
The Application of the Ptitsyn Theory to 
Viscosity Data for Amylose and Amylose 

Acetate in Various Solvents* 
W .  BANKS a n d  C .  T .  G R E E N W O O D  

The Ptitsyn relation for the excluded volume effect has been combined with 
various expressions relating c~ to c%. When the resultant equations were tested 
using viscosity-molecular weight data for amylose acetate and amylose in 
various solvents, the most satisfactory results were obtained using the Kurata- 
Stockmayer-Roig expression, i.e. c~S/Z=c%L This combinat:.on of relations 
described the experimental data over a larger molecular weight range than did 
the Stockmayer--Fixman treatment. Furthermore, the unperturbed dimensions 
of amylose obtained from an approximate form of the Ptitsyn-Kurata- 
Stockmayer-Roig treatment were within three per cent of the experimentally 

determined value. 

IN the past few years much attention has been paid to the problem of the 
excluded volume in polymer solutions. The original Flory theory 1, which 
postulated that in the limiting case of an exceedingly good solvent [~7] ~ MO'e, 
has been challenged by a number of other theories ~. The latter are known 
collectively as the 'third-power law theories', because they lead in the limit 
of a good solvent to a direct proportionality between [~] and M. Two of 
these third-power law theories have been extensively tested--namely those 
developed by Kurata and Stockmayer ~, and by Stockmayer and Fixman S 
--because their mathematical form enables the unperturbed dimensions of 
the macromolecule to be estimated from measurements carrried out in good 
solvents. Although early work appeared to confirm their validities, more 
recent results 5,6 have shown that the range of molecular weights over which 
they may be successfully applied is quite small. 

The remaining theory of the 'third-power law' group was developed by 
Ptitsyn ~, but the mathematical form of the final equation relating the 
expansion factor ot to 'the molecular weight is such that it cannot be used 
in determining unperturbed dimensions from measurements carried out in 
good solvents. (An approximate form of the Ptitsyn equation which 
permits this procedure will be examined later.) This doubtless accounts 
for the rather limited use of this theory, since in order to test its validity, 
measurements have to be carried out in a number of solvents (including a 
theta-solvent), and then the expansion factor is related to the molecular 
weight. 

We have recently completed a series of measurements on native amylose 
and amylose acetate in various solvents, and wish to present here an 
analysis of the data according to the Ptitsyn relation. 

*This is Part 45 in the series 'Physicochemical Studies on Starches'; Part 44. Carbohydrate Research, 1968. 
7, 414. 
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E X P E R I M E N T A L  A N D  R E S U L T S  
The fractionation of linear potato amylose, its conversion to the triaceta~e, 
and the physical measurements carried out on the fractions have been 
reported in detail elsewhere ~ .  

The following relations were found (where [7/] is expressed in ml/g) for 
amylose acetate in the molecular weight range (0.15-3' 15)+ 106: 

[rj]~ = 9" 16 x 10-~M~S°(solvent = nitromethane/n-propanol 
43.3 : 56"7, v/v)  

[7/]2 = 1.70 x 10-2M°~(solvent = nitromethane / n-propanol 
50: 50, v/v)  

[7/]3 = 8"50 x 10-3M~Ta(,solvent = nitromethane) 

For amylose in the molecular weight range (0"08-1.80) x l&, the relations 
were : 

[~/]~ = 1.15 x 10-XM~5°(solvent = 0.33 M potassium chloride) 

[~/]~ = 3"05 x 10-~M°~6~(solvent = formamide) 

[,/]~= 1.51 x 10-2M~7°(solvent =dimethylsulphoxide) 

[~/]~ = 8"36 x 10-SM°~ 77(solvent = 0.15 M potassium hydroxide) 

In this paper 'smoothed' values of [-t/I, i.e. those generated using the above 
relations, are used throughout. Values of Mw for insertion in these equations 
were within the range examined experimentally, and were chosen to give an 
even spread of the results shown in Figures 1-4. 

D I S C U S S I O N  

The linear expansion factor (a), defined by 
u 

a2=r21f o (1) 

where ~ is the mean-square end-to-end distance of the polymer coil in a 

theta-solvent, and ~ is the corresponding value in a good solvent, is, in all 
the present theories, a function of a single variable, z, where 

z = (~¢r) 3/2 B ( M / ~ )  812 M~ (2) 

where B is a solvent-solute interaction parameter. Perturbation theory has 
related ct exactly to z by 

cd= 1 + (~) z - 2 " 0 8  z2+ . . . ( 3 )  

Unfortunately, the slow convergence of this series limits the applicability of 
the relation to an exceedingly narrow range of small z. Different treatments 
have yielded different closed expressions for or: that due to Ptitsyn' has 
the form 

a ~ = [3-68 + (1 + 9.36z)~/3]/4.68 (4) 
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THE APPLICATION OF THE PTITSYN THEORY TO VISCOSITY DATA 

According to equation (4), a graph of [(4.68 a s -  3.68)8/z- 1] as a function 
of Mt should yield a straight line passing through the origin. 

Expansion coefficients are usually obtained from measurements of limit- 
ing viscosity numbers in various solvents, including of course a theta- 
solvent. The expansion factor (an) is then defined by 

a~n = [7] / [~], (5) 

where [~] is the limiting viscosity number in a good solvent, and [*/]o is the 
corresponding value in a theta-solvent. 

Some dubiety exists regarding the relation between a and an. The most 
widely-used relations are those due to (a) Flory, in which 

a =an (6) 

(b) Kurata, Stockmayer and Roig 9 according to which 

and (c) the Stockmayer-Fixman relation s in which 

(a~n - 1)/1"55 = (a  s -  1)/2 

(7) 

(8) 

In this paper, each of the relations (6)-(8) is used in conjunction with the 
Ptitsyn equation (4). 

(a)  o~-oL n 

With this identity (4) becomes 

- 3.68) 3/~- 1 --9"36z (4.68 ~, (9) 
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Figure /---Graph of f((x~) against ~a / i  where f(cx~)=(4"68 ~x ~ -  
3"68)sP--1 [see equation (9) of text]: (a) Amylose acetate in (1) 
nitromethane, and (2) nitromethane/propanol (50:50, v/v); (b) 
Amylose in (1) 0"15 M KOH, (2) dimethylsulphoxide, and (3) 

formamide 
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Figure l(a) shows the data for amylose acetate graphed according to (9) 
and Figure l(b) the corresponding plot for amylose. In both cases the 
graphs are obviously curved over the entire molecular weight range. How- 
ever, for the interval (0.4-1.8) x 10 6, the data approximate to a straight line. 
Because the measurements on the acetate extend to a higher molecular 
weight, the curvature is emphasized at this end of the scale; conversely, for 
the amylose the curvature appears more pronounced in the region of low 
molecular weight as more measurements were carried out in this region. 
From Figure l(b) in particular it is obvious that (9) is invalid in the region 
of low molecular weight. 

(b) -~/~ 3 

Substitution of (7) in (4) yields 

(4.68 ot~'-  3.68) ' /~- 1 =9.36z (10) 

The data for amylose and amylose acetate, graphed according to (10) are 
shown in Figures 2(a) and 2(b). Again, the graphs are curved but, in con- 
trast to Figure 1, the curvature is less pronounced in tho region of high 
molecular weight. 

(c) (or, s -  1)/-1"55=(~3- 1)/2 

Substitution of (8) in (4) gives 

[4"68 (1.290~3 - 0.290) ~/s - 3"68]s/~ - 1 = 9"36z (11} 
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Figure 2--Graph of f ( a  n) against Mr/~, where f(c%)=(4"68¢x~ - 
3"68)s/~--1 [see equation (10) of text]: (a) Amylose acetate in (1) 
nitromethane, and (2) nitromethane/propanol (50: 50, v/v); (b) Amy- 

lose in (1) 0"15 M KOH, (2) dimethylsulphoxide, and (3) formam/de 
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Figures 3(a) and 3(b) show the data for amylose acetate and amylose 
graphed according to (11). Again, the graphs are curved, but there is a 
marginal improvement in the region of low molecular weight; curvature at 
high molecular weights is somewhat greater than that in Figure 2. 
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Figure 3 -  Graph of f(txn) against M 1l~ where f(tx,)= 

[4-68 (1.290 aS--0"290)2/a--3.68]s/2-1 [see equation (11) of text] : 

(a) Amylose acetate in (1) nitrornethane, and (2) nitromethane/ 
propanol (50:50, v/v); (b) Amylose in (1) 0.15 M KOH (2) 

dimethylsulphoxide, and (3) formamide 

~ 1 5  
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q -  

Thus the combination of (7) with (4) gives the best fit for the experi- 
mental values for amylose acetate and amylose in a variety of solvents. This 
is in agreement with the recent results of Ueda and KajitanP obtained 
using poly(vinyl acetate). 

C O M P A R I S O N  W I T H  O T H E R  T R E A T M E N T S  OF T H E  
E X P A N S I O N  F A C T O R  

The most widely used of the 'third-power law' theories is that of Stock- 
mayer and Fixman 8 in which o~ is related to z by 

ot - s  1=1"55z (12) 

Figures 4(a) and 4(b) show the data for amylose acetate and amylose, 
graphed according to (2) and (12). In Figure 4(a), the .plot is apparently 
linear at low molecular weights, but curves towards the abscissa at high 
molecular weights. However, if equation (12) is applied to lower molecular 
weights [as in Figure 4(b)], it is obvious that the curvature is, in fact, con- 
tinuous over the whole molecular weight range. Only over a comparatively 
narrow range (0"20 x 106 < M~ < 0"80 x llY) do the points approximate to 
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Figure 4--Graph of as-- I  against Ma/~ [see equation (12) of 
r/ ~n 

text]: (a) Amylose acetate in (1) nitromethane, and (2) nitro- 
methane/propanol (50:50, v/v); (b) Amylose in (1) 0-15 M KOH, 

(2) dimethylsulphoxide, and (3) formamide 

a straight line, which also passes through the origin. Thus the range of 
molecular weights in which (12) is approximately correct is only about hall 
of that in which (9}-(11) are valid. 

E S T I M A T I O N  O F  U N P E R T U R B E D  D I M E N S I O N S  O F  T H E  
M A C R O M O L E C U L E  U S I N G  T H E  P T I T S Y N  R E L A T I O N  

Despite the recognized deficiencies in equation (12) this theory is widely 
used for determining the unperturbed dimensions of the macromolecule in 
solution. According to Flory 

[~ ]  = K ~ , t ~ a  s (13)  
and 

K, = ~  (~/MY/~ (14) 

where ¢, is the viscosity constant. Substitution of (2) and (12) in (13) gives 
the Stoekmayer-~Fixman relation 8 

, [~] /M ~ =K0+ 0"51 B M  Jr (15) 

Thus Kr--and hence k / M - - c a n  be determined easily from measurements 
carried out in good solvents. The mathematical form of (7) is not suitable 
for this type of manipulation. However, as first shown by Ptitsyn', at suffi- 
ciently high z-value, (4) may be approximated by 

o? = [3-68 + (9.36zy/S]/4"68 (16) 

Substitution of (2) and (7) in (16) gives 

[n]'/~/M~/~ = 0.786 K~/~ + 0.950 K'/51d/'lt~ I" (17) 
where 

k=0.33 B [M I ~]'/' (18) 

According to (17), a graph of [~]'/s//l,P/s against M ~/s should be linear with 
an intercept equal to 0"786 K ?  Is, provided that o~ is sufficiently large. 
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Inagaki et al) ~ have suggested that the approximation is valid for o~ > 1"4. 
This criterion is satisfied by about half the values in the [,/],-M~ relation 
for amylose. Figure 5 shows these values graphed according to (17); 
reasonable linearity is observed, and extrapolation yields a value of 0.150, 
which gives Ko= 1.25 x 10 -1. Direct experimental determination 8 showed 
Ks to be 1.15 x 10 -1. Thus the use of (17), for aT > 1-4, gives a value for 
Ks which is only about ten per cent different from that obtained experi- 
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Figure 5--Graph of (1) [~]~/~/~/5 and (2) [~?]s/s/M--11sw 
against MI~ for amylose in 0"15 M KOH; anal'4 

mentally. Since this leads to an error of only about three per cent in the 
unperturbed dimensions, i.e. (~/M)~, equation (17) may be regarded as a 
suitable method for determining this parameter. As we have already noted, 
the applicability of the Stockmayer-Fixman equation is limited to a rather 
small range of intermediate o~-values. The modified Ptitsyn relation, on the 
other hand, is applicable to high et-values, and hence provides a comple- 
mentary analysis of viscosity-molecular weight data to that provided by the 
more commonly employed Stockmayer-Fixman treatment. 

Figure 5 shows the graph obtained by combining (2), (6) and (16) which 
leads to 

[~]2/S/M~/8 = 0-786 K=e/s + 0-950 I(~o/Sk~/SM I/s (19) 

where k is again defined by (18). According to (19), a plot of [~]~/S/M~/8 
as a function of M ~/3 should be linear, with an intercept of 0-786/~0/s. A 
linear relation is, in fact, observed, the intercept having a value of 0.235. 
This gives Ks= 1.64 x 10 -I, i.e. approximately 50 per cent greater than the 
experimental value. This result follows directly from the cm'vature at high 
molecular weight in Figure ICo). The points corresponding to the eight 
highest molecular weights lie, to a reasonable approximation, on a straight 
line, but this line makes a positive intercept with the ordinate, rather than 
passing through the origin. The high value of Ks reflects this positive 
intercept. 
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