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ABSTRACT: In order to estimate the unperturbed chain dimensions of cellulose, amylose 
and their derivatives, the literature data available for fourteen polymers have been analyzed 
systematically. The draining parameter X defined in Kurata-Yamakawa theory was evaluated 
by various methods and was found to be less than 2 in most instances, regardless of the methods 
employed. The polymers exhibited often a significant non-gaussian nature expressed by a 
negative value of a2=d In ((S2) 0/M)/d In M, where (S2)a112 is the radius of gyration of a 
polymer chain in the unperturbed state and M is the molecular weight. Flory's viscosity 
parameter </J always showed a positive M dependence as described by a,p=d In </J/d In M>O. 
The latter finding is compatible with low X values. Two new methods for estimating A(=6 

((S2) 0/M)112) in the case of a2=\=0 and a,p=\=0 were proposed as generalization of the Baumann 
plot and the Stockmayer-Fixman (SF) plot. The same A values were obtained by thermo
dynamic and hydrodynamic approaches. The original SF plot proved unsuccessful and 
underestimated A by about 501/o. Cellulose, amylose, and their derivatives have large unper
turbed chain dimensions and their expansion factors are not much larger than unity even in 
good solvents. 
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and the solvents involved are not good. As is well-known, dilute solutions of cellulose, 
amylose and their derivatives have remarkable 
features as summarized below. 1 

(1) The limiting viscosity number [17] of these 
polymers is occasionally considerably large as 
compared with that of typical vinyl-type polymers 
in a good solvent at a given molecular weight M, 
and has a large negative dependence on tempera

ture. 

(4) If the unperturbed chain dimensions are 

evaluated from a, thus obtained and from the 
experimental values of the radius of gyration 
<S2) 112, the conformation parameter a (eq 29) is 
found to be much larger than those of vinyl 
polymers. This means that the cellulose and 
amylose chains are very stiff. 

(2) The slope of the log-log plot of [17] against 
M, or the exponent a in the Mark-Houwink
Sakurada (MHS) equation (eq 4) lies often between 
0.8-1.0 (see Table III). 

(3) In a treatment of the solution properties 
of these polymers (method 2B in this paper), the 

excluded volume parameter z are evaluated from 
the penetration function ¢ (eq 21), and are found 
to be less than unity. This indicates that the ex
pansion factor as is only slightly larger than unity, 

(5) In another treatment, the unperturbed 
chain dimensions are estimated from the experi
mental data on [17] and M(Method 2E) through use 
of the Stockmayer-Fixman equation (eq 40) or 
similar equations. The result shows that cellulose 
and amylose chains are quite flexible and the 
solvents involved are good. 

(6) The Flory viscosity parameter (eq 2) is 
assumed, in this treatment, to show no significant 
trend of the molecular weight dependence, and 
hence the partially free draining effect on [17] to be 
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negligible. 
(7) In contrast to the assumption (6), the 

parameter r/J depends on M appreciably and the 
draining effect can never be ignored, at least, for 
cellulose trinitrate. The above-mentioned features 
are, of course, mutually inconsistent, and at the 
present there are two conflicting theoretical views 
concerning the flexibility of the polymer chains 
and the role of volume effect and draining effect 
on [l'}]: the polymer chains are of typical flexibility 
as are the vinyl polymer chains, and a large value 
of [l'}] can be interpreted in terms of the excluded 
volume effect (view point A); the polymer chains 
are semi- or inflexible and their large unperturbed 
chain dimension is mainly responsible for a large 
[l'}) (view point B). The former has it's foundation 
on the "two-paramerter" theory.2 These in
consistences have not been solved for these fif
teen years in spite of the rapid accumlation of 
experimental data, especially from 1960-1971, 
and this is one of the most outstanding problems 
yet unsolved in the science of high polymer solu
tions. 

In this paper we intend to solve this problem by 
analyzing the experimental data in the literature 
available for this purpose in a very rigorous and 
systematical manner and to show that view point B 
is preferable. 

THEORETICAL BACKGROUND 

A. Evaluation of Partial Draining Effect 
The draining parameter Xis defined by the rela

tion3: 

X=(l/2)(6/rr)li2(b/a 1)N112 ( 1) 

where a' is the length of a link and bis the diameter 
of a hydrodynamic segment, and N the number of 
links connecting segments in one molecule. X 

can be evaluated by using the following methods: 

Method IA 
The Flory viscosity parameter (/J is related to the 

limiting viscosity number [l'}], the weight-average 
molecular weight Mw and the z-average radius of 
gyration (S2)z as 
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(/J= [1J]Mwf(S 2)/126312qw,z 

=(/J(X)a.-13-nlXI 1 

a.=(S2)1;2/(S2)0112 

( 2) 

( 3) 

where qw,z is a correcting factor for the polymole
cularity of the sample. (J}(X) and n(X) are func
tions of X defined by Kurata and Yamakawa (KY)3 
and (/Jo(X) denotes (J}(X) at a,=1. (S2)/12 

denotes (S 2)1/2 in the unperturbed state (i. e., 
a,=1). X can be calculated from data of [l'}], 
Mw, (S2). and a., using eq 2. In this paper, 
the Schulz-Zimm type distribution was assumed 
for the polymer samples and r/)0( oo) =2.87 x 1023 

was utilized. Here [l'}) is expressed in terms of 
cm3/g. 

Method JB 
The molecular weight dependence of the limiting 

viscosity number can be expressed by the Mark
Houwink-Sakurada (MHS) equation, 

( 4) 

where Km and a are parameters characteristic of a 
given polymer-solvent system and temperature. 
The exponent a in eq 4 can be devided into three 
parts4 

a=0.5+1,1(X)+n(X)s+I.Sa2 ( 5) 

where 

e=dln a 0/dln M ( 6) 

a2=d In ((S2) 0/M)/d In M ( 7) 

1,1(%) appearing in eq 5 has the significance de
fined in the KY treatment. s reflects the volume 
effect and a2 represents the non-gaussian nature of 
the unperturbed polymeric chain. 

When the sedimentation constant so is related 
to the molecular weight by 

( 8) 

where s0 is the sedimentation coefficient at infinite 
dilution and K. and a. are parameters characteristic 
of a given polymer-solvent system, it can be 
readily shown that the exponent a0 in eq 8 is given 
by 

a0=0.5-µ(X)+(l-m(X))e-0.5a 2-e ( 9) 

µ(X) as well as m(X) was defined in the KY 
theory. Combination of eq 5 and 9 yields. 5 

3a.+a-2.0=1,1(X)-3µ(X)+(n(X)-3m(X))e (10) 

Both X and e should be determined from the 
measurement of a and a. by using eq 5 and 10 
when the value of a2 is practically zero, or estimated 
by some other absolute method. 
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Method JC 
The molecular weight dependence of the dif

fusion constant at infinite dilution, Do is expressed 
as 

(11) 

where Kd and ad are dependent on a given polymer
solvent system and the exponent ad is given by eq 
12.5 

a-3ad+l=1J(X)-3µ(X)+(n(X)-3m(X))e (12) 

On substituting numerical values for a, ad, and a2 in 
eq 5 and 12, values of X and e are obtainable from 
experimental data. 

Method JD 
The molecular weight dependence of the radius 

of gyration of polymer chain is expressed empiri
cally by 

(13) 

where 

l=d In (<S 2)/M)/d In M (14) 

K, and A depend on a given polymer-solvent 
system, and exponent A is given by 

a-(3J+l)/2 

=1J(X)-(3-n(X))((J+l)/2-0.5-0.5a2) (15) 

Equation 15 gives a method for evaluating X 
directly from the data of a, l, and a2. At the limit 
of X=oo and if n(X)=2.43 is replaced by 3 to a 
first approximation, eq 15 is reduced to the familiar 
expression, 

a=(3J+l)/2 (15)' 

Method IE 
The concentration dependence of the sedimenta

tion coefficient is expressed by the empirical equa
tion of the form: 

(l/s)=(l/s0)(1 +k.C) (16) 

where s is the sedimentation coefficient at con
centration C, and k. a parameter related to [7]] 
by the formula 6 

k.![1;] = (55/8)NA 
X (@o(X)l/3 Po(X)-1)(16200ir2)-1a, lmlXJ-3n IXJ I 

(17) 

where NA is the Avogadro number and Po(X) is a 
function of X which was defined in the theory of 
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KY. The term a 8
1mixi-anixii in the above equa

tion can be approximated as unity under the con
ditions of a.<2 within an error less than 10%. 
Hence, by eq 17 we can determine X from data of 
limiting viscosity number and concentration 
dependence of sedimentation coefficient, provided 
that X<I. 

Method IF 
Equation 14 can be rewritten with the aid of eq 

6 and 7 as 

(18) 

eq 18 affords us a method for estimating e from A 
and a2. Combining eq 18 with eq 5, one obtains 

a-0.5-l.5l=1J(X)+(n(X)-3)e (19) 

Then, substituting of eq 19 into eq 10 gives 

3a.+a-2.0=1J(X)-3µ(X) 

+(n(X)-3m(X))(0.5+1.5l+1J(X)-a)/(3-n(X)) 

(20) 

The draining parameter X and e can be determined 
from measurement of a, a., and A by use of eq 19 
and 20. 

In the method IA the value of a. should be 
determined in advance. Unfortunately, there 
have been only few light scattering measure
ments of <S2) 0 

112 for cellulose, amylose and their 
derivatives in theta (} solutions. In addition, there 
is the possibility that the value of <S2)/12 depends 
strongly on the solvent nature. Hence, we have 
to evaluate a. indirectly for cellulose solutions. 
For this reason, a. is determined from the penetra
tion function ¢ which is defined by7 

¢-==zho(z)=0.746X 10-25A2M2f<S 2) 312 (21) 

where 

Z=Z/a3-:::::.z/a0
3 (22) 

Z= (l/8ir312)BA-3 M 112 (23) 

a=<R2)1;2f<R2)0112 (24) 

A=(<R2) 0/M)1 12 (25) 

B=(3/m/ (26) 

A 2 is the second virial coefficient, A and B, short
and long-range interactions, <R2) and <R2) 0 , the 
mean-square end-to-end distances of the chain in 
the perturbed and unperturbed state, (3, the binary 
cluster integral, representing the interaction be-
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tween the non-bonded segments of polymer chains, 
m0, molecular weight of a segment. According to 
the Kurata-Fukatsu-Sotobayashi-Yamakawa 
(KFSY) theory,8 h0(Z) is related to z by 

zh0(z) =(1/5.047){1-(1 +0.683%)- 7 • 39} (27) 

The value of z can be determined from experi
mental data on A 2 , M and (S2) 0 by using eq 21 
and 27. a. is related to z through8 

a.3-l=l.78z (28) 

Combination of eq 22 and eq 28 furnishes a method 
for estimating a. (accordingly, a) from z. The 
parameter (1. 78) in eq 28 differs slightly depending 
on the theory, but this variation does not afford a 
significant change in a. in the range a. 3 <2. 

B. Evaluation of Unperturbed Chain Dimensions 
The unperturbed chain dimensions can be ex

pressed in terms of a short-range interaction para
meter A in eq 25. The conformation parameter 
a and characteristic ratio C= are defined by eq 29 
and 30, respectively. 

a=(<R2) 0/(R2)or/12 =A/Ar (29) 

Coo=Aoo2Mb//2 (30) 

where (R2)W(=ArM112) is the root mean-square 
end-to-end distance of a hypothetical chain with 
free internal rotation, Aoo, the assymptotic value of 
A at infinite molecular weight (in the case of a2 * 
0, A value at M w = 1 X 105 is utilized as Aoo), Mb, the 
mean molecular weight per skeletal bond and l, 
the mean bond length ( =5.47 A for cellulose deri
vatives and 4.25 A for amylose derivatives). Here 
the Cl ring conformation is assumed for the 
standard ,8-o-glucose residue. The methods of 
estimating A are summarized below. 

Method 2A 
When the unperturbed radius of gyration (S2) 0112 

can be measured in a Flory's theta solvent, where 
A 2=0, z=0 and a.=1, A is directly evaluated by 
use of eq 25. 

Method 2B 
When the linear expansion factor a 0 is deter

mined from the function <j; the unperturbed dimen
sion, (S2)/12, accordingly A, can be evaluated 
from the experimental data of (S2) 112 in non
ideal solvents using eq 3. Only in the range 
a.3> 2, the value of a. depends significantly on the 
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theory of A2 adopted. (S2) 0 can be transformed 
to (R2) 0 by use of eq 31. 

(R2) 0 =6(S2) 0 (31) 

In this paper, eq 31 is applied even in the case of 
a2 *-0. 

Method 2C 
If the factor 1.78 in eq 28 is replaced by 2.0, 

which is widely used in practical cases, we obtain9 

a.3-1=2.0z (28)' 

Equation 23 can be recast with the aid of eq 28' as 

(S2)312 /M312 =A312 /6312 +(l/41r312)BM112 (32) 

Plots of (S2) 312/M312 against M 112 (the Baumann 
plot)10 enables us to evaluate A from the intercept 
at M 112 =0. In this case, the unperturbed chain 
is assumed to be a gaussian chain. The experi
mental data of the z-average radius of gyration 
(S2)/12 were converted to the weight-average 
radius of gyration (S2)w112. 

Method 2D 
In the case of a2 * 0, the Baumann plot is not 

applicable and the following equation can be used 
in place of eq 32. 

(S2)3/2/M311+a2I /2=Ko 3/2 +(l/4:rr3/2)BMI 1-3a2 l /2 

(33) 

where 

(34) 

By use of eq 33 the plots of (S 2) 312/M 31 1+a2)12 

against M 11- 3" 2 l 12 (Baumann-Kamide-Miyazaki 
(BKM) plot) for a given solvent should result in a 
straight line and its extrapolation to M 112=0 
should give the K 0 

312 value and accordingly K 0 • 

Method 2E 
According to the KY theory,3 the limiting visco

sity number [r;] is given by eq 35 

[r;]=:rr312NAXFo(X)(<S2)/12/M)(l+p(X)z- · · ·) 

(35) 

where Fo(X) and p(X) are functions of the draining 
parameter X. When a2 =0, eq 35 can be rewritten 
on the basis of the Kawai-Kamide treatment11 as 

[r;]!f(X)M112=K +@0(X)p(X)(3/2:rr)3 12 BM112- • ·. 

(36) 

where 

(37) 
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f(X)=XFo(X)/XoFo(Xo) (38) 41, we obtain: 

The value of X 0 in eq 38 is determined by the equa
tion: 

v(X0)=e(3-n(X0)) (39) 

The value of K (accordingly, A) can be deter
mined as an intercept at M 112 --->O of the plot of 
[r;]/f(X)M 112 against M 112• The well-known 
Stockmayer-Fixman equation12 

[r;]/ M 112=K + 2(3/2rr:)312([J0( oo )BM112 (40) 

is derived from eq 36 by putting X = oo and neglect
ing terms higher than M 112. It should be noticed 
here that eq 40 does not hold when a2 *0 and/or 
when X is finite or at least X <X0. In the latter 
case, a,p in eq 44 no longer becomes zero. The 
above-mentioned limitations to eq 40 have not been 
carefully taken into consideration when this equa
tion was applied to cellulose and its derivative 
solutions. In the case of a2 =0 and a,p =0, the plot 
of [r;]/M112 vs. M 112 (SF plot), obtained from 
experimental data for a given polymer, should give 
a straight line and it's intercept at M 112--->O and it's 
slope should give K and B, respectively. In this 
paper, after the correction of molecular weight 
distribution of the sample was applied to K, A was 
evaluated from K value using eq 37 (%0 = oo ). 
Here, (/J0(oo)=2.87 x 1023 was adopted. 

Method 2F 
The following relation holds between parameters 

Km, a in eq 4, a2 and X. 

-log Km+log [1+2(a-O.5-J-1.5a2)-1-T1] 

=-log Kf(X)+(a-O.5-J-1.5a2) log Mo 

(41) 

Equation 41 and similar equations were derived 
by Kamide, Kawai, and their coworkers. 13- 17 J 
in eq 41 is defined by eq 42. 

d=v(X)-v(X0) 

=v(X)-e(3-n(X0)) (42) 

Mo is a parameter depending on the molecular 
weight range, M1-M2, to which eq 4 applies. In 
a case where the draining effect is negligible, the 
geometric mean, (M1M2)1 12, can be regarded, to a 
fairly good approximation, as M 0• K can be deter
mined from Km, a, X (accordingly, J) and a2 • 

However, the accuracy of estimation of X by eq 
41 is not so good. Putting a2 =0 and J =0 in eq 
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-logKm+log [1+2{(a-O.5f1-2}-1] 

=-log K+(a-O.5) log Mo (43) 

Equation 43 is, in principle, equivalent to eq 40. 
By use of eq 41, K(accordingly, A) can be evaluated 
from experimental the data of Km, a, Mo, provided 
that a2=O and a,p=O (i.e., X:::::oo). It has been 
ascertained that eq 41 is quite useful for estimating 
the K value of vinyl-type polymers.18 

Method 2G 
Equation 2 can be rearranged as: 

[r;]=6a12([J(<S2)0/M)312M112a.8 ( 2 )' 

As will be demonstrated later (Fig. 5), (fJ of cel
lulose, amylose and their derivatives in dilute solu
tions reveals a large molecular weight dependence. 
This can be interpreted as another indication of the 
draining effect. Thus, the molecular weight 
dependence of (fJ is empirically approximated by eq 
44 

(44) 

where K,p and a,p are parameters characteristic of a 
polymer-solvent system and the molecular weight 
range, in which eq 44 holds. a,p is given by 

a,p= [v(X)-e(3-n(X))lAv (45) 

It is clear that for X 0 a,p becames essentially zero 
and a,p:::::J (see, eq 42). The right-hand side 
term in eq 45 is a kind of average value of v(X)
e(3 - n(X)) over the molecular weight range con
cerned. 

Combination of eq 2, 34 and 44 leads to the 
equation of [r;] for the polymer solution in which 
a2 * 0 and a,p * 0 hold, as is the case of cellulose, 
amylose and their derivatives, given by eq 46. 

[r;]/ M0.5+a,p+l.5a2=63/2 K,pKo 3/2 +O.66K,pBMl l-3a2I /2 

(46) 

Equation 46 is a straightforward generalization 
of eq 40 in the most versatile form. According to 
eq 46, a graph of [r;]/Mo.5+a,p+1. 5a2 as a function of 
Mn-3•2112 (Kamide-Miyazaki (KM) plot) should 
be linear, having 6312K,pK/ 12 (accordingly, K0) as 
the intercept. Equation 5 can be rewritten as 
follows 

where 
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Table I. The draining parameter X and the unperturbed chain dimensions A for some typical vinyl-type polymers 

X Ax 108, cm 
Polymer Solvent Range of a2 llr[! (J Ref 

M(lO-•) IA 1D 2A 2B 2C 2E 2F 2G Average 

Polychloroprene MEK(O)a 14.7-292 38-oo >100 0 0 0.72. - 0.101 0.735 - - 0.722 1.3~ 19, 20 
BAb 14.9-302 _f >100 - 0 - _f 0.781 0.752 0.794 - 0.776 1.45 
CTC0 15.6-318 - f >100 - 0 - _f O.865 0.795 0.840 - 0.836 1.5 

Poly(a-methyl- trans-Decalin 76.8-747 3.2-5.4 co 0 0.013 0.695 - 0.692 0.613 - 0. 711 0. 660g 2.36121,22 i styrene) (O) (4.8) 
Cyclohexane 34.2-747 4.3-7.1 00 0 0.014 0. 712 - 0.711 0.631 - 0. 714 O.712g 2.51 trj 

(IJ=34.5°C) (5.4) § 
Toluene (25°C) 20.4-747 2.4-11 12 0.024 O.861 0.831 0.712 0.712 0.873 0. 851g 3.02 

p.. 
- - :< (6.4) 

Poly(p-methyl- DESd 16.3-197 7-11.7 10.2 0 0 0.67. - 0.686 0.613 - - O.65a 2.32} 23 
styrene) (IJ=l6.4°C) (9.9) § Toluene 19.2-180 f 6.2 - 0.044 - _f 0.790 O.680 0.720 0.771 0.781 2.75 

Polyisobutylene IAIV 0 16.~70 00 00 0 0 0.71. - 0.694 0.720 - - 0. 713 173! (IJ=2O°C) 
Cyclohexane 39 .1-470 _f 17 - 0 - _r 0.920 0.878 O.88e - 0.895 2.17 

-0 Heptane 39.8-470 _f 100 - 0 - _f 0.801 0.805 0.801 - 0.80, 1.95 

% 
a Methylethylketone. b Butyl acetate. c Carbontetrachloride. d Diethyl succinate. 0 Isoamyl isovalerate. f a. could not be evaluated by eq 27 

8 
n, via¢. g In the case of ar[)=0, average value is caluculated from values by methods 2A, 2B, 2C, and 2F. "I 

..... 
< 
.... 
• o 
z 

_,.._ 

-'° _, 
00 
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(47) 

Thus, the value of a1 can be roughly estimated 
from a, a<P and a 2 through use of eq 5 '. 

These methods for estimating the draining effect 
and the unperturbed chain dimensions were ap
plied beforehand to some typical vinyl-type poly
mers in order to test their validity. The literature 
data19- 24 employed here are known to be accurate 
enough to judge the applicability of various theories 
of the excluded volume effect in detail. The 
results are summarized in Table I. It is evident 
that for vinyl-type polymers, X exceeds by about 
five. It should be noted here that the accuracy of 
X becomes rapidly low in the range X> 10 due to 
the incompleteness of the theory on (/). In this 
paper, we choose 2.87 x 1023 26 "26 for (/)0( oo ), but 
other values such as 2.84 x 1023 27, 2.82 x 1023 28, 

and 2.66 x 1023 29 have also been obtained theore
tically. The polymer chain of polychloroprene 
and polyisobutene can be, in general, treated as 
impermeable to solvent molecules. But, for 
poly (a-methylstyrene) and poly (p-methylstyrene) 
the contribution of the draining effect to [7J] 
probably is significant, although very small. This 
corresponds well to the fact of a<P*0 for these 
polymers. For poly (a-methylstyrene), Noda 
et al. 22 pointed out that ai = ([7J]/[7J]o/ 13 , [7]]o is 
[7]] in a {} solvent) can not be expressed as a unique 
function of z and the non-unique dependence of 
a~ on z may be attributed to the partial draining 
of solvent through the polymer coils, but this may 
not be the only reason. Method 2G was applied 
to the data on poly(a-methylstyrene) and poly 
(p-methylstyrene), for which a<P is positive. A 
much better agreement between A values evaluated 
by method 2G and method 2A, 2B, and 2C is ob
served. a2 =0 and a<P=0 for polychloroprene and 
polyisobutylene were experimentally confirmed. 
In this case, method 2D is equal to method 2C, and 
method 2G reduces to method 2E. In good 
solvents where ¢ exceeds 0.2, we could not deter
mine a. from eq 27 because the theoretical limiting 
value of¢ is 1/5.047. Thus, method 2B is limited 
in its applicability to the small a. region. This is 
the case for cellulose and its derivatives (see, 
Table III). The results indicate that no large 
difference exists between the five methods and all 
these methods yield an A value identical within 
±0.025. This proves the validity of these methods. 
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Methods 2A, 2C, and 2G give the same 
A value, which is slightly larger than that by 
method 2E (by about 0.05) and method 2F (by 
about 0.03). It is noteworthy that, if the com
parison is limited to the case of a<P =0, the dif
ference in the A value determined by methods 2C 
and 2E decreases greatly, being - 0.01. 

RESULTS 

The viscosity, sedimentation, diffusion and light 
scattering data of various cellulose and amylose 
derivatives were analyzed according to the methods 
described above. The polymers are cellulose 
trinitrate (CTN), cellulose nitrate (CN), cellulose 
acetate (CA), cellulose tricaproate (CTCp), cel
lulose tricarbanilate (CTC), methyl cellulose (MC), 
ethyl cellulose (EC), sodium carboxymethyl cel
lulose (NaCMC), hydroxyethyl cellulose (REC), 
ethylhydroxyethyl cellulose (EHEC), sodium 
cellulose xanthate (NaCX), amylose, amylose 
triacetate (AT A), and amylose tricarbanilate 
(ATC). Tables Ila and lib summarize the X 

values thus estimated. In method IA the range of 
X value and its average value are shown. The 
figure in parenthesis is the average. In method 
lB-1D, X is calculated by assuming a2 =0 at 
first and then X is re-calculated by using a2 value 
in Table III and shown in branket. It is obvi
ous that the effect of a2 on an estimated value of 
X is very small. When 2.66 x 1023 is employed 
as <f)o( oo) in place of 2.87 x 1023, the X value thus 
obtained is at most only 8 % larger than that 
shown in the tables. Table III has the sample 
number, the breadth in molecular weight distri
bution of the samples (Mw/ Mn), linear expansion 
factor a. estimated from ¢, the parameter Km, a 
and Mo. 

The average values of A obtained by methods 2A 
and 2B are recorded in the fifth and six columns of 
Tables IV respectively. Figure 1 represents the 
Baumann plot constructed according to eq 32. 
The values of A determined from the intercepts 
of the plots are tabulated in the seventh column 
of Table IV. The Baumann plot can be repre
sented by a straight line for each polymer-sol
vent system. But the slope of the plot is very 
often negative, showing that the B value is nega
tive (i.e., among 23 polymer-solvent systems, 15 
systems have negative B, 4 systems have B=O). 
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Table Ila. The draining parameter X evaluated for cellulose, amylose and their derivatives 

Polymer Solvent X 

IA 1B IC 1D 1E IF 

Cellulose Cadoxen 2,2 -9.2 (5,4)C 1.6[0.8]• 0.9[0.3] 0.3 -
FeTNa• 0.3 -1.6(1.0) - - 0.4 - -

CTN N=l3.9% Acetone 0. 33-2 .4 (1. 2) - - 0.7 - -
13.8% - - - - - - -
13.8% Acetone - 0.66 1.13 - - -
13.6% Acetone 2.6 -30 (9.9) - - 0.2 - -
13.5% Ethyl acetate - 0.73 - - - -
13.3% Ethyl acetate - - - - 0.17-0.62 -
13.3% Acetone - - - - 0.13-0.29 -

CN 12.9% Acetone 0.65-1.5 (1.0) - - 1. 8[1. 3] - -
12.1% - - - - - - -

CA Acethyl contet Acetone - 0.74 - - - -
(AC)=53.5% 

54% Acetone - 1.8 - - - -
55.3% Acetone 0.52-4.0 (1.4) 1.4[0.25] - - 0.27-0.44 -

CTCp DMF 0.26-0.58 (0.41) - - 0.8[0.32] - -
1-CI-Nb 0.15-0.7 (0.41) - - 1.1[0.4] - -
Dioxane/water 0.63 - - - - -

• Iron sodium tartrate. b 1-Chloronaphthalene. c Average value. d The value of X = oo is excluded in averaging process. 
used. 

Other Ref 

- 30 
- 31 
- 32, 33 

0.36 34 
- 35 :,,:: 
- 36 

0.2-0.4 4 8 
"' - 37 ::s 

37 
i:,.. -

- 32 
0.49 38 

- 39 N 

- 40 
- 41, 42 
- 43 
- 43 
- 43 

• a 2 in Table III is 
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Polymer 

CTC 

MC DS=2 
EC 

NaCMC DS=0.88 
REC DS=l 

EHEC DS=2 
NaCX DS=0.78 
Amylose 
ATA 
ATC 

Table lib. 

Solvent 

Acetone 
Cyclohexanone 
Dioxane 
Water 
Acetone 
Acetone 
NaCl (I-->oo) 
Water 
Cadoxen 
Water 
1-MNaOH 
DMSO 
Nitromethane 
Pyridine/water 
Pyridine 

The draining parameter X evaluated for cellulose, amylose and their derivatives 

X C .g 
IA 1B IC ID 1E IF Others Ref " ::l. 

0.4 -1.8 (I.I) 0.9 44, 45 
,., 

- - - - - er 

" 0.54-1.6 (0.95) - - 4.0 - - - 44, 45 0. 

0.3 -1. 6 (0. 77) 44, 45 t:I - - - - - - a· 
0.3 -0.8 (0.56) - 0.8(0.19] 0.6 -2. 7 (1.4) 0.21 - 46 g 

2.5 2.0 0.09-1.3 (0.5) 47 "' - - - 15· 
1.1 I. I 48 = - - - - "' 

4.3 -oo (8.I)d 0.2[0.3] 2.6 2.1 49 0 - - - ...., 
0.37-3.6 (I .9) - - - - - 50, 51 (j 

0.49-4.2 (2.9) - - 0.13 - - - 50, 51 §: 
0.48-4. 3 (2.0) 0.12[0. 3] 0.1 52 

0 - - - - "' " 0.1 -0.18 (0.14) 0.03 0.39 0.01 0.31-oo - - 53 t:I 
" 0.17-7 .2 (1.8) - - 0.01 - - - 54 ~-

0.19-6.4 (2.1) - - 0.1 - - - 55 a 
0.9 -1.5 (1.1) 0.36 - 6.0 - - - 56 ~-

"' 0.23-0.66 (0.5) 0.70 - 5.0 - - - 57 
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Table III. Various parameters employed for the evaluation of unperturbed chain dimensions of cellulose, 
amylose and their derivatives 

Polymer Solvent Sample Mw/Mn ll's a2 Krn a Mo Kip a,p 01 Ref 
No. x10-• X 1020 eq 18 eq 5 

Cellulose Cadoxen 6 1.8 -2.3 1.1 -1.2 -0.216 0.0264 0. 792 4.61 4.55 0.304 0.22 0.31 30 
FeTNa 9 2.0 1.0 -1.2 -0.296 0.0494 0. 779 2.01 5.01 0.429 0.17 0.29 31 

CTN N=l3.9% Acetone 6 1.2 1.0 -1.2 0 0.0076 0.903 5.58 6.36 0.379 0.05 <0.01 32, 33 
13.6% Acetone 9 2.0 1.0 -1.1 0 0.0047 0.932 1.27 5.72 0.424 0 <0.01 36 

CN 12.9% Acetone 4 1.2 1.1 -1.3 -0.024 0.0048 0.91 6 1.55 29 0.274 0.18 0.21 32, 33 
CA AC=55.3% Acetone 9 1.29 1.0 -1.1 -0.471 0.133 0.61 6 0.56 0.226 0.716 0.13 0.11 41 

i THF 6 1.29 1.0-1.2 0 0.0513 0.688 0.56 573 0.105 0.150 0.08 41 
CTCp DMF 4 1.03-1.5 1.0 -0.248 0.268 0.49. 2.86 4.17 0.377 0.01 -0.01 43 

t,i 

1-Cl-N 4 1.03-1. 5 1.0 -1.1 -0.248 0.159 0.515 2.86 4.17 0.377 0.01 0.01 43 § 
Dioxane/water 4 1.03-1.5 1.0 -1.1 -0.248 0.274 0.483 2.86 4.17 0.377 0.01 -0.02 43 p.. 

CTC Anisol 4 1. 76-2. 3 1.0 0 0.095 0.52. 8.26 - - 0 - 58 
Cyclohexanol 3 2.0 -2.3 1.0 0 - - - - - 0 - 58 
Acetone 6 1.76-2.4 1.01-1.04 0 0.0012 0.912 8.26 60.6 0.21 0.09 0.20 44, 59 
Cyclohexnone 5 1. 76-2.4 1.02-1.05 0 0.0026 0.837 8.26 0.75 0.508 -0.10 0.13 44, 59 > 
Dioxane 4 1. 76-2.4 1.01-1.03 0 0.00082 0.971 8.26 1.52 0.462 -0.11 <0.01 44, 59 

MC DS=2 Water 5 2.4 -2.9 1.01-1.04 -0.280 0.473 0.508 2.64 2.01 0.464 0.008 -0.09 46 
NaCMC DS=O.88 NaCl(l---->oo) 4 2.1 -3.7 1.0 - -0.072 0.173 0.60. 3.95 1880 0.192 0.022 0.02 49 

"t1 REC DS=l Water 5 1.5-1.7 1.02-1.04 -0.128 0.0074 0.890 2.23 0.54 0.608 -0.004 -0.03 51 

% EHEC DS=2 Water 4 3.07-3.23 1.01-1.10 -0.256 0.0406 0. 75. 3.02 0.207 0.688 0.08 -0.05 52 
8 NaCX DS=O.78 1-M NaOH 3 1.25 1.00-1.01 -0.240 0.0477 0.679 4.18 0.088 0.568 0.01 -0.10 53, 60 
(I) .., 

Amylose DMSO 9 1.5 1.07-1.17 -0.336 0.0013 0.868 8.19 0.018 0.794 0.05 0.08 54 
!""" 

ATA Nitrometane 12 1.5 1.04-1.33 0 0.0012 O.862 7.53 6.75 0.379 -0.10 -0.02 55 
< ATC Pyridene/water 9 1.5 1.0 0 0.0039 0.599 11.8 218 0.144 -0.012 -0.015 56 f2. .... Pyridine 9 1.5 1.02-1.29 0 0.0012 0.86. 8.55 35.7 0.056 0.13 0.31 57, 61 
. o 
z 
? _.,. 
.... 
\0 __, 
QO 



Unperturbed Dimensions of Cellulose Derivatives 

Table IV. Unperturbed chain dimensions K 0 and A of cellulose, amylose and their derivatives 

Polymer Solvent K 0 X 1016, cm2 Ax 108, cm 

2D 2G 2A 2B 2C 2D• 2E 2F 2G• 

Cellulose Cadoxen 0.546 1.53 1.83 1.92 1.21 1.20 1.57 
FeTNa 28.2 23.7 2.81 2.31 2.27 1.31 1.29 2.17 

CTN 
N=13.9% Acetone 1.00 2.41 2.43 (2 .43)b 0. 792 1.02 2.45 

13.6% Acetone 4.38 2.04 2.10 (2.10) 0.975 0.994 2.09 
CN 12.9% Acetone 0.75 0.80 1.84 1.84 1.85 0.521 0.739 1.91 
CA 
AC=55.3% Acetone 118 116 1.68 2.14 1. 77 1.10 1.12 1. 75 

CTCp DMF 65.4 75.8 1.80 2.14 1.94 0.961 0.920 1.99 
1-Cl-N 65.4 62.8 1. 75 2.14 1.94 0.895 0. 853 1.82 
dioxane 65.4 71.3 0.929 0.956 1.90 

/water 
CTC Anisol 0.81 8 0. 774 0. 75s 

Cyclohexanol 0.841 
Acetone 0.26 1.43 1.43 (1.43) 0.557 0.560 1.25 
Cyclohexanone 0.26 1.36 1.43 (1.43) 0.666 0.671 1.25 
Dioxane 0.559 1.88 1.85 (1. 85) 0.546 0.467 1.83 

MC DS=2c Water 23.0 22.4 2.05 2.56 2.34 1.23 1.25 2.31 
NaCMC DS=0.88 NaCl (I->oo) 0.83 0.79 1.42 1.50 1.47 1.26 1.25 1.44 
REC DS=l Water 3.69 3.71 2.10 2.40 2.25 0.930 0.957 2.26 
EHEC DS=2 Water 17.8 17.1 2.1 2.41 2.37 1.24 1.22 2.32 
NaCX DS=0. 78 1-MNaOH 39.4 41.4 3.30 4.04 3.86 1.03 1.03 3.96 
Amylose DMSO 20.9 24.7 1.48 1.33 1.62 0.602 0.561 1. 76 
ATA Nitrometane 0.214 1.04 1.14 (1.14)b 0. 554 0. 550 1.06 
ATC Pyridine 0.163 0.99s 0.99s (0.998) 0.77r, 0. 770 0.99 

/Water 
Pyridine 0.168 1.14 1.08 (1.08) 0.565 0.70 1.00 

• the value at Mw=l x 10° is shown. 
b in this case a2=0, then the value by 2D concides with that by 2C. 
c DS=degree of substitution. 

This contrast sharply with the pos1t1ve value 
of A 2 for these polymer-solvent systems. The 
result that B<0 arises from the non-gaussian 
nature of a polymer chain in unperturbed state as 
shown immediately later. In Figure 2 the molec
ular weight dependence of <S2)0,w/ Mw, estimated 
by method 2A and or 2B, is demonstrated. Figure 
2 shows that a2 in eq 7 can be empirically regarded 
as constant in the molecular weight range concern
ed. The a2 values obtained thus are given in the 
sixth column of Table III. It is of interest to 
note that a2 values for cellulose, amylose and their 
derivatives in solution are zero or negative. In 
the case of a2 ;t,O, the Baumann plot is not, 
strictly speaking, applicable. Thus, in this case, 
the experimental data are plotted according to eq 

Polymer J., Vol. 10, No. 4, 1978 

33 (BKM plot) in Figures 3a and 3b. It is par
ticularly noteworthy in this figure that the BKM 
plot can be approximated with a very good straight 
line having a positive slope. The K 0 value estimat
ed from the intercept at M :,;-3a2112 -,O are shown in 
the third column of Table IV. The A values for 
Mw = 1 x 105 calculated from K 0 by eq 34 are also 
included in the same table. 

The viscosity data are plotted according to eq 40 
(SF plot). As illustrated in Figure 4, the SF 
plot apparently gives a good straight line and A 
can be evaluated from its extrapolation to M:t2 =0 
(method 2E). The results are tabulated in the 
ninth column of Table IV. However, as was 
noted in the theoretical section, eq 40 was based 
on the assumption that a2=0, a<l'=0 and a<a* 

419 



K. KAMIDE and Y. MIYAZAKI 

2 .----------------;;-----, 

O .__ ___ _,____.:.:19 _ ______, ____ _.____, 

0 500 h 1000 1500 
Mw 

Figure 1. Baumann plot (eq 32): 1, cellulose in cado
xen30; 2, cellulose in FeTNa31 ; 3, CTN (N=13.9%) 
in acetone32 ; 4, CTN (N=l3.6%) in acetone36 ; 5, CN 
(N=l2.9%) in acetone32 ; 6, CA (acetyl content 55.3 %) 
in acetone41 ; 7, CTCp in DMF43; 8, CTCp in 1-Cl
N43; 9, CTCp in dioxane/water43 ; 10, CTC in ace
tone44; 11, CTC in cyclohexanone44 ; 12, CTC in 
dioxane44 ; 13, MC in water46 ; 14, NaCMC in aq. 
NaC149 ; 15, HEC in water51 ; 16, EHEC in water52 ; 
17, NaCX in 1-MNaOH53•60 ; 18, amylose in DMS054 ; 
19, ATA in nitromethane55 ; 20, ATC in pyridine.61 

are realized concurrently, where a* is the upper 
applicable limit a. 62 Figure 5 depicts the results 
of the log-log plot of (/) and Mw. As can be 
seen from the figure, (/) for cellulose, amylose 
and their derivatives is strongly molecular weight 
dependent and can be empirically expressed by eq 
44, to a fairly good approximation, over the entire 
experimentally accessible molecular weight range. 
a!ll was determined in this manner from the slope 
of the plot in Figure 5 and summarized in the ele
venth column of Table III. The fact of a2::;;0 
and a!ll>0 for the almost cellulose, amylose and 
their derivatives indicate that eq 40 is apparently 
inadequate for these polymers as noted previ
ously. Up to now data for these polymers have 
been widely analyzed according to eq 40 without 
reference to a2 and a!ll. The result a!ll>0 that is 
compatible with X value ;$2 as shown in Table III. 

By using the parameters Km, a and M 0 in Table 
III,the Flory's K value, accordingly A, was cal
culated from eq 43. The results are shown in 
the tenth column of Table IV (method 2F). 

Figures 6a and 6b show the data graphed ac
cording to eq 46 (the Kamide-Miyazaki (KM) 
plot) for the same viscosity data as those in Fig. 4. 
The plots are quite linear over the range examined 
and present no great problem in extrapolation. 
The K0 values determined from the intercept are 
assembled in the fourth column of Table IV 
(method 2G) and the A values for Mw=l x 105 

are shown in the same table. 

Figure 2. The molecular weight dependence of <S2) 0,w/ Mw. Numbers 1-20 on lines have the same 
meanings as those in Figure 1; 21, CTC in anisol44•59 ; 22, CTC in cyclohexanol.44•59 
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Figure 3. Baumann-Kamide-Miyazaki (BKM) 
plot (eq 33). Numbers on lines have the same me
anings as those in Figure 1. 

DISCUSSION 

The considerable difficulty in determining X 
by method lA lies in the fact that the samples used 
in the literature had wide molecular weight distri
butions (MWD) and their accurate shape was not 
determined experimentally as shown in Table III. 

Polymer J., Vol. 10, No. 4, 1978 
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Figure 4. Stockmayer-Fixman plot (eq 40). 
Numbers 1-20 on lines have the same meanings as 
those in Figure 1; 23, CTCp in dioxane. 43 

This is a weak point in method lA. Excep
tional cases are CN,32 ' 33 CTN32 ' 33 and CA,41 

whose samples have relatively narrow MWD 
(Mw! Mnc::::1.2). Even in these cases, the X values 
estimated by using method lA are less than two for 
the most part. Actually, the magnitude of X 
value obtained by using various methods for each 
polymer sample is susceptible to large error. An 
accumulation of knowledge of X values is neces
sary in order to obtain the definite conclusions on 
the draining effect. Such a compilation of X 
values is shown in Tables Ila and Ilb. Consider
ing the experimental accuracy, we cannot evaluate 
the exact value of X, but different methods always 
give X ;;;2 with some exceptions, and this is consi
derably lower than that of usual vinyl-type polymers 
(Table I). In addition, the value of a calculated 
from A by using eq 15' is on the average, only 40 % 
of the experimental one. It is reasonable to consid
er that the partially free draining effect on [r;] can 
never be, more or less, ignorable for cellulose, 
amylase and their derivatives. This conclusion 
was already drawn for CN previously by Kamide. 5 

An attempt was made to check the consistency 
among the methods utilized for estimating the 
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Figure 5. The molecular weight dependence of Flory's viscosity parameter (JJ. Numbers on lines 
have the same meanings as those in Figure 1. 
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Figure 6. Kami de-Miyazaki (KM) plot (eq 46). Numbers on lines have the same meanings 
as those in Figures 1 and 2. 

unperturbed chain dimensions. For this purpose, 
the correlation coefficient r was calculated for any 
two methods arbitrarily chosen. The results are 
schematically presented in Figure 7, where r is 
indicated on the line connecting two methods. 
When pairs of A values obtained by the two me-

422 

thods is less than four, the r value was not cal
culated due to the high uncertainty of r. Although 
methods 2B, 2C, and 2D are based on the thermo
dynamic approach and method 2G is a hydro
dynamic approach, the A values obtained by these 
methods are very closely correlated with each other. 

Polymer J., Vol. 10, No. 4, 1978 
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Figure 7. Correlation coefficient r and the average 
difference of A between the two methods arbitrarily 
chosen. The average difference of A is given in 
parenthesis: 0 , insignificant (i. e., the difference is 
below the 5 % level); *, questionable significant (i. e., 
the difference is above the 5% level); ***, highly 
significant (i. e., the difference is above the 0.1 % level). 

On the other hand, the A value estimated by me
thod 2E exhibits high correlation with that by 
method 2F, as was the case for various vinyl
type polymers.18 r between 2D and 2G is larger 
than that between 2C and 2G, as is expected. 

A different conclusion should be drawn from the 
different group of the analytical procedures 
adopted. Examination of the literature discloses 
that in the case of using methods 2B, and 2C, the 
polymer chain was concluded without exception to 
be inflexible and with methods 2E and 2F, the 
chain was always regarded as flexible. When 
methods 2B (or 2C) and 2E were applied using the 
same data, the results obtained by the former 
method were considered more reliable. Hence, the 
analytical method utilized is very important and 
should be carefully examined in advance. The 
confusion of the concept, in the past, to the 
flexibility and draining effect of cellulose and its 
derivatives seems not to be ascribed to the in
consistence of the experimental data, but mainly 
to the unreasonable usage of the analytical me
thods. 

For cellulose, amylose and their derivatives in 
solution, a2 is zero or negative. This conclusion 
is not drawn by using erroneously an indirect 
method for evaluating a., because a2 <0 was 
found even in theta solutions (for example, CTCp 
in DMF43 and MC in water46). This is then under-

Polymer J., Vol. 10, No. 4, 1978 

stood as a consequence of an increase in the chain 
stiffness with a decrease in its length. a2 <0 can 
not be explained in terms of the statistics of the 
pearl-necklace chain model. 63 Recently, Yama
kawa and his coworkers have theoretically demon
strated, on the basis of helical wormlike chain 
model, that in some case a2 becomes negative. 64 ' 66 

The value of J, defined by eq 14, is zero or negative 
for majority of celluloses. The A values by me
thod 2D, in which 02 <0 is well taken into account, 
is in better agreement with A made by method 2G 
than that by method 2C. These are additional 
supports for a2 <0. 

Kurata and Stockmayer described in their excel
lent review that <J) should remain essentially con
stant at its assymptotic value (/)0(00).2 Their pre
diction was decidedly shown wrong as is indicated 
in Figure 5 by the presented analysis of numerous 
experimental data, which have been published after 
an appearance of their review. In fact, in cel
lulose and its derivatives, as described previously, 
an absolute value of <J) is not accurate as compared 
with that of vinyl-type polymers. But, <J) can 
never be treated as constant over a wide range of 
molecular weight assessed. Evidently, o0 , which 
is a more rigorous criterion of the draining effect, 
is always distinctly positive (Table III). This 
agrees well with the results on the X values in 
Tables Ila and Ilb. In consequence, the experi
mental findings, a2.S0 and a0>0, undoubtdly 
prove wrong the theoretical basis (i. e., the "two
parameter" theory) of methods 2E and 2F and the 
conclusions drawn by using these methods are 
seriously called into questioned. 

Of great experimental significance is the fact that 
methods 2A, 2B, 2C, 2D, and 2G, which are con
veniently classified as group I, give almost an 
identical value of A with an estimated uncertainty 
of ± 7 % (with an exception of the combination of 
methods 2B and 2C), which is smaller in magnitude 
by a factor of about two than that obtained by 
methods 2E and 2F (group II). As is illustrated in 
Figure 7, the difference of A value between group 
I and group II is highly significant at the 0.1-% 
level. The group II obviously underestimates A. 
An exception is NaCMC,49 in which the drainig 
effect contributes only slightly to [77] (X~8.6 by 
method IA and a0 + 1.5 02~0.08) and the ratio 
of the values of A by method 2E to that of A 1m 1 is 
found to be 0.88, where A1m 1 is the most reliable 
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value, as defined later. The A value, directly 
measured in theta solvents, agrees on occasion with 
that evaluated by methods 2B, 2D, and2G from the 
data in non-theta solvents (for example, CTCp and 
ATC). This also provides evidence of the validity 
of methods 2B, 2D, and 2G. 

All the graphical procedures (methods 2C, 2D, 
2E, and2G) are roughly linear and even in the large 
Mw range they do not show downward curvature 
(with exception of CTN(N=13.9%) and CN 
(N=12.9%) in acetone). Hence, the linearity of 
the plots cannot be taken as a reasonable manifes
tation of the validity of the procedures. It appears 
to be true that the neglect of the higher terms of z 
in eq 28, is reasonably acceptable. This agrees 
with a.~1 and z-0. 

If a2 *0, method 2D yields an A value which is 
higher than that by method 2C by about 0.1 x 
10-8 cm and is only about 3- % different from that 
by method 2G. In method 2D the A value is less 
sensitive than B (when B is negative) to the a2 

value employed. The A value, determined by 
method 2G, depends markedly on a(l)+l.5 a2 
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Figure 8. Effect of a2 and a(l) + 1.5 a2 on the values of 
A and B, estimated by methods 2D and 2G, re
spectively, for CN (N=l2.9%) in acetone32•33 and CA 
in acetone41 : open mark, values determined by method 
2C (a2=0) or method 2E (a2=0 and a=O(l)); closed 
mark, values determined by method 2D or method 2G, 
using the experimental data of a2 and a(l). 
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value, especially in the range of a(j)<O.l and the 
B value, o btaind by using method 2G, is also highly 
sensitive to a(l) + 1.5 a2• As an illustration, the A 
and B values were determined for CN(N=l2.9%) 
in acetone and for CA (acetyl content, 55.3 %) in 
acetone by using methods 2D and 2G, assuming a2 

and a(l) values. The results are graphed in Figure 
8. It should be born in mind that the slope of the 
BKM, SF, and KM plots for cellulose and amylose 
derivatives are often too small to allow for an 
accurate evaluation of B. 

The A values estimated by methods 2E and 2F, 
A12E 1 and A12F 1, become smaller as the polymer 
chain has larger positive a2 together with a larger 
positive a(j). This is illustrated in Figure 9, where 
the ratio of A estimated by method 2E to the most 
reliable A value (which will be given later) is plotted 
against a(l) + 1.5a2• It can be expected from Figure 
8 that the magnitude of a(l)+ l.5a2 serves as a 
measure for reliability of methods 2E and 2F; that 
is, the disagreement with the A value by method 
2E or 2F and that by other methods is greatest 
for large value of a(l) + 1.5 a2. As already pointed 
out, the values of A and B obtained by applying 
method 2E, 2F or similar methods, lack reliability, 
especially at higher a(l) + 1.5 a2 value. 

A significant improvement in the agreement 
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Figure 9. Plot of the ratio Ac2E)/Acm) against a(l)+ 
l.5a2 : O, vinyl-type polymers10- 2•; e, cellulose and its 
derivatives; •, amylose and its derivatives. Numbers 
1-20 have the same meanings as those in Figure I; 24, 
ATC in pyridine.67•61 
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Table V. Conformation parameter a and characteristic ratio Coo 
of cellulose, amylose and their derivatives 

Polymer Solvent A(m) X JOB a Ar X JOBb (J Coo 
(cm) (cm) 

Cellulose Cadoxen I. 71 0.614 2.78 15.8 
FeTNa 2.39 0.614 3.89 30.9 

CTN (N=l3.9%) Acetone 2.43 0.456 5.33 57.8 
(N=l3.6%) Acetone 2.08 0.460 4.52 41.6 

CN (N=l2.9%) Acetone 1.86 0.470 3.95 31.9 
CA (AC=55. 3 %) Acetone I. 73 0.481 3.60 2.63 
CTCp DMF 2.02 0.366 5.52 62.2 

1-Cl-N 1.91 0.366 5.22 55.6 
Dioxane/water 1.90 0.366 5 .19 55.0 

CTC Anisol 0.81 8 0.344 2.38 11.5 
Cyclohexanol 0.841 0.344 2.44 12.2 
Acetone 1.37 0.344 3.98 34.7 
Cyclohexanone 1.35 0.344 3.92 32.3 
Dioxane 1.85 0.344 5.38 59.0 

MC (DS=2) Water 2.32 0.567 4.09 34.2 
NaCMC (DS=0.88) NaCl (1--wo) 1.46 0.502 2.91 17.2 
HEC (DS=l) Water 2.25 0.494 4.55 34.0 
EHEC (DS=2) Water 2.30 0.510 4.51 41.4 
NaCX (DS=0.78) 1-MNaOH 3.79 0.505 7.50 114. 7 
Amylose DMSO 1.55 0.476 3.26 21.5 
ATA Nitro methane 1.08 0.357 3.02 18.6 
ATC Pyridine/water 0.995 0.267 3.73 28.4 

Pyridine 1.07 0.267 4.01 32.9 

a The most reliable value of A is determined as an average of those estimated by methods 2A, 2B, 2C (a2 =0), 
or 2D (a2;t=O) and 2G. 

b Ar is A of the freely rotating chain which the length of virtual bond of Cl chair form of cellulose and its 
derivatives and amylose and its derivatives are 5.47 A and 4.25 A, respectively, and glycosidic bridge angle 
is 110°. 

between the hydrodynamic approach (method 2G) 
and the thermodynamic approach (methods 2C 
and 2D) is generally achieved for any actual 
system by correcting the non-gaussian nature of 
chain and the draining effect on [r;]. In this sense, 
the most reliable value of A must be an average 
value of A estimated by methods 2A, 2B, 2C (in 
the case of a2 =0) or 2D (in the case of a2 * 0) and 
2G. We denote this by Aimi· The A1m 1 value 
thus determined is given in Table V, in which the 
Ar values are also included. a as well as Coo 
values are calculated from A1m 1 and tabulated in 
the fifth and sixth columns of Tables V, respectively. 

The values of a for cellulose, amylose and their 
derivatives in solutions are substantially larger 
than those (a<3.0) of the vinyl-type polymers. 
Exceptional cases are celluloses in cadoxen, ao CTC 
in anisol44 ' 45 and in cyclohexanol,44 ' 45 and NaCMC 
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in aq. NaCl solution,49 for which a is in the range 
2.0-3.0. From Table V it can be definitely con
cluded that cellulose, amylose and their derivatives 
are semi-flexible polymers, which have greatly 
extended unperturbed chain dimensions, owing to 
the markedly interrupted internal free rotation of 
the chain. Rather large differences in the unper
turbed chain dimensions are observed in different 
solvents for CTC, where the solvent effect on A 
obtained here is completely the same as that derived 
by using method 2E or 2F. 

In Figure 10, a2 is plotted against a~. There is 
a crude negative correlation between a2 and a~ 

(r= -0.63). In other words, a polymer chain 
becomes less impermeable as the chain confor
mation deviates from gaussian statistics and a~ 
has a tendency to compensate for a2 in eq 5'. 

In the case of a2;i=0 and a~;t=0, the exponent a 

425 



K. KAMIDE and Y. MIYAZAKI 

0.8 .18 

0.7 
06 16 

0 
15 

0.6 17 0 
0 

11 
0.5 13 0 

0 130 
18< 20 40 

"' 0.4 7 
0 30 

0.3 o, 5 
0 

14 10 
0.2 0 0 

20• 
0.1 

24 e 
0 ~-----'----'---'----''----'--' 

-0.5 -0.4 -0.3 -0.2 -0.1 0 

a2 
Figure 10. Correlationships between a2 and a,p for 
cellulose and its derivatives (open mark) and for 
amylose and its derivatives (closed mark). Numbers 
have the same meanings as those in Figures 1 and 9. 

in the MHS equation (eq 4) in Flory's theta solu
tion, designated as ao, is not always 0.5. ao is 
generally given by 

(48) 

The value of a8 was calculated from the values of 
a2 and a,p given in Table III through use of eq 48 
and was compared with the experimental value. 
The results obtained were 0.505 (0.495) for CTCp43 

in DMF, -(0.524) for CTC in anisol, 59 0.544 
(0.508) for MC in water46 and 0.644 (0.599) for 
ATC in pyridine-water.56 The values in paren
thesis indicate the experimental values. The 
calculated a8 value is in accordance with the experi
mental value if the error inherent in a2 and a,p is 
considered. Thus, there are actually several 
experimental cases of ao *0.5, which provide 
direct evidence of the existence of either a2 or a,p 
or both and even in the case ao=0.5 there is a pos
sibility that 1.5 a2 compensates for a,p. 

In principle, both eq 36 and 41 give the correct 
value of K 0 (accordingly, A), provided that a2 

equals zero (eq 36) or a2 is determined in advance 
(eq 41) and the draining parameter Xis accurately 
evaluated. In these cases, the uncertainty of X 
value plays an important role in the determination 
of A. However, the X value estimated for a given 
polymer-solvent system scatters to a large extent 
(see Tables Ila and Ilb) although Xis inversely 
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proportional to a,p. Assuming X to be constant, 
we determined A value from the X value in Table 
II by use of eq 36. The A value thus obtaind de
creases linearly with an increase in log X. The 
most reliable value of A falls often in the scatter 
of the A value estimated by eq 36. This strongly 
suggests that the A value underestimated by method 
2E (and probably also by method 2F) increases to 
the true value if the draining effect is taken into 
account. However, from a practical point of view, 
employment of eq 36 and 41 is not recommended 
for estimating A, because of the low accuracy in the 
estimation of X. 

Hitherto, the A value obtained by methods 2B 
and 2C has been often regarded as less reliable, as 
compared with that by method 2E, because it was 
considered that the second virial coefficient A 2 

has a large experimental uncertainty for cellulose, 
amylose and their derivatives in solutions, for 
which A2 is very small (in the order of 10-4 cm3 • 

mo!· g -z) and does not exhibit any significant 
molecular weight dependence except for CTN32 ' 35 , 

CN 32 ' 35 and CA41 • In this paper, we examine the 
reliability of A2 as follows: A2 is usually expressed 
by66,67 

(49) 

where h0(z) is, for example, given by eq 27. When 
the values of A and B are indirectly obtainable 
from the Baumann, BKM, SF, and KM plots, we 
can calculate A2 from A, B and the experimental 
<S2)w value with the aid of eq 49 and 27. The 
experimental value of A2 can be compared with the 
calculated one thus obtained. As is evident from 
Table III, Penzel-Schulz's data32 ' 33 on CTN 
(N=13.9%) and CN(N=12.9%) are most reliable. 
The parameters A (or K0) and B are deter
mined from an intercept at M!.; 2 =0 and its 
slope of the above plots for CTN and CN in 
acetone (Figures 4 and 6). The A and B values 
thus obtained are listed in Table VI. From these 
values together with the experimental <S2)w data, 
A 2 was calculated. Figure 11 shows the smooth 
curves of the molecular weight dependence of A 2 

calculated in this manner as full (method 2C), 
dotted (method 2E), broken (method 2D) and chain 
(method 2G) lines. The experimental data points 
are also included in this figure. There is a con
siderable disagreement between the experimental 
points and the theoretical curve by method 2E. 
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Table VI. The parameters A, K 0 and B estimated by methods 2C, 2D, 2E, and 2G from 
Schulz-Penzel's data32 on CTN (N=13.9%) and CN (N=l2.9%) in acetone 

Polymer Ax 108 (cm) K 0 X 1016 (cm2) Bx 1027 (cm3) 

CTN(N=13.9%) 
CN (N=12.9%) 

5 a) 

4 ········· ... 

By 2C 

2.43 
1.84 

····-.. 
3 ··········· .... 

By2E 

2 ················ ... 

1~ 
0 

XN O .._. ________ _, 
4: b) 

3 ············-.. 

2~: 
0 0 

0 105 106 

Mw 

By2D 

1.85 

Figure 11. Second virial coefficient A2 of CTN (N= 
13.9%) and CN (N=12.9%) in acetone32 • 33 : open 
mark, experimental data. Lines are calculated by 
using eq 27 and 49 from A (or K 0) and B, which are 
estimated by methods 2C (full line), 2D (broken line), 
2E (dotted line) and 2G (chain line), and the experi
mental (S2)w data. 

However, the above disagreement should be re
markably improved by adopting methods 2C, 2D, 
and 2G, in the case of CTN(N=13.9%). Since 
in the BKM and KM plot the value of a2 , which 
was determined using A2 value, was employed, the 
agreement between the experimental A2 and 
those by method 2D and 2G does not afford in 
the strict sence, direct verification of the reliability 
of the experimental A 2 • However, it seems suf
ficient to point out that not the absolute value, but 
the molecular weight dependence of A 2 contri
butes the a2 value and the effect of a2 on A2 is very 
minor as is seen from Figure 10. 

The linear expansion factor a. can be indirectly 
calculated from (1) the A value by method 2E, 
Mw and <S2)w data, (2) the A(m1 value, Mw and 
<S2)w data, and (3) the experimental data of A2, 
Mw, and <S2)w via ¢. The expansion factor a. 
thus estimated is hereafter referred to as a.( 2E 1, 
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By 2G 

1.00 
0.80 

By 2C 

5.12 
9.35 

By2D 

10.0 

By 2E 

20.9 
18.2 

By2G 

ll's(ml, and as(¢1, respectively. The relationships 
between ll'8 (2E1, as(ml and as(¢! are illustrated in 
Figure 12. Obviously, the relation; ll'8 (2E1~ll's(ml 

::::as(¢) holds for these polymers. In this respect, 
methods 2A, 2B, 2C ( or 2D), and 2G are consistent 
with each other. 

It has been widely recognized that the application 
of eq 40 or similar equations to cellulose derivatives 
leads to a large expansion factor a, and to relatively 
small unperturbed chain dimensions. 2 The inap
plicability of eq 40 or similar equations is clear 
from the fact of a 2~0 and a(/)>0, as repeatedly 
noticed in this paper. In conclusion, it can be said 
that the expansion factor a. is usually less than 
1.3-1.4 even in good solvents. This should be 
additionally supported by estimating the excluded 
volume effect a1 from a and a2 using eq 18 and from 
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• 

4 • • 
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Figure 12. Comparison of a,c2EJ and as<ml with 
a•<ef•J: open mark, a,(ml; closed mark, a 5 c2EJ; D, •. 
cellulose in FetNa30 ; o, e, cellulose in cadoxen31 ; t:c,, 

"'-, CTN (N=l3.9%) in acetone32 ; O, +, CN (N= 
12.9%) in acetone.32, 33 
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a, a2 , and al[) using eq 5'. The values of a1 thus 
determined are summarized in Table III. Among 
23 polymer-solvent systems, a1 is found to be 
practically zero for nineteen systems, if eq 18 is 
applied. This corresponds to a low a1 value, 
a low z value and a.,....,1.0. For the other re
maining three systems, a1>0.15 is obserbed: 
Cellulose in cadoxen (a1 =0.22), in FeTNa (a1 = 
0.17) and CN(N=12.9%) in acetone (a1=0.18). 
When a large experimental error involved in a1 
(-0.1) is considered, a1>0.15 for these three 
systems is not exceedingly larger than that expected 
from a. value. For example, we obtain a.=1.2 
for a1,....,0.l6 by using Voeks relation.68 ' 69 More
over, for these systems it was confirmed that the 
ll'6 12Gi or ll'6 1m1 value corresponds well with A2 
experimentally determined. And if eq 5', which 
is less reliable than eq 18, is employed, sixteen 
systems exhibit a1'.'.::'.0. Conclusively, Table III 
indicates al[) generally to be a major contribution 
to a. 

In the dilute solutions of cellulose, amylose and 
their derivatives the penetration function¢ is small 
(accordingly a 8 '.'.::'.l.0), but the excluded volume 
parameter z, evaluated from the slope of the SF 
plot, is unexpectedly large. This contradiction 
is yet unresolved. In this paper,¢ was calculated 
from the experimental data of A2, Mw, and <S 2)z 
using of eq 21. On the other hand, A and B were 
evaluated from the intercept and the slope of the 
SF plot and the KM plot (the former were given 
in Table IV) and z was calculated by eq 23. 
Then, from A and the experimental data of <S 2)z, 
a. was calculated. Using z and a. thus obtained 
z was evaluated. The plot of ¢ against z for 
typical cellulose derivatives is illustrated as a 
closed circle (method 2E) and an open circle 
(method 20) in Figure 13, in which the theoretical 
curves of Flory-Krigbaum-Orofino (FKO),68 ' 69 

modified PKO (FKOm),67 Kurata-Fukatsu
Sotobayashi-Yamakawa (KFSY-I and KFSY-
11)70 and Casassa-Markovitz (CM)71 are also 
graphed. 

All points for method 2E deviate largely from all 
the theoretical curves, but the points of method 
20 fall on any theoretical curve. Figure 13 also 
provides a support for the superiority of method 
20. In view of the above, if method 20 is uti
lized, there is no inconsistency between ¢ and z. 
The apparent contradiction mentioned-above can 
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Figure 13. Plot of penetration function <ft (eq 21) 
against z; (a) CTN (N=13.9%) in acetone32 ; (b) 
CTC in dioxane,44 (c) EHEC in water.52 Full lines, 
theoretical relations by Flory-Krigbaum-Orofino 
[FKOJ (curve 1), modified Flory-Krigbaum-Oro
fino [mFKOJ (curve 2), Kurata-Fukatsu-Sotobaya
shi-Yamakawa [KFSY-1 and KFSY-11] (curve 3 and 
curve 4), Casassa-Markovitz [CM] (curve 5); open 
mark, method 2G; closed mark, method 2E. 

be attributed to an errorneous usage of method 
2E in the case of a 2 * 0 and al[)* 0. Since method 
20 gives ¢ and z, which are near to zero, we can 
determine a. very accurately, independent of the 
theory of excluded volume effect chosen (in this 
paper, eq 27). In this connection, a large [r;] can 
not be explained by a large expansion factor, but 
by large unperturbed chain dimensions. 

As a further check on the validity of method 20, 
we calculated [r;] from the molecular parameters 
such as A and B by method 2E and Kl[), al[), a2, Ko, 
and B by method 20. The values of [r;] thus ob
tained, which are noted as [r;]12E1 and [r;l12G1, 
respectively, are compared with the experimental 
value [r;liexPI in Figure 14. In this figure, the closed 
mark is [r;]i2Ei and the open mark is [r;]12GJ· The 
latter agrees satisfactorily with [r;]1.xPJ over the 
whole molecular weight ranges studied, supporting 
method 20. [r;] 12E1 deviates to a large extent from 
[r;liexPI at a higher molecular weight. Figure 14 
indicates that the limiting viscosity number of cel
lulose, amylose and their derivatives cannot be 
represented well in terms of only two parameters, 
A and B. 
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Figure 14. Comparison of [77]<2EJ and [11boi with 
[7Jl<expJ: e, [77]<2EJ; 0, [11boi, (a) cellulose in cadoxene81 ; 
(b) CTN (N=13.9%) in acetone32•83 ; (c) CTN (N= 
13.6%) in acetone86 ; (d) CA in acetone41 ; (e) CTC in 
acetone44•59 ; (f) NaCMC in aq. NaCl49 ; (g) HEC in 
water51 ; (h) amylase in DMSO64 ; (i) ATC in pyri
dine.67,61 

The variation of the radius of gyration (S2)w112 

for cellulose derivatives in various solvents can be 
virtually ascribed to the variation of the short
range interaction parameter A. By comparing 
cellulose, amylase, CA, ATA, CTC, and ATC, 
we can conclude that amylase is similar to cellulose. 
In Figure 15, Mb, thus determined for cellulose 
and its derivatives, is plotted as a function of the 
molecular weight of a repeating unit Mb. An 
open mark means cellulose esters and a closed 
mark stands for cellulose ethers. There is no 
significant trend of .:I with Mb, but a of CN has a 
tendency to increase with the degree of substitution. 

The average value of Co, calculated from A(ml, 

for cellulose and its derivatives, is 40.5 and that 
from A value by method 2E is 9. If the rigid Cl 
chair conformations are assumed for all glycosidic 
residue and approximate conformational energy 
calculations as well as the statistical mechanical 
theory of chain configuration are employed, the 
mean glycosidic bridge angle /3 corresponding for 
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Figure 15. Effect of the molecular weight of a re
peating unit Mb on the conformation parameter <J 

for cellulose (D), cellulose ester (0), and cellulose 
ether (e). Numbers have the same meanings as 
those in Figures 1 and 2. 

Coo =40.5 is estimated from Figure 2 of ref 72 
to be 117° and /3 value for Coo=9 is 126°. The 
former /3 value is in close agreement with the 
experimental data (117.5°73 and 116.5°74), obtained 
by the crystallography, suggesting the high re
liability of the A(ml values evaluated here. It 
should be remembered that the theoretical calcu
lations of Coo were based on the unsubstituted 
cellulose and the values of Coo in Table V are 
mainly for cellulose derivatives. The more de
tailed comparison of the theory and experiment 
on Coo is beyond the scope of the present work. 

CONCLUSION 

(1) The partially free draining effect on hydro
dynamic properties, including limiting viscosity 
number, exists significantly (al/l>0). 

(2) The spacial distribution of segments is often 
non-gaussian (a2::S0). With decreasing mole
cular weight the polymer chain becomes stiffer. 

(3) The fact of at/l> 0 and a2 <0 indicates clearly 
the inapplicability of the SF plot for estimating 
short-range interaction parameter A. 

(4) If both the free draining effect and non
gaussian nature of a chain are reasonably taken in
to account, the reliable parameter A can be deter
mined by using the thermodynamic (2D) or 
hydrodynamic approach (2G), proposed here. 

(5) Cellulose, amylase and their derivatives 
are not flexible, but semi- or inflexible polymers, 

429 



K. KAMIDE and Y. MIYAZAKI 

and their dilute solution properties can not be 
explained by the "two-parameter" theory whose 
validity was widely confirmed for numerous vinyl
type polymers. 
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