation about fixed inter-unit bond-angles (equation 

4.2). The greater cf f the greater the degree of restriction to 

rotation. Burchard (i960) has calculated that, for the amylose

series,

« (5.0l)A*,Amole"* . 5 .16

Prom the experimental relationship between R& and ff * , the 

quantity (rVM)^ s 1165 x 10 cm mole""*, which, on correction of 

the root-mean-square end-to-end distance to a weight average (multipli 

cation by (3A)*) f is 1010 x 10 cm mole"*. From equation 5.16,

220 x 10"11 cm mole"5 . Therefore d * 4.59. The 

parameters for amylose and amylose-acetate are collected for com 

parison in Table 5.15.



Table 5.1^ Parameters Characterising Hindered Rotation

Polymer (r/M)* x 1011 cm mole"^ C Reference

Amyloae 875 2.24 a

Amylose-Triacetate 920 3.12 b

Amylose-Tricarbanilate 1010 4.59 £

£ Banks and Greenwood (l968d) £. Banks, et a^. (1968) 

£ This work

For amylose CS « 2.22, which is comparable to the values 

typically found for synthetic linear polymers. The triacetate value 

of d is rather higher than observed for synthetic polymers. The 

tricarbanilate value of 4.59 is significantly very much larger yet, 

as would be expected jfr-om the great sterie bulk of the C,H -NH-CO- 

substituent groups. The increasingly hindered rotation is of course 

paralleled by the increasing unperturbed dimensions also recorded in 

Table 5»15« As the unperturbed dimensions increase, so will the 

degree of polymerisation at which the coil finally becomes impermeable. 

For amylose-tricarbanilate, this limit will be reached somewhere 

beyond the highest molecular weight examined in this study.

Test of the Partial Free-Draining Theories

The system amylose-tricarbanilate/0-solvent provides a unique 

opportunity to test the theories of partial free-draining because both 

the assumptions on which these theories are predicated have been shown 

to hold. (i) The chain-end distribution about the centre of mass is 

G-aussian. (ii) The exponents & and £ are other than 0.50.



The Kirkwood-Riaeman Theory

*ig» 5.14 shows the viscosity data graphed according to 

equation 4.17* The experimental points are rather scattered, making 

the extrapolation to infinite molecular-weight somewhat difficult. 

The solid line has been drawn using smoothed values of fo], i.e. 

those calculated from

fy] » 2.08 x 10-2 5w°'65 . 4.8

The extrapolation is then straightforward. Pig. 5.15 shows the 

corresponding graph for the sedimentation data in which the scatter 

is very much more limited (equation 5.13).

S8^^® 5iiL6 Kirkwood-Risi

Parameter

0
P. A

f x 10 , gm sec

A o xio2
0

R, A

sman, Amylose-Tricarbanilate/6-Solvent 

Viscosity Sedimentation

20.4

29

7.0

1.0

32.6

19.8

3.0

0.7

The various parameters, calculated for fraction 5,

collected in Table 5.16. There is very poor agreement for the effec 

tive bond-length P calculated from viscosity and sedimentation. The 

Stoke* s radius R of the monomer unit is unrealistically low. Thus 

the Kirkwood-Riseman treatment is not very satisfactory.

Debve-Bueche-Brinkman Theory 

Table 5.17 shows the parameters derived for fraction 5. Again, 

there is only a limited amount of agreement between the viscosity and 

sedimentation parameters, and the Stoke 1 s radii are also an order of 

magnitude too low.







Table >-Brinkman f Amylose-Tricarbanilate/0-Solvent

Parameter Viscosity Sedimentation

c

R

L

f

R

>
o

P* ^

O
. A

x 10 , gm sec"
o

, A

7.9

384

48.6

60.5

2.2

4.6

445

96.8

23.9

0.9

The Kuhn-Kuhn Theory

Figs. 5»l6 and 5.15 show the data graphed according to equations 

4.24 and 4.25. The molecular parameters are shown in Table 5.18. 

As in the case of this theory applied to the tricarbanilate in pyridine,

Table 5.18 Kuhn-Kuhn, Amylose-Tricarbanilate/6-Solvent

Parameter, A Viscosity

94

2.8

Sedimentation 

96 

0.7

there is excellent agreement between the values of A calculated fromm
o

the viscosity and the sedimentation data. The average value of A = 95 A* m

is somewhat high compared with those for amylose and amylose-acetate 

in e-solvents (Table 5.8). However, equations 4.24 and 4.25 are

fairly insensitive to change in A , so that a very accurate value cannot
m

really be expected for this parameter. The significance of the statis 

tical segment length has already been discussed.

The hydrodynamic thickness dfa is again an order of magnitude too

low.
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The Peterlin Theory

The tan a and tan ot can be obtained from Figs. 5.16 &&& 

5.15.

Calculated and Experimental Coil Dimensions

The coil dimensions have been calculated from each of the above 
theories on the basis of both the viscosity and the sedimentation 
data. They are compared in Tables 5.19 and 5.20 with the dimensions 
obtained directly from light-scattering. The Z-average root-mean- 
square radii of gyration listed in Table 5.11 have been converted to
the weight-average root-mean-square end-to-end distances as shown

1 i 
(multiplication by (6s) (3/4r).

All four theories when applied to the viscosity data under 
estimate the coil dimensions. The Debye-Bueche-Brinkman theory is 
particularly inadequate. This can probably be ascribed to taking

M, 1 ""O

Rp, » 0.527 (r2)* for all values of r , although strictly the relation 

ship holds only in the limit of complete permeability.

The Kirkwood-Riseman and the Kuhn-Kuhn theories when applied to 

the viscosity data give almost identical results for e ach fraction, 
and the Peterlin theory gives dimensions just a little smaller than 

these two. These three theories an underestimate the dimensions by 

about l($ f but this is an adequate degree of success. The discrepancy 

would decrease somewhat if the molecular-weight distribution within 

each sample was rather wider than that used in the calculations (h = 2)

Table 5.20 shows that the Kirkwood-Riseman and Peterlin theories 

both grossly overestimate the coil dimensions when applied to the 

sedimentation data. The Debye-Bueche-Brinkman treatment severely 

underestimates them. There is no obvious reason why the theories 

which give an adequate estimation of the coil dimensions when applied



Table R.1Q

Fraction

1

2

3

4

5

6

7

8

9

LS

1510

1400

1260

1225

1140

960

910

825

760

(?)*(A) from

6-Solvent

KR

1400

1240

1130

1095

1005

855

820

770

680

Viscosity Data, Amylose-Tricarbanilat*

DBB

1200

995

945

930

845

625

640

585

515

KK

1400

1235

1130

1095

1000

840

820

765

675

P

1355

1200

1095

1060

975

810

795

740

655

Table 5.20 (r )?(A) from Sedimentation

Tricarbanilate/6-Solvent

Fraction

1

2

3

4

5

6

7

8

9

LS

1510

1400

1260

1225

1140

960

910

825

760

KR

2240

1980

1805

1755

1605

1345

1315

1225

1085

DBB

1045

945

850

805

730

620

610

550

485

Data, Amy lose-

KK

1415

1250

1140

1110

1015

850

830

775

685

P

2050

1810

1660

1605

1475

1230

1205

1120

990



to the viscosity data fail so markedly when applied to the sedimen 

tation data. Sharibhag (1968 b) has shown that the Kirkwood-Riseman 

treatment of the frictional coefficient also grossly overestimates 

the coil dimensions of cellulose-tricarbanilate in a good solvent 

( eye lohexanone ) .

The only satisfactory prediction of the coil dimensions on the 

basic of the sedimentation data is provided by the Kuhn-Kuhn theory. 

As from the viscosity data, the root-mean-square end-to-end distances 

are about 1($ low. Thus of all four theories, only this one gives 

good agreement between calculated and experimentally-determined 

dimensions. This is the same conclusion as reached in the case of 

amylose-tr icarb anilate/pyr idine .

The Kratkv-Porod Worm-like

Burchard has concluded from his studies (already referred to 

where appropriate) that the araylose-tricarbanilate molecule is partially 

permeable, and that this is in common with amylose and any lose- triacetate, 

According to his results, the amylosic backbone is inherently in 

flexible, and the tricarbanilate chain-end distribution is not fcaussian 

in an ideal solvent even at n = 4000. The tricarbanilate molecule is 

BO stiff that Kuhn1 s concept of the equivalent statistical chain is 

inappropriat e .

Kratky and Porod (1949) proposed the model of the worm- like chain, 

and Burchard (1965) suggested that amylose-tricarbanilate conforms to 

this model. The flexibility is the same at all points along the chain, 

a condition approximated to by a chain so stiff that the Kuhn statis 

tical segment length is not much less than the contour length. The 

positive angle between successive bonds is very close to 6 = 180 so 

that a very large number of chain elements is required before the



orientation of an inter-unit bond is independent of the direction 

of the first such bond in the chain. In the limiting case of 

fcaussian statistics, the Kuhn statistical segement length is given by

Am = 2q , 5.17

where q is a characteristic persistence length proportional to the 

minimum attainable radius of curvature of t he chain.

The value of A obtained from 0- solvent viscosity and sediment a-

o o 
tion data is approximately 100 A, so that q = 50 A. Use of this

"3 1 
value of A in equation 4.26 yielded (r )* for each fraction, approxi

mately 10$ lower than found experimentally (Tables 5.19 and 5.20).

An A equal to 120 A would be required to give the observed experimen m

tal dimensions, so that q would have to equal 60 A. The dimensions 

of the worm-like coil are given by

, (q*/n)[x/3-l + 2/x -(2/x2)(l - exp[-x])] , 5.18 

where x » nb/q . 5.19

Pig. 5.17 shows the experimental values of R/n graphed against n.

The solid line in the figure shows the curve obtained by inserting

o o 
q a 60 A and b = 4.41 A into equations 5.18 and 5.19. This forces

agreement for n ) 1000, the experimental points being scattered about 

the line* But the experimental points for fractions 10 and 11, the 

chain-end distribution for both of which is known to be non-G-aussian, 

fall off more rapidly than the Kratky-Porod theory predicts. This

could be due to experimental error, but would require that the measured
-* 

values of 1C be too low. Any error in light- scatter ing at low

a -^
molecular-weights tends to give R& too high.

Conclusions

The results reported in this thesis show that amylose- 

tricarb anil ate displays free-draining characteristics over the mole-
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cular-ireight range investigated (M x 10 = 0.30 to 2.44). Im 

permeability would be attained somewhere beyond the degree of 

polymerisation (n = 5000) corresponding t o the highest molecular- 

weight studied. The steric hindrance to internal rotation is 

great enough to account for the partial permeability, but not great 

enough to induce a departure from G-aussian statistics in an ideal 

solvent except below n = 1000. Thus, the expansion of the polymer 

molecules in a good solvent is due to favourable polymer-solvent 

interaction, in accord with the results previously found in these 

laboratories for amylose and amylose-acetate.
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SECTION 6 

SUMMARY

Recorded in this thesis are the results of an investigation into 

the hydrodynamic properties of amylose-tricarbanilate. Section 1 

provides a short general introduction to the solution behaviour of 

high polymers. Particular reference is made to aiiylose and amylost- 

aoetate. There is some controversy as to the degree of free-draining 

and molecular flexibility which these polymers display. Permeability 

to solvent of amylose and its tri-acetate has not been observed in 

these laboratories. The hydrodynamic behaviour of the tricarbanilate 

is of interest because the bulky substituent groups would be expected 

to invest the molecule with a degree of inflexibility. A sufficiently 

high inflexibility could cause the onset of free-draining characteris 

tics.

The techniques of viscometry, ultraoentrifugation, and light- 

scattering, as applied to the systems amylose-trioarbanilate/pyridine 

and amylose-tricarbanilate/solvent-precipitant mixture, are described 

in full in Section 2. The alignment and calibration procedures for 

the Brice-Phoenix light-scattering photometer have been dealt with at 

length because these are matters of some confusion in the literature. 

The preparation and fractionation of amylose-tricarbanilate are also 

detailed, and it has been shown that the 'most-probable1 exponential 

function describes the molecular-weight distribution of a total linear

amylose,

Section 3 digresses a little from the main body of the thesis to 

describe the development of a method f or eliminating the difficulties 

in clarifying aqueous solutions of the starch components for light- 

BOattering experiments. This improved technique did, however, make



it possible to say with a high degree of certainty that no degradation 

of the amylose took place during the tricarbanil*tion reaction. 

Furthermore, it became possible to demonstrate unambiguously that 

the second virial coefficient for the system amylose/water is zero. 

The improvement in technique consists essentially of degrading the 

starch component in solution by the addition of an enzyme to the 

light-scattering cell. This allows the estimation to a high degree 

of accuracy of the intensity of light scattered by the solute in 

solution. The effect of scattering by dust in solution is minimised. 

It has been shown that extrapolating the straight-line portions of 

'curved' Zimm-plots can lead to serious errors in the determination 

of molecular-weights.

Section L contains a short survey of the theories developed to 

explain the behaviour of flexible linear polymer molecules in solution. 

These theories fall into two groups based on the hydro dynamic and 

thermodynamic approaches. The main concepts of the two approaches 

are explained.

Section 5 details the results obtained for amylose-tricarbanilate 

in a good solvent, pyridine, and in the thermodynamic ally ideal solvent- 

precipitant mixture formed by pyridine and water at 25 C . The tricar- 

banilate in pyridine was found to display free-draining characteristics. 

It was shown that the Flory 'constant' $ does not provide an unambiguous 

guide to the permeability when an excluded-volume effect is also 

apparent. The parameters given by the various free-draining theories 

showed that the tricarbanilate has, as expected, a degree of molecular 

inflexibility significantly greater than found for amylose itself and 

for amylose acetate. Only the Kuhn-Kuhn theory of partial free- 

draining predicts, on the basis of both viscosity and sedimentation 

behaviour, reasonable values fbr the polymer dimensions. The hydro-



dynamic behaviour of the tricarbanilate in a 6-solvent verified that 

the molecule possesses a degree of permeability to solvent, a reflec 

tion of the steric hindrance t o internal rotation. This hindrance 

was not, however, sufficiently great to induce a departure from 

G-aussian statistics in the ideal solvent. Again, only the Kuhn-Kuhn 

theory adequately predicted the polymer dimensions in solution.
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ABSTRACT

Light-scattering studies have been made on amylose and amylopectin in water. 
True scattering intensities of the solvent were obtained by degrading the polysac- 
charide solutions with alpha-amylase in the light-scattering cell. This technique 
enables the molecular parameters of size and shape to be obtained more speedily 
and accurately than hitherto. In addition, information regarding the contribution 
of dust to the scattering intensity of a polymer solution was obtained.

INTRODUCTION

In view of the reported differences in the hydrodynamic behaviour of amylose 
in aqueous potassium chloride 1 and in pure water 2 , we have recently extended our 
light-scattering studies to the latter solvent. However, we then found much greater 
difficulties in obtaining linear graphs of c/Re against sin 2 9/2, and could not decide 
whether the observed curvature was real or was an artefact caused by dust in solution. 
To distinguish between these possibilities, we applied a technique similar to that 
introduced by Stainsby 3 .

Experiencing similar difficulties whilst working with collagen in aqueous 
solution, Stainsby 3 obtained the true solvent-scatter by adding a minute amount of 
the enzyme trypsin to the protein solutions. The peptides resulting from treatment 
with trypsin were too small to scatter light, and so the difference between the apparent 
solvent(water)-scatter and that remaining after enzymic digestion represented the 
contribution of dust in the collagen solution.

Our variation of this elegant technique is to use alpha-amylase to degrade 
aqueous solutions of amylose and amylopectin to maltodextrins that are too small 
to scatter light to any appreciable extent.

EXPERIMENTAL

Amylose and amylopectin fractions were isolated from potato and cereal 
starches, as previously described4 ' 5 . Bacterial (A. oryzae) alpha-amylase was obtained 
from the Sigma Chemical Co., St. Louis, Missouri, U. S. A.

*This is Part 48 in the Series " Physicochemical Studies on Starches'"; Part 47: European Polymer J., 
in the press.
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Preparation of solutions. — Amylose solutions were prepared by dissolving 
the hard-packed butan-1-ol complex in boiling water, boiling being continued for 
30 min whilst the solution was flushed with nitrogen to remove butan-1-ol. The 
final concentration of amylose was ca. 0.35%.

Amylopectin solutions were obtained directly from the starch dispersion, 
after removal of the amylose as the thymol complex 4 . Residual thymol was removed 
by shaking the aqueous solution with chloroform, and the chloroform in turn was 
removed by passing nitrogen through the solution. The concentration of amylopectin 
was ca. 0.4%.

Enzyme solution was prepared by dissolving the solid in water to give a 0.1 % 
solution, having an activity of 20 units per ml (the unit of activity was defined as 
the amount of enzyme which will release 1 mg of maltose from a solution of AnalaR 
soluble-starch (0.5%) in 3 min at pH 6.9 and 20°).

Clarification of solvent and solution. — Water was clarified by distillation from 
an all-glass still. Water distilled directly into the light-scattering cell gave a scattering 
envelope as good as water which was distilled, and subsequently filtered through 
sintered glass (G5).

Solutions of amylose and amylopectin were clarified by ultracentrifugation 
(the force fields used are detailed in the next section) for 1 h, and subsequent filtration 
through a G4 sintered-glass filter. In the case of amylopectin, the solution was 
diluted five-fold prior to filtration.

Alpha-amylase solutions were clarified by ultracentrifugation at 20,000 # for 
75 min. Aliquots were withdrawn from the centrifuge tube by syringe, the needle 
of which did not penetrate more than 0.5 cm below the surface of the solution.

Light-scattering. — The apparatus was built by the Phoenix Precision Instrument 
Co. to the design of Brice, Halwer, and Speiser6 . Cylindrical cells were employed in 
conjunction with the narrow-slit system. Angular measurements were made between 
30 and 135°, and corrections were applied for backward reflections 7 . The green 
mercury line (A0 = 5461 A) was used throughout.

The refractive index increment (dn/dc) was measured with a Brice-Phoenix 
differential refractometer; dn/dc was 0.150 ml per g for both amylose and amylopectin 
in water at 5461 A.

The light-scattering technique used was as follows. The scattering envelope 
of the solvent (25-35 ml) was measured at 5°-intervals from 30 to 50°, then at 
10°-intervals to 130°, and also at 135°. An aliquot (3ml) of the clarified amylose, 
or amylopectin, solution was added to the solvent, mixing was achieved by gentle 
shaking, and the measurements were repeated. A small drop of alpha-amylase 
solution (formed at the tip of a syringe needle) was then touched onto the surface 
of the solution in the light-scattering cell. After mixing, the cell and its contents 
were incubated for 30 min at 20° before the readings were repeated. Control experi 
ments showed that the angular scatter reached a constant limiting-value after about 
10 min, and that this limit was not affected by further addition of enzyme.

Treatment of the data. — The scattering due to the polymer is the excess of the

Carbohyd. Res., 11 (1969) 399-406
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solution-scatter over the solvent-scatter. In these experiments, there are two distinct 
values for scattering due to solvent: (a) the scatter of the water distilled into the 
cell (apparent solvent-scatter), and (b) the scatter of the solution resulting from 
alpha-amylase treatment (true solvent-scatter). Plots of c/R9, where R9 is the Rayleigh 
ratio at angle 9, are shown on the basis of both apparent and true solvent-scatter. 

Values of c/R9 were extrapolated to 0 = 0, and Mw obtained from

A/; 1 = Kc/Re,

where J£ contains various optical constants. The root-mean-square radius of gyration 

(pffi was obtained from the equation

where 5 is the limiting slope of the plot of cjR9 against sin 2 9/2 as 0-»0, and / is the 
intercept at c = 0.

RESULTS AND DISCUSSION

Fig. la shows a graph of c/R0 against sin 2 9/2 for oat amylose, calculated on

10.0

so

o

5,0

O.25 0.50
Sin2 9/2

0.75

Fig. 1. Graph of cjRg as a function of sin2 6/2 for oat amylose in water on the basis of (a) apparent 
solvent-scatter, and (6) true solvent-scatter. (The parent amylose solution was centrifuged at 20,000 g.)

the basis of the apparent solvent-scatter. At angles below 80°, a pronounced downward 
curvature occurs. Three explanations may account for this effect:

(7) The presence of microgel, or aggregates, of amylose molecules.

(2) The curvature is a measure of the breadth of the molecular weight distri 
bution. For a monodisperse system of Gaussian coils of degree-of-polymerization AT,

Carbohyd, Res., 11 (1969) 399-406



402 W. BANKS, C. T. GREENWOOD, J. SLOSS

the angular distribution of the scattered light is given by 8

P(8) = (2/#V) [Nu- 1 +exp (-#«)],

where u = f* 2b 2/6, b being the length of the statistical element, JJL = (4 re/A) sin (6/2), and 
A is the wavelength of light in the medium.

If P~ *(0) is graphed as a function of Nu, there is an asymptote y defined by 
y = Afa/2+-j. However, this asymptote is normally observed only with very large 
macromolecules, i.e., those having radii of gyration of the order of 850 A. Thus, 
curvature may be used as a measure of the width of the distribution 9 . Similarly, 
curvature will result from monodisperse coils which are branched. Thus, it is possible 
to obtain useful information from the curvature in Fig. la only if it results from 
either polydispersity, or branching.

(3) The downward curvature at low angles results directly from the presence 
of dust which has been introduced with the amylose. An attempt may then be made 
to obtain molecular parameters by extrapolation of the linear portion of the curve, 
i.e., at angles greater than 70°.

Molecular parameters obtained on the basis of each of these explanations are 
given in Table I. If the curvature in Fig. la is real, Mw is defined by the intercept A,

TABLE I
MOLECULAR PARAMETERS OBTAINED FROM FIG. Ifl ON THE BASIS OF VARIOUS ASSUMPTIONS

Assumption Mw x;0-6 (p$)*,A Mn x;0-«

Curvature real, due to
(1) Association
(2) Breadth of distribution9

Curvature an artefact, due to dust

2.86
2.86
1.38

1770
1770
535

—
0.69

1

and, in the specific case of being due to a broad distribution, Mn may be obtained 
from intercept B. On the other hand, if the curvature is an artefact, the intercept B 
may be taken as a measure of Mv . Thus M w may be 1.38 x 106 or 2.86 x 106 , depending 
on the assumption. A sample of this amylose had earlier been converted into the 
triacetate under conditions of minimal degradation, and its molecular weight deter 
mined by light scattering in nitromethane solution 5 . The value obtained corresponded 
to Mu = 1.23x 106 for the native amylose. This is much smaller than the values 
obtained from intercept A in Fig. la, but is in reasonable agreement with that from 
intercept B, suggesting the curvature is an artefact.

Fig. \b shows the graph of cjR0 against sin2 9/2 for the same amylose solution 
as in Fig. la, but now on the basis of true solvent-scatter. The curvature at low 
angles has disappeared, and the graph is linear over the entire angular range. The 
intercept corresponds to Mw = 1.26x 106 , in excellent agreement with the value of 
1.23 x 106 derived from the acetate, and the root-mean-square radius of gyration is 
500 A.

Carbohyd. Res.t 11 (1969) 399-406
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If the curvature shown in Fig. la had been real, it should have been repeated 
in Fig. lb. Downward curvature is due to the photomultiplier "seeing" large inten 
sities of light at low angles. Any high intensities due to molecular aggregates, or to 
very large molecules, will disappear on adding alpha-amylase. Fig. 2 shows the 
experimental data in the form of the intensity of the scattered light as a function of

200O -

i/i 
c

1000 -

0° 50° 100° 

Angle of viewing,6

150"

Fig. 2. Graph of light intensity (arbitrary units) as a function of angle for (a) water, (b) water + 
amylose, and (c) water+ amylose +alpha-amylase.

9

r+

\

5O° 1OOe 

Angle of viewing. 6

150'

Fig. 3. Graph of light intensity (arbitrary units) as a function of angle for water (x) and water + 
alpha-amylase (O).

angle for (a) water, (b) water + amylose, and (c) water + amylose + alpha-amylase. 
Vastly more light is scattered at low angles in (c) than in (a), and so scattering material 
is present which is not attacked by alpha-amylase, and may therefore be regarded 
as non-amylaceous, i.e., it is contaminating dirt.

In this technique, it is of course essential that the excess scattering due to the 
added alpha-amylase can be ignored. Fig. 3 shows a graph of the scattering intensity 
as a function of the angle of viewing for water, and for water plus alpha-amylase. 
Even at low angles, the difference between the two is so small that the addition of 
the enzyme does not contribute to the observed scattering intensity.

Carbohyd. Res., 11 (1969) 399-406
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We have shown that Afw (1.38 x 106) obtained from Fig. la by neglecting the 
data for low angles is comparable to that (1.26 x 106) obtained from Fig. 16, in 
which all of the angles are included. To investigate whether this observation is 
generally valid, we have used a fraction of amylose of low molecular weight, and also 
an amylopectin of high molecular weight. The results for the amylose are shown

c//?

4O

I

e 

20

o

1.00

CJR.e

O.5O

O.50 0 
Sin2 9/2

0.5 O to

Fig. 4. Graph of c//?e against sin2 912 for amylose (4o) and amylopectin (46). Points have been), 
calculated on the basis of apparent solvent-scatter (O), and by using true solvent intensity (0).

in Fig. 4a, and those for the amylopectin in Fig. 4b, and the corresponding molecular 
parameters are given in Table II.
TABLE II
MOLECULAR PARAMETERS FOR AMYLOSE AND AMYLOPECTIN

Component Mw x /0-e

Amylose
Apparent solvent 
True solvent

Amylopectin
Apparent solvent 
True solvent

0.292
0.202

27.4
24.9

260
135

1095
1035

A very high error (~50%) is associated with the approximation involved in 
extrapolating the linear portion of the graph based on apparent solvent-scatter in 
Fig. 4a. The present technique is being used to its limit to give the graph based on 
true solvent intensity, and this explains the scatter of points about the line in Fig. 4a. 
(At 30°, the true solvent-scatter is approximately 70% of the solution-scatter.)

In the case of the amylopectin, contaminating material contributes very little 
to the total intensity of light scattered, even at the low angles. Hence, the values 
based on apparent solvent intensity and true solvent intensity differ by less than 10%.

Carbohyd. Res., 11 (1969) 399-406



LIGHT-SCATTERING STUDIES 405

_
TABLE I]

a
<
^4

s
. 1

& <a x < S* <
Z JS

| 2

S 5
< H
(fc <o g
Z H
2 2c
e§ o
H* Sz £Bj «*•

U 6«If
0i ""*

fe ^

3 Q
M CxJ
0 o! s
§ h
§ §2 o

1 ^

B9 (fl
< w

o ^*

VALUES OF PARENT A\

o 
•0

o

§
o
s""

0

o•~< 
— <

o

1
o

^

o

§

o

tx

o

^O

o

o

>

o

^

o

o

^

V,13 
9si"y"

J

rs ts <s
odd

o*-• o *-<
odd

vo ^- r~-
vo t~- VO
ON ON ON

ON I- <n

ON ON ON

•Tl V> O
ON ON O
oo 06 ON

^^ t*) ^^
vi vo vo
oo oo oo

f> t-- V%
1-^ »"H (S)

oo oo oo

Tf "O OOoo r^- oo
r-^ r-' r-'

OO Tf OO

r-^ t~ r~

^ vo r~ 
q q q

VO Tj- IT>
oo ON ON
vo vo vo

f> O 00r-; oo r--
VO VO VO

ON •* ON i/-j vo 'n
vo vo vo

S in r- 
Vi *^1

vo vo vo

| | {
"So ~So "So

111
XXX
Tt O VO 
fl VO f"">

odd 
II II II

Carbohyd. Res., 11 (1969) 399-406



406 W. BANKS, C. T. GREENWOOD, J. SLOSS

Our calculations are based on a zero value for the second virial coefficient (A 2) 
for both amylose and amylopectin in water. This is known to be correct for amylo 
pectin in water 10, and for amylose in neutral, aqueous potassium chloride 1 , but 
finite values of A 2 have been reported for amylose in water 2. Table III shows c/R9 
as a function of angle for 3 different values of c. In each case, the data refer to true 
solvent-scatter. Within experimental error, the values are identical, confirming that 
A 2 is zero for amylose in water.

We conclude that this extension of Stainsby's technique 3 provides an accurate 
method of determining the size and shape of the starch components in neutral, 
aqueous solutions. Further, our studies have shown that ignoring the downward 
curvature at low angles, and extrapolating the linear portion of the c/Rg against 
sin 2 9/2 graph, may lead to errors as high as 50% for molecular weights of the order 
of 10 5 .
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SUMMARY

This thesis contains t he results of an investigation into the hydrodynaaio 

behaviour of amylose-trioarbanilate in a good solvent, pyridine, and in a 

thermodynamical ly ideal solvent-precipitant mixture. A short introduction to 

polymer solution behaviour is provided in Section 1. with particular emphasis on 

the results already found for aqylose and amylose-aeetate. The experimental 

techniques employed are described in Section 2. as are the preparation and 

ffaotionation of amylose-tricarbanil ate. Section .3 describes the development 

of an improved method for light-scattering experiments on aqueous solutions of 

the starch components. Section L details the current theories which describe 

the flexible linear polymer molecule in solution. Section 5 contains the ex* 

perimental results of the investigations on the tricarbanilate, and a discussion 

of the implications. The tricarbanilate was found to display free-draining 

characteristics, yet to be sufficiently flexible to obey the Gaussian chain-end 

distribution in t he ideal solvent* Thus a unique opportunity was available for 

testing the validity of the various theories for partial free-draining. Only 

the semi-empirical Kuhn-Kuhn theory could b e regarded as providing a satisfactory 

prediction of the polymer dimensions in solution. Section 6 is a short summary 

of the results presented in the thesis.
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