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Synopsis 

A method was developed that, allowed comparison of the stifftiess of the chain i i i  differ- 
ent polyelectrolytes from measurements of the intrinsic viscosity at different cotic.eiitra- 
tions of added monovalent (sodium) salt. The response to salt was quantitatively ex- 
pressed as the slope of straight lines relating t.he intrinsic viscosity to the reciprocal of the 
square-root of the ionic strength. This slope increased considerably with increasing mo- 
lecular weight of the polyelectrolyte, arid could serve to characterize the response to salt 
of different substances only when comparison was made a t  a constant molecular weight.. 
An empirical parameter, B, which is the slope corresponding to an intrinsic viscosity of 1 .O 
a t  an ionic strength of 0.1 ;\I could be correlated to the unperturbed dimensions of the 
molecules. A method of extrapolation, etiabliiig the determination of B from measure- 
ments of viscosity on only one sample of unknown molecular weight, was evaluat,ed. 
The empirically found correlation between B and some well established parameters of 
stiffness did not contrast predictions from the “fuzzy-sphere model” of Fixniaii, provided 
that reasonable assumptioiis regardiiig ion-binding and the interaction between polymer 
and solvent were made. 

INTRODUCTION 

Duriug a study of the solubilit,y of miotiic poljwccliarides in tlie presence 
of inorganic salts, it \vas observed tliat the decrease in viscosity that oc- 
curred when salt \\-as added to solutions of different polysaccharides varied 
coiisiderably with the type of po1ysaccli:iride present.. For example, tlie r:L- 
tio between tlie viscosit,y \vitliout added salt a r i d  t.he viscosity at a liigli s:ilt. 
concentration \\-as BY much as t,eii t,imcs Iiighcr for dextran sulphate tliaii for 
alginate.’ Such effects are c!xperimentally very easily detectable, and it’ 
\\-as thought that a study of tlie dependence of viscosit,y upon ionic strength 
might provide useful iriformatioti about tlic solut,ion properties of anionic 
polysaccharides. Althougli some informat ion concerning the dependence of 
of the intrinsic viscosity of diff ereiit polyelectrolyt,es upon ionic strengt’li 
has already been collected arid compared,2 t,he possibility of using such data 
for characterizing the physical properties of  t,lie polymeric chains in solution 
secnis riot to  have been fully cxplorcd. Tlic iiitetibioii in this paper is first 
to  st.udy t h  rlf‘fect of :dditig s:ilt, to  :Ilgin:it,tt atid t,o firid :L \yay of presenting 
t,lic rmil ts  i 1i:it :tllo\vs :m cwsy comparison \\.it11 tlnt,:i for otlicr polyclcct,ro- 
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lytes. A series of polyelectrolytes are then compared in this way, using 
data taken partly from the literature arid partly from our own experiments. 
The most important factors that are responsible for the observed differences 
are then evaluated. 

Theory 

A general criticism of much work on the solution properties of poly- 
saccharides is that comparison has been made of the unperturbed-chain di- 
mensions of different substances when the theoretical methods by which 
they were calculated have been of limited ~ a l i d i t y . ~ - ~  The conclusions 
that are drawn then rest, not only upon the experimental results, but also 
upon the validity of the theories that have been used. In  this paper we 
shall try to  avoid any direct reliance upon theories of viscosity in comparing 
viscosity data for different substances, but we must nevertheless seek some 
theoretical guidance, and we select somewhat arbitrarily, the Fixman 
theory6 for this purpose. Fixman's expression for the intrinsic viscosity of 
a polyelectrolyte reads: 

[ q ]  = KeM'/'[l + Cn'/' + Do.y(2D~z,be)- 'n' / '~- ']  (1) 

where K O  is the constant in Flory's' "equivalent sphere" viscosity theory : 

[Q] = KOM*/'cr,3 (2 )  

The sum of the terms inside the square brackets is recognized as equivalent, 
to  where a,, is the viscosity-expansion factor.? Vor further explanation 
of the physical meaning of the terms inside the square bracket, comparison 
with the Fixmans expression for the expansion of non-ionic polymers may 
be made. I n  Fixman's equation : 

a93 = 1 + cl.nl/*, (3) 

C1 is a constant depending on the degree of interaction between the chain 
segments and the solvent molecules (and is zero in a 0-solvent), and n is the 
degree of polymerization. The last term in eq. ( 1 )  takes into account the 
polyelectrolytic character of the molecules. In  that term, H is the Debye- 
Huckel ~ a r a m e t e r ; ~  the product, e .z , ,  is the charge of the counterions; D is 
the dielectric constant of the solution; Do is "an effective dielectric con- 
staht" operating near the polyionic chain; y is the charge per monomer resi- 
due; and be is the effective bond length, which in 0-solutions is related to the 
root-mean-square end-to-end distance (~z)"', and the Kuhn statistical seg- 
ment length, A,, by: 

( ~ ~ 2 ) ' / 2  = bg.n'/' = ( A ,  . bo. n)'/' (3) 

where bo is the length of the monomer unit. 
Equation (1) predicts a linear relationship between the intrinsic viscosity 

and the reciprocal of the square-root of the ionic strength, which is in agrce- 
ment with much experimental e v i d e n ~ e . ~ > ' ~ - ' ~  If this theory is correct, 
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and providing that q, Do and 7~ could be determined independently, t,he stiff- 
ness parameter, DO, could be calculated from measurements of [77] at difftr- 
ent ionic strengths, I ,  with the aid of eq. (1). Unfortunately, the param- 
eters q and Do cannot both be measured directly, arid therefore the slope of 
[77] against l/d~”’ cannot be used directly as a quantitative measure of 
stiffness. In  the physical situat,ion, Do is probably smaller than D, and q 
is also smaller than that corresponding to  the presence of a full, unit charge 
on every ionizable fixed group. This type of behavior has led to the con- 
cept of ion-pair formation betiveen the polyion arid the counterions,lo.l:‘ 
and in Fixman’s theory, it could be talcen into account by replacing q with 
q(1 - f), wheref is the fraction of the fixed charges that are bound in ion- 
pairs. Fixmari rejected this possibilit,y because ion-binding and viscosity 
could riot be discussed Xvith the same theoretical model. He therefore kept 
q equal to the stoichiometric charge and let the “effective dielectric con- 
stant” be lower than that of pure water. The rat,io DIDo was then regarded 
as an adjust’able parameter. 

When testing the theory on nieasuremeiit,s \\-it11 sodium polyacrylate, 
E’ixman found that DIDo was much larger than unity, aiid, more important, 
that  the ratio decrease.d considerably \vith decreasing pH. This may be 
explained if the fraction of t<he fixed charges bound in ion-pairs decreases 
when the polyion is beiiig discharged. Such a behavior would be in agree- 
ment with a corisiderable amount of evidence obtained both indirectly10~13*1F 
arid from direct determinations of cation-activity coefficient,s in solutions of 
polyanions. l7 

One may st,udy the effect of cliaiigirig the stoichiometric charge-deIisit,y of  
a polymer, riot only by changing the pH in solut,ions of ~veali polyacids, but 
also by using polymers with different spacings betriveen t,he fixed charges. 
T,iquori et a1.I8 det.ermined, for example, t,he osmot,ic coefficients of a series 
of polyaiiions and found a close correlation bet \Yeen the dist,ance betneen 
the charged groups and the amount of ion-pair format’ion; t,he larger the 
distance, the smaller \vas t,he fraction of ion-pairs. The chemical nature of 
the polymer chain seemed to  be of only limited importance. It has also 
been shown that cliaiiges in the ionic strength of the solution cause only 
minor changes in t,lie amount, of ion-pair It, seems, there- 
fore, that the “effect.ive charge” of I polymer, i.e., tlie charge t,liat causes 
the polyelect.rolyte to expand, is only slightly dependent upon the st,oichio- 
metric charge of the polymer over a rather \vide range of stoichiomet,ric 
charge densit,ies. If this is t>rue, the dependence of the intrinsic viscosit,y 
upon t,he ionic stre1igt.h is, according to  eq. (l), dominated by the values of 
thc parameter D O  and t,he degree of polymeriz:it,ion, :md might,, therefore, be 
used for evaluating t,lie st.iff ness of‘ t,he polyelwtro1yt.c molecule :it any given 
degrw of polymeriznt.ioii. 

Having in mind taliat. l’ixmnii’s theory is only mi  approximat,iori to  tlie real 
situation, it is clear t,liat such mtwiuremeiits of viscosity can yield quantita- 
tive informatmion on stiff~iess ori1.v if the effcct, can be enipirically correlated 
to n-c>ll-est ;I blished paraniet,ers of siiffticw. 
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MATERIALS AND METHODS 

The samples of alginate were prepared, as previously described,14 from 
Laminaria digitata harvested at Tarva, August 29, 1961. The ratio23 be- 
tween mannuronic- and guluronic-acid residues (M/G) in this alginate was 
1.6. A guluronic acid-rich fragment (M/G = 0.1) of DP, = 80 was pre- 
pared as previously d e s ~ r i b e d . ~ ~  

Five different samples of pectin were used. Samples I, 111, IV, and VI 
were kindly supplied by Dr. R. Kohn, Slovak Academy of Sciences, Brati- 
slava, and have been characterized by him.25 Sample I1 was a commercial 
preparation from Fluka A/G, Switzerland. 

The dextran sulfate sample had a degree of substitution of 1.6 and was a 
commercial preparation from Pharmacia, Uppsala, Sweden. 

Intrinsic viscosities were determined by isoionic dilution at 20°C in a 
Zimm-Crothers Model A, low-shear, rotating cylinder viscometer, as de- 
scribed previously. l4 The salt used for obtaining different ionic strengths 
was in every case sodium chloride. 

RESULTS AND DISCUSSION 

Dependence of the Intrinsic Viscosity Upon the Ionic Strength 

The intrinsic viscosity of ten samples of alginate, all with known molecu- 
lar ~ e i g h t s ' ~ , * ~  wm determined at several ionic strengths, I .  The results, 
plotted as [77] (100 ml/g) against 1/41, are shown in Figure 1. It is seen 
that all the curves are straight lines. The slopes of the curves, S = 

A[q]/A __ , are given in Table I, together with the corresponding molec- 

ular weights, MW, and the intrinsic viscosity at  I = 0.1 31. In Figure 1 and 
(3 

TABLE I 
Dependence Upon Ionic Strength (I) of the Intrinsic Viscosity, [?I, of Alginates of 

Different Molecular Weights (M,) 

Sample No. nil, x 1 0 - 6  Illl0.1 

9 . 3  1 27.0 JD 

2 16.5 33 4 . 8  
3 15.5 31 4.18 
4 9 . 7  19.3 2.56 
J 6.5 13.0 1.44 
6 4.7 9.4 0.88 
7 2.93 . i .9 0.42 
8 2.48 4.95 0.32 
9 1.44 2.88 0.165 

10 1.12 2.25 0.120 
11 0.15* 0.30 0.008 =t 

0.0025 

- -  

* Gnluronic acid-rich fragment. The error in S is, as indicated, rather high because of 
the low intrinsic viscosities of this sample. 
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Fig. 1. The intrinsic viscosity of alginate, plotted agaiiist the reciprocal of the square 
root of the ionic strength. The numbers represent the samples given in Table I. 

Table I are also included results for a fragment of alginate containing 90% 
guluronic-acid residues. 

According to IGxman’s theory (ey. [l]), S should be proportional to the 
molecular weight of the polyelectrolyte. A double logarithmic plot of S 
against, d1, should therefore yield a straight line with a slope of unity. 
Such a plot is shown in Figure 2. The linearity is seen to  be very good, but 
the slope is 1.37. This deviation from Iiixman’s theory may be due to par- 
tial free drainagel4rZ6 of the alginate molecules in aqueous salt solutions. 

Evaluation of a Measure of the Salt Effect that is Independent of 
Molecular Weight 

Because of the observed strong molecular-weight dependence of S ,  it can 
serve as a parameter of stiffness only if cornparison is made a t  a certain 
molecular weight. It is not easy to  prepare different polysaccharides of ex- 
actly the same molecular weight, arid a means of comparison that elimi- 
nates this difficulty was therefore sought. Instead of comparing values of S 
corresponding to a particular molecular weight, one may compare such val- 
ues corresponding to a certain intrinsic viscosity obtained a t  one particular 
ionic strength. If the values of S obtaiiied in this way could be empirically 
correlated with any of the known parameters of stiffness, one would have 
the great advantage that the molecular weight of the polyelectrolyte need 
riot be determined before comparison of chain stiffness could be made. 
Sirice [77] is linear in tlie reciprocd of  the square-root of the ionic strength, 
on(’ may clioosr [q]-vidurs obt:iined :it :my ionic strength for this comp:u‘i- 
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Fig. 2. The ionic-strength depeiideiice of [v] ploLted against the molecular weight of the 
algiriate. 

son. Because the ionic strength, 0.1, is included in most of the relevant 
published work, we have chosen the intrinsic viscosities measured at  this 
ionic strength as a basis for comparison. 

In Figure 3 ,  a double-logarithmic plot of S versus [v]r=u.l  for algiriate 
(Curve 5 )  is shown. The points again fall on a straight line having the 
same slope (1.37) as in Figure 2. This is to be expected, since the exponent 
a in the Mark-Houwink equation 

[v] = K . M "  (4 
is 1.0 at, ionic strength 0.1 (Ref. 14). 

In the same figure, data taken from the literature are given for the sodium 
salts of polyph~sphate ,*~~*~ polyacrylate," carboxymethyl amyIo~e,*~ 
carboxymethyl cellulose81 and for native, double-stranded DNA. 33 The 
values of S were found by plotting the experimental results as [v] against 
l/dZ and measuring the slopes of the resultant straight lines. 
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In 1;igure 3, no tc~~idciic\~ for dcviatiori from liiit>.iL i t ) ,  \V:M obsrrved for 
uriy of tlie substaiiccs. This sliould justif>- t I i v  s h i g l i t  h i e  drairii b(1- 
tween the two available points for I ) o l ~ p h o s l ) l i ~ ~ t ~ .  'l'lir lincs are nearly 
parallel, and tlic rwult,s for each polyelect8rol\.tc can bc cxpressed by tlic 
relation 

= ~3'( [7?]0.1) f '  ((9 
\rlic~rc! v m s  fourid t.o Ii: tvc~ its lon-cst. v:dw of 1.2 for pol\~~)!io.~. .pli~i~~f~ :md its 
highest. of 1.4 for D S A .  The diffcrencr brt,\vcrii 1 lics:: c~xponcrits is of 
doubtful sigriificaticc and t,liey are iii a i i j '  c : w  suflicieritlj, similar to  justify 
the use o f  R :IS a charactcxristic measurch for t l w  ~ ~ c ~ a p o n s c ~  o f  [ T ]  t.o thc addi- 
tion of silt. 



1220 SMIDSROD AND HAUG 

It is important to note that the value of B may be obtained from only one 
set of S versus [~7]0.1 data. Using eq. (6) and an average value of 1.3 for the 
exponent v, B may be calculated directly. Better accuracy may be ob- 
tained, however, by plotting the observed point in Figure 3 and extrapolat- 
ing graphically to [v]o.1 = 1.0, using the same slope as the closest experi- 
mental curve. 

Empirical Correlation Between B and Known Parameters of Stiffness 

The values of B determined from Figure 3 are given in Table 11, together 
with several parameters of stiffness taken from the literature. According 
to Flory’s theory the following relation between these parameters are valid 
under &conditions : 

In  this equation, 9 is the Flory viscosity-constant, Mo is the weight o$ the 

monomeric unit, and u is the steric factor, equal to ($)”’ where (7)”’ 
is the root-mean-square end-to-end distance for the case of free rotation 
around all single bonds. 

Table I1 shows that the value of B is in some way inversely related to Ke, 
be, A, and u. The parameters of stiffness are, in the case of polyphosphate, 
polyacrylate and carboxymethyl amylose, obtained from viscosity mea- 
surements in &solvents. The data for carboxymethyl cellulose (CMC) 
and alginate are obtained by using the Burchard-Stockmayer-Fixman 
method of extrapolation. The given values for CMC are taken from Brown 
and Henley3I (see footnote to Table 11), discarding one measurement on a 
low molecular-weight sample, and performing the extrapolation in harmony 
with results on alginate. To our knowledge, no unperturbed dimensions 
are reported for DNA (see footnote to Table 11). However, the reported 
value of A,  in 0.2 M salt should be sufficiently high compared to that for 
alginate, to allow- the conclusions that the mechanical inflexibility in the 
DNA-chain is higher than in alginate. The difference in B-value between 
these two substances is marked. 

Figure 4 gives a double-logarithmic plot of B against K O  and b ~ ,  respec- 
tively. The plot against K O  is linear, whereas in that against be, the points 
for polyphosphate and polyacrylate lie below the straight line drawn 
through the points for the three polysaccharides. The two straight lines 
follow the equations: 

B = Const:($) 0.78 

B = Const.-(Ifa)’ (9) 
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Fig. 4. Values of B plotted against accepted parameters of stiffness. 
.:Against KO : Against be 

Using the relationship between be and K O  given in eq. (7), eq. (8) can be 
mit ten 

In  view of the limited number of experimental results, the difference be- 
t w e n  t! e exponents in eq. (9) and eq. (lo), correlating B and l / b e ,  should 
not be regarded as significant. The polyphosphate and the polyacrylate 
probably fall outside the KO-bs relationship because they have lower mono- 
meric weights than the polysaccharides (see eq. [lo]). 

Plots of B against A ,  or u showed much more scatter, and it was there- 
fore concluded that the best applicable correlation between B and any pa- 
rameter for chain extension is that given by eqs. (8) or (10). 

Examination of the Empirically Found Correlation Between B and b, in 
Terms of Fixman's Theory 

Fixman's theoretical equation (eq. 111) may be simplified to give the fol- 
lowing expression for S: 

where the constant includes the parameters describing the effect upon S of 
the charge-density of the polyelectrolyte. If comparison of S had been 
made for molecules of ident,ical st,oichiometric charge densit)y, the t>heory, 
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thereforc, predicts proportionnlity \\.it11 the reciprocal of the effcctivr bond 
lcngth. By comparison \I ith the expression for R:  

i t  is seen that B is also dependent upon how [TO 11 varies with bs. The in- 
trinsic viscosity a t  ionic strength 0.1 is, according to  eq. (l), dependent 
upon K O ,  thc solute-solvent interaction parameter C, and the electrostatic 
term. Knonledge of the magnitude of all three terms is therefore needed 
for cn1cul:iting the exact theoretical relationship between B arid be. Such 
I;nowledge is lacl,ing, but it is clear that [7]0 must increase uith K O ,  atid 
therefore uith h s  (eq. [ 7 ] ) ,  and a stronger dependence of D O  upon B than that 
corresponding to inverse proportionality is to be expected. The strong dc- 
pendence obierved (eq. [lo]) does not, therefore, contradict predictions 
from 1ixm:m’s theory. 

(and therefore, B )  should be dependent upon the solute-sol- 
vent interaction parameter C, it is rather surprising that the plot of B 
against Ks for the chemically very different molecules in Figure 4 gives so 
little scatter. This suggests that  the C.7)’ ‘-term in eq. (1) is small com- 
pared to the t n o  other terms, so that a variation in the solute-solvent inter- 
action among the different substances does not shon up as a variation in 

To test this point, one of the alginate samples was acetylated to diminish 
the interaction betneen the n ater and the alginate. Viscosity measure- 
merits yielded [ql0 = 3.2, S = 0.18 arid B = 0.38. The data are plotted in 
1:igure 3,  and it is seen that the result is not significantly different from that, 
given by urisubstituted alginate. Since alginate is a very stiff molecule, i t  
should be able to accommodate substituents without much change in stiff- 
ness, as does c e l l ~ l o s e , ~ ~  and the identical B-values of alginate and acetyl- 
ated alginate therefore support the vieu that B is not very sensitive to 
changes in the degree of solvation of the chains. 

Since [7l0 

1710 1. 

Sensitivity of B Towards Changes in Stoichiometric Charge 
Density of the Polymers 

The correlation obtained betiteen R and K O  suggests that B is not, very 
sensitive to differences in the stoichiometric charge densities of the poly- 
mers. JIorc evidence \\:is obtained by studying the effect of the addition 
of snlt to  pectin samples of different degrees of esterification (Table 111). 
The results for Sample V in Table I11 are taken from the Ivork of Pals arid 
Herm:lns;l3 the other results arc obtained by our own experiment,ation. 
Table 111 shows that only for the samples with degrees of esterification of 
7SY0 arid SOYo does :I chnnge in the stoichiometric charge density rmult in n. 
change in B. 

The lo\\ vnlues of B for the pectin s:imples indicate that these chains :we 



1224 SMIDSROD AND HAUG 

TABLE I11 
Dependence of [77] Upon Ionic Strength (I) for Sodium Pectiriates of Varying Degrees 

of Esterification 

Degree of 
Sample No. esterification [ ? l O . l  S B 

I 0 0.60 0.028 0.044 
I1 0 0.78 0.030 0.034 
I11 27.3 0.90 0.040 0.044 
IV 58.3 2.20 0.15 0.0.52 
V 78 3.20 0.12 0.026 
VI 89 3 . 0  0 .02  n . nor, 

TABLE IV 
Dependence of [v] Upon Ionic Strength (I)  for Sodinm 

Polyacrylate of Varying Degrees of Dissociation 

Degree of 
dissociation 

%J I 7 7 l O . l  S B 

100 8.8 
33 6.32 
10 1 .8  

3.15 0.26 
2.47 0.27 
1.04 0.47 

very inflexible. It was therefore decided to test the effect of changing 
the charge density in the more flexible polyacrylate molecule. 

Flory and Osterheld" measured the intrinsic viscosity of a sample of 
polyacrylic acid a t  various degrees of dissociation of the carboxyl group, in 
each case at  a series of different sodium chloride concentrations. From 
their results, the data in Table IV were obtained. The value of B at the 
lowest degree of dissociation is not as accurate as the others, because experi- 
mental results in the range of ionic strength around 0.1 were lacking. No 
tendency for a decrease in B with a decrease in the degree of dissociation is 
seen in the Table. 

The results for pectin and polyacrylate support the idea that some varia- 
tion in the stoichiometric charge density of the polyelectrolytes does not 
lead to a variation in I?. One should therefore be able to use B as a param- 
eter of stiffness for polyelectrolytes with fixed charged groups correspond- 
ing to a broad range of stoichiometric charge densities. 

Use of B as a Parameter of Stiffness 

More viscosity data are available than reliable estimates of unperturbed 
Some of these data will be given below with a short discussion 

The values of B for pectin already given in Table I11 are lower than those 
This is in agreement with 

dimensions. 
for each substance. 

for carboxymethyl cellulose (CIVIC) (Table 11). 

Pals and Hermans3 who found from 4scos;ty data that the end-t+en,-j Js- 
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tance for poctin a t  I = m n a b  about 10% liiglier than those for CJIC of tlie 
bame molecular I\ eight. 

Data for the dependence of [q] upon I for :L wries of different substances 
are collected in Table V. Not a h  ays did the data give an exact linearity 
between [ q ]  and l/dj over the I\ hole range of ionic strengths. The lin- 
earity around I = 0.1 \I as aln ays good, ho\i ever, arid the best straight line 
in this range of ionic strength was used to  determine the S-values. 

Clelanddg determined the radius of gyrati?n of sodium liyaluronatc by 
light scattering, and his value ([R,], = 613 A, M,, = 300.000, I = 0.1) is 
somenliat loner than the corresponding figure for alginate ( ( R G ) ~  = 700 

This agrees nellnith tlie relative values of R for these t \ \o  substances 
( B  = 0.04 for algiriate [Txble 111). 

TABLE V 
Dependenre of [ v ]  Upon Ionic Strength for Different Polyelectrolytes 

Ref- 
Subst an re  [vlo I*  S l3 erence 

Hyaluronate 
Dextran sulfate 
Amylose xanthate 
Poly-vinyl alcohol 

C>.fC, Pals et Herman? 
sulfate 1)s = 0.63 

1)s = 0.4 
1)s = O..X 
1)s = 0.73 <' ( 6  

'' Schneider & Doty 1)s = 1 . O  

8.1 
1.27 
0.80 

2.22 
3 . 8 3  
4.80 
8 . 7  
9 . 0  

0.90 0.06.i 39 
0.30 0.23 
0.18 0.22 42 

0.60 0.24 4 3 
0.275 0,044 3 8 
0.38 0.043 38 
0.8.5 0.043 38 
1 .04 0.063 :u 

* Sodilim chloride was in all Cases iised for obtaining different ionic 5trengths 
* Own experimentation. 

No determination of stiffness on dextran sulfate is available. Senti e t  
al.40 found KO t,o be 9.8 X lop4 for an uiisubstituted dext,ran sample. Gra- 
riath4l found tmhe effective bond-length of dextran to increase i\-it.Ii decrcas- 
ing degree of branching. Values of bs from 6.25 to 10 L& were reported. 
Assuming that  the introduction of sulfate groups into t,he dext,ran molecule 
does not drasticdly change it.s flexibility, t'he high value of B for dextran 
sulfate in Table V agrees with the indications from Sent,i's and Granath's 
Fvorks t,hat the dextran molecule is very flexible. 

The value of B for amylose xanthate in Table V is very similar to that for 
carboxymethyl amylose in Table 11, indicating a similar degree of flexibil- 
ity in these tit-o subst,aricesb I'ramanili and Cl io~ idhury~~  reportled an ef- 
fective bond-length of 6.24 A for amylosf: xunt,h:ite, i.e., considerably lower 
than that given previously for c:trboxymethyl xmylose ( b ~  = 11.5 8). 
Such a difference is not indicat,ed by their B-values. 

The identical B-values of polyvinyl alcoliol sulfate and polyacrylic acid 
(Tables I1 and V) are in agreement \vit,h much work on vinyl polymers,' 
which indicates a similar degree of flexibility within t,his group of substances. 

The result,s for carboxymethyl cellulose in Table V are given to  show that 
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the values of B obtained by different experimentators are very similar. 
The results of I’nls and Hcrmans on ClIC-samplcs with different degrees of 
substitution (DS) also show, in agreement with rt:sults in the preceeding 
paragraph, that :I vari:Lt,ion in the stoichiometric charge densitmy has only a 
very small effect upon B. 

In conclusion to this and the preceeditig paragraphs it may be stlid that, 
as judged from our own experimentation and from a survey of literature 
data, no exception has been found to the rule that the values of B can serve 
as an independent parameter of stiffness. This seems to hold true regard- 
less of the chemical nature of the charged groups and of the chain skeleton. 

Itf may be pointed out that the B-value should be regarded as an opera- 
tional quant,ity, and that its determination requires only that shight ,  lines 

1 
are obtained in txo  data-plots [v] versus ~ and log 8 versus log ( [ ~ ] D . I )  dI 
this condition has hitherto been invariably satisfied in practice. 

The quantitative correlation obtained here between I3 and unperturbed 
dimensions should not be regarded as the final one, and when more data 
about stiffness are available, some modification may be needed. An as- 
sumption implicit in Fixman’s theory is tha t  the effective bond length, be, 
is independent of the ionic strength. This implies that the short-range elcc- 
trostatic interaction between neighboring monomers does not vary suffi- 
ciently with ionic strength to cause any rotational or conformational 
changes that affect be. If this is not the case in the physical situation, such 
changes would give a contribution to the B-value. 

Because of these possible limitations to the validity of B as a parameter of 
stiffness, we suggest it should be used mainly as a preliminary measure of 
the relative stiffness in different polymer chains. Its use on acidic algal 
polysaccharides will be reported later. One great advantage is that it is 
rapid and, since it rests only upon viscosity measurements, very accurate. 
In this connection, it is instructive to see that the B-values for CMC from 
the viscosity data of Brown and Henley3* and Scheider and Doty” are 
identical (Table I1 and V), whereas their reported values for the Kuhn 
statistical segment length differ by a factor of 3. In a very recent paper 
Clelat~d*~ is trying to estimate the unperturbed dimensions of hyaluronic 
acid from hydrodynamic measurements in good solvents. His conclusion, 
“The present order-of-magnitude estimates of u are not sufficiently ac- 
curate to permit meaningful comparison between the different ionic poly- 
saccharides,” suggests that the determination of B-values may become a 
useful approach. 
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