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activation energy leading to unit E is 0.96 kcal/mol lower than 
that corresponding to the formation of units B + C and D. 

The important parameters responsible for the structure of 
poly( 1) are the polarity of the solvent plus the polymerization 
temperature. 

The influence of the reaction medium on cationic isomer- 
izations was discussed elsewhere.25 The tendency for rear- 
rangement to a more stable cation is lower in better solvating 
solvents. On the other hand, there are examples in which re- 
arrangement is greater in less nucleophilic solvents, and still 
others in which nucleophilic solvation of the more exposed 
hydrogen seems to aid its migration.26 At the present time we 
are unable to account for these opposite trends in hydrogen 
and carbon participation in rearrangements.*' Perhaps this 
lack of fundamental knowledgewf the chemistry of carbeoium 
ions may explain why we are unable to find experimental 
conditions under which poly( 1) containing a unique type of 
structural unit is formed. 

References and  Notes 
(1) Work presented in part a t  the 1st Italian Meeting on Science of Macro- 

(2)  W. R. Edwards and N. F. Chamberlain, J .  Polym. Sci., Part A, 1, 2299 

( 3 )  J. E. Goodrich and K. S. Porter, J .  Polym. S c i . ,  Part A,  2, 353 (19641. 
(41 A. D. Ketley, J. Piilym. Sci.,  Part R ,  2,827 (1964). 
( 5 )  J .  P. Kennedy and ,J. E. Johnston, Poljm. Prepr . ,  IS, 248 (19i4l. 
(6) G. G.  Wanless and J .  P.  Kennedy, Polymer, 6 ,  111 (1965). 
( 7 )  .I. P. Kennedy and J. E. Johnston, Ado. Pol jm Scr., 19, 58 (1975). 
( 8 )  When the manuscript of this work was completed, we were made aware 

of a paper' in which the characterization of poly(4-methyl-1-pentene) was 
performed alsii via "C KMR. However, we have been able to take into 
account also those data during the discussion of ou r  results. 

(9) (a) A. Priola, S. Cesca, and G. Ferraris, Maiiromol. ('hem.. I60,41 (19721; 
(hi  A. Priola, G. Ferraris, M. Di hlaina, and P. Giusti, Maiiromol. C h ~ r n . .  
176, 2271 (19751. 

(IO) S. Murahashi, M. K. Kamachi, and N. U'akahayashi, J i J d y m  Scr., Part 
H ,  7,135 (1969). 

( 1  1) G .  C. Levy and .J. D. Cargioli, J .  Magn. Reson ,  6 ,  143 (19721. 
( 1 2 )  I,. 1'. Lindeman and .I. Q. Adams, Anal.  Chem., 43, 124,5 (1971). 

molecules, S. Donatri Milanese, Italy, Dec 18-20, 1975. 

(1 963). 

To the best of our knowledge the only data reported about head-to-head 
or tail-to-tail enchainments in the cationic polymerization of olefins to 
high molecular weight products are concerning the polyisobutylene 
structure@ in which a limited amount of head-to-head enchainment was 
inferred by thermal degradation analysis. On the other hand the higher 
stability of secondary carbenium ions with respect to primary ones, re- 
sponsible for the prevailingly head-to-tail enchainment, is widely recog- 
nized.14 
(a) J. L. Franklin, "Carbonium Ions", Val. I, G A. Olah and P .  v. R. 
Srhleyer, Ed., Interscience, New York, N.Y., 1968, p 85; (b) M .  Burstall 
and F. E. Treloar, "The Chemistry of Cationic Polymerization", P. H. 
Plesch, Ed., Pergamon Press, London, 1963. p 15; (c) A. G. Evans and M. 
Polanyi, J .  Chem. Soc., 252 (1947). 
Our attributions agree with those reported recently' for cationic pnly( 1) 
except the signal is due tu the methyl carbons of unit A which is assigned' 
at 22.7 ppm instead of 22.1 ppm. In reality, in Figure 1 there are two peaks 
at 22.1 and 22.7 ppm, but on the basis of considerations about the intensity 
of the signal a t  24.5 ppm (see below) we have confirmed our attribu- 
tion. 
J. P.  Kennedy, J. J .  Elliot, and B. E. Hudson, Makromoi.  ('hem., 79, 109 
(1964). 
G. Sartori, H. Lammens, J .  Siffert, and A. Bernard, J .  Polym. 
R ,  9,599 (1971). 
(a) R. M. Thomas, W. J. Sparks, P.  K. Frolich, M. Otto, and M. Mueller- 
Cunradi. J. Am. Chum.  Soc., 62,276 (1940): (h) Ya. M. Slnhodin and N.  
I. Matusevich, Vysokomol. Soedin., 5,774 (1963). 
J .  P. Kennedy, W. W. Schulz, R. G. Squires, and R. M. Thomas, Poiymer, 
6, 287 (1965). 
We observed that solutions containing from 4 tn 14 w/v % of p d y (  1)  having 
[ q ]  = 0.6-1.6 dl/g showed cloud temperatures ranging from -50 to -65 
"C  when a cooling rate of 2 'Cimin was adopted. Between -75 and -80 
"C the polymer separation was complete. 
C. M. Fontana and G. A. Kidder, J. Am.  Chem. Soc., 70,3749 (1948). 
(a) P.  H. Plesch, Ar. Pol.yrn. J ,  5 ,  l(1973);  (b) P. H.  Plesch, Ado. Polym 
Scr., 8, 137 (1971). 
Reference 14h, p 76. 
J .  D. Roberts, R. E. Mac Mahon, and J. S. Hine, J .  Am Chern. Soc , 72, 
4237 (1950). 
Reference 14b, p 66. 
(a) S. Winstein, H. Brown, K. C. Schreiber, and A. H. Schlessinger, J. Am.  
('hem. Soc., 74, 1140 11952); (b)  I. N. Feit and W. H. Saunders, J .  Am. 
Chem Soc., 92, 1633 (1970). 
D. Bethell and V. Gnld, "Carbonium Ions", Academic Press, London, 1967, 
p 2 l l .  
J. A.  Riddick and W. B. Bunger, "Techniques nf Chemistry", A. Weiss- 
berger, Ed., Vol. 11, Wiley, New York, N.Y., 1970. 
S. Cesca, A. Priola, and G. Ferraris, Makromol. Chem., 156,325 (1972). 

Interaction of Univalent and Divalent Cations with 
Carrageenans in Aqueous Solution 

G .  Pass,* G .  0. Phillips, and  D. J. Wedlock 
Department of Chemistry and Applied Chemistry, University of Salford, 
Salford M5 4 W T ,  United Kingdom Receiced June  25,1976 

ABSTRACT: The activity coefficients of sodium, potassium, and calcium counterions have been determined for h - ,  

I -  and A-carrageenans. Electromotive force measurements were made at 25 " C  in aqueous solutions containing sodi- 
um, potassium, and calcium carrageenans, with and without added simple electrolyte. In the absence of added salt 
the activity coefficients increased with increasing dilution, and a t  a given concentration the observed order is y , , ~ ~  > 
+/K > yra.  The experimental ratio - y ~ ~ / y ~ ~  is in agreement with values predicted from Manning's theory. The activity 
coefficients of the sodium and potassium counterions increase with increasing concentration of added simple electro- 
lyte. The behavior of the sodium counterion agrees more closely than the potassium counterion with the theoretical 
predictions. The activity coefficients of the counterions were found to depend upon the degree of substitution, and 
hence on the charge of the polyanion, in agreement with the theory. 

The interaction between cations and polyanions has been 
extensively studied with particular reference to the relative 
order of cation binding strength and the effect of the anionic 
substituents in the macromolecule. The condensation of the 
cations on to the polyanion and the electrostatic interaction 
of the uncondensed cations with the polyanion have been 
considered theoretically in terms of the influence of the charge 
density of the polyanion.1,2 The theoretical treatment has been 

applied to the interaction of counterions with a variety of 
polyanions including polyanionic polysaccharides.3-11 Al- 
though in general satisfactory agreement with the theory is 
reported, the relative order of activity coefficients Naf < K+ 
found for K -  and X-~arrageenans~ is the opposite of reported 
values for sulfated polyanions.6,' 

We have now investigated the interactions of sodium, po- 
tassium, and calcium counterions with K-, L-, and X-carra- 
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Figure 1. Activity coefficient of sodium counterion vs. concentration 
for K - ,  L - ,  and A-carrageenan. 

0351 
c o n c e n t r a t i o n  q / k g  x"z2 

0.50/ 

o.301 
3 0  2 1.0 2 0  0 2S1 

concen t ra t i on  eg/kg. IO 

Figure 2. Activity coefficient of potassium counterion vs. concen- 
tration for K - ,  1- ,  and A-carrageenan. 

T a b l e  I 
Equivalent  Weights of Sodium Car rageenans  

Carrageenan (Na salt) 
Equivalent mass 

K 1 A 
294 254 209 

geenan b y  an emf method. The results have been examined 
in terms of ths, line charge model and in terms of thq relative 
order of counterion binding. 

Experimental Section 
Three purified carrageenan fractions with different degrees of 

substitution were used, K , ~ ~  1,13 and A.14 Potassium salts were supplied 
by Copenhagen Pectin Factory S.A., Copenhagen, and Marine Col- 
loids Inc., Rockland, Maine. Sodium salts were obtained by passing 
a 0.4% w/v aqueous solution of a carrageenan fraction through an 
ion-exchange column (Amberlite IR 120) using a t  least a fivefold ex- 
cess of resin to ensure complete conversion. The solution was con- 
centrated in a rotary evaporator at  35 "C and freeze dried. Equivalent 
weights of the polymers were obtained gravimetrically by ignition of 
a weighed sample to the corresponding sodium or potassium sulfate 
by evaporating from sulfuric acid (concentrated), until all signs of 
charring had disappeared. Any pyrosulfate formed was converted to 
sulfate by heating with excess ammonium carbonate. Determinations 
were carried out in triplicate and agreed within 2%, mean values being 
used. Calcium salts of K -  and A-carrageenan were prepared by a similar 
procedure, but equivalent weights were determined by EDTA titra- 
tion of a solution of the calcium salts using Calcon Indicator. The end 
point is not affected by the polyion in solution. Moisture contents were 
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Figure 3. Activity coefficients of counterions in most dilute solution 
against linear charge parameter. 
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Figure 4. Activity coefficients of calcium counterions vs. concen- 
tration for calcium salts of K -  and A-carrageenan. 

Table I1 
Degree of Subst i tut ion (DS), Average Distance between 
C h a r g e s  ( b ) ,  a n d  Linear C h a r g e  P a r a m e t e r  ( 5 )  f o r  K - ,  i-, 

a n d  X-Carrageenans 

K 1 A 

DS 0.87 1 1.35 
b ,  nm 0.510 0.445 0.330 

E 1.40 1.60 2.16 

determined by drying overnight at  105 "C and by drying a t  40 "C 
under vacuum. The two procedures gave identical results. 

Activities of the counterions were measured using a saturated cal- 
omel reference electrode with (a) a sodium responsive glass electrode 
(E.I.L. type), (b) a potassium responsive glass electrode (E.I.L. type), 
(c) a calcium responsive liquid ion exchange membrane type static 
electrode (Orion Inc. 92-20 Ca2+ electrode). The electrodes were 
calibrated with solutions of known concentration of the chloride salts. 
Values of a+,  the cation activities, in the calibrating solutions were 
calculated from the activity Coefficients calculated on a KDF 9 English 
Electric Computer using the extended Debye-Huckel equation for 
aqueous solutions at  25 "C with the ion size parameters of Kielland.Ii 
The response of the electrodes was in good agreement with the Nernst 
equation. An E.I.L. Model 7050 millivoltmeter was used to measure 
the potential to fO.l mV for the calcium electrode and f0.2 mV for 
the monovalent ion electrodes. Electrode response times of 15 min 
were allowed for both glass electrodes, followed by immediate checks 
on calibration using standard solutions of the chloride salt. Five- 
minute response times were allowed for the liquid membrane elec- 
trode, followed by calibration checks with calcium chloride standards. 
Diffusion from the orifice of the reference electrode was shown not 
to effect the results. Activity coefficients were determined for the 
cations, from the measured activity together with the concentration 
of cations calculated from the weight of polyelectrolyte in solution 
and its known equivalent weight. Where appropriate the concentra- 
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Figure 5. Activity coefficients of sodium counterions vs. activity 
coefficients of calcium counterions a t  identical concentrations for K -  

and A-fractions. 

tion of simple electrolyte was added to the concentration of poly- 
electrolyte. Activity coefficients are given by the usual relation- 
ship. 

Y +  = a+/m+ 

Results 
The results obtained for the activity coefficients, y+, of the 

univalent ions in pure polyelectrolyte solutions show that 
whereas the sodium salts of K -  and A-carrageenan are com- 
parable with the results previously reported,5 the results for 
the potassium salts are different. One effect of this is to reverse 
the relative order of activity coefficients, so that now Y N ~ +  > 
YK+. Although this represents a difference from the earlier 
work on carrageenaq5 it does accord with results found for 
other sulfated  polysaccharide^.^^^ Thus the activity coeffi- 
cients, y+, of the monovalent ions in pure polyelectrolyte so- 

lution have magnitudes greater for the sodium ion than the 
potassium ion, when comparing like fractions, Figures 1 and 
2. The activity coefficient is observed to increase with dilution 
for the K fraction but is relatively constant with concentration 
for the land A fractions, in both univalent ion forms. The ex- 
perimental values measured for the activity coefficient in the 
most dilute solution of each carrageenan fraction are plotted 
in Figure 3 against the appropriate linear charge parameter, 
[, calculated from 

[ = e2/tkTb (1) 

with e = protonic charge, t = the dielectric constant of pure 
water, k = Boltzmann's constant,T = the absolute tempera- 
ture, and b = average distance between charges. The value of 
b was obtained from measurement of molecular models using 
the degree of substitution data and a mean value of 0.445 nm 
for the length of a sugar unit in a carrageenan molecule in its 
most extended form. The values of [ obtained were 1.40 ( K ) ,  

1.60 (0 ,  and 2.16 (A). Only the value for the K fraction varied 
greatly from that for the idealized repeating unit (one sulfate 
per disaccharide residue). K-Carrageenan is known to have a 
certain proportion of 2- and 2,6-sulfated galactose which 
would cause a higher degree of substitution. 

The theoretical limiting value of the activity coefficient is 
given by the solid line when applying Manning's treatment 
as given by eq 2 for univalent cations, 

where I z I  is the magnitude of the charge on the counterion. 
Figure 3 shows that better agreement with the theoretical 
value is obtained for the potassium salts. Sodium salts give 
values in excess of the theoretical value according to eq 2. 

It  is seen in Figure 4 that calcium K-carrageenan shows an 
increase in the value of the calcium ion activity coefficient with 
dilution, while calcium A-carrageenan shows relative con- 
stancy of the activity coefficient with concentration. This is 
similar to the univalent ion cases. 

For the univalent ions sodium and potassium, the values 
of y+ are not independent of ion size. Thus a comparison of 
activity coefficients of divalent and univalent ions may only 
be valid for ions of similar size. Therefore the calcium ion is 
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Figure 6. (a) Activity coefficient of common cation in K-carrageenadsimple electrolyte mixture, uncorrected for small ion-small ion interactions. 
Comparison with theoretical cuive according to eq 3. NaCI: (0 )  5 X lo-:< m: ( 8 )  1 X lo-' m; (e) 5 X lo-* m. (b) Activity coefficient of common 
cation in K-carrageenanhimple electrolyte mixture, with values corrected for small ion-small ion interactions. Same symbols as for (a). 
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m. (b) Activity coefficient of common cation in r-carrageenanhimple electrolyte mixture, corrected for small ion interactions. Same symbols 
as for (a). 
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compared with the sodium ion which is of similar though not 
identical hydrated ion size.15 The activity coefficient of the 
sodium salt is plotted against the activity coefficient of the 
calcium salt a t  the same equivalent concentration over a range 
of concentrations for both h and K fractions, as is shown in 
Figure 5. This shows that the sodium ion has an activity 
coefficient almost twice that of the calcium ion at  a particular 
concentration in a particular fraction, in good agreement with 
eq 2. 

Manning gives an expression for single counterion activity 

coefficients of univalent ions in a polyelectrolyte plus added 
salt system for ( > 1, 

-Mt-'X 
(E-lX + 2) 

y+ = ((-'X + 1 ) ( X  + 1) exp 

where X = n,/n,, the ratio of the number of equivalents of 
polyelectrolyte to the number of equivalents of simple elec- 
trolyte in unit volume of solution. Figures 6a-8a show that 
solutions most dilute in added salt ( 5  X 10+ M) demonstrate 
the best correspondence between theory and practice. The 
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correspondence becomes less satisfactory as the concentration 
of simple salt increases. This may be attributed to neglect of 
mutual interaction between ions of the simple electrolyte,* so 
that the activity of these ions is overestimated. An empirical 
correction of mean activity coefficients has been proposedl6 
in which the mean activity coefficient of the ions in the pure 
simple electrolyte solution is taken as a measure of their mu- 
tual interaction ih the presence of polyelectrolyte. If a similar 
correction is applied to the single ion activity coefficients this 
may be written in the form 

In y+ = In y + p  + In y+c 

where y+ is the single ion activity coefficient of the cation 
determined experimentally, y+p is the single ion activity 
coefficient calculated according to Manning, and y+‘ is the 
single ion activity coefficient of the cation in the absence of 
polyelectrolyte. At low concentrations y+c - 1 and y+ = y+p 
in agreement with Figures 6a-8a. The corrected activity 
coefficients are plotted in Figures 6b-8b and show good 
agreement with the values calculated from Manning’s theory. 
The value of the empirical correction is that it allows calcu- 
lation of single ion activity coefficients over a wider range of 
concentration. The activity coefficient of the sodium salt plus 
added sodium chloride remains higher than the potassium salt 
plus added potassium chloride for the i and A fractions. 
Measurements were not carried out on K-carrageenan plus 
potassium chloride because of the tendency of K-carrageenan 
to gel in the presence of excess potassium ions. 

Discussion 
We observe in pure polyelectrolyte solution lower activity 

coefficients, which we can reasonably ascribe to a greater de- 
gree of ion binding, for the potassium salts compared to the 
sodium salts of the three carrageenan fractions. This is in 
accord with the hypothesis17 that the interaction of the sulfate 
ester group with the cation is less than the interactions of the 
water of hydration with the cation. Consequently it is ener- 
getically unfavorable for the sulfate ester group to displace 
water from around a sodium or potassium cation. The results 
obtained using ultrasonic relaxation techniques to study the 
binding process of sulfated polyelectrolytes,l8 and from an 
examination of the ion exchange properties of sulfated cel- 
lulosic p o l y a n i o n ~ , ~ ~  leads to the general conclusion that 
condensation occurs between hydrated ions, the smallest 

hydrated ion being bound most strongly. Potassium has a 
smaller hydrated ion size than sodium and hence is bound 
more strongly. Conversely carboxylate and phosphate groups 
interact more strongly than water with the cation and there- 
fore displace hydration water from the cation. Hence the 
smallest crystallographic ion binds most strongly. Sodium has 
a smaller crystallographic radius than potassium and hence 
is bound more strongly. This explains the often observed 
change in affinity sequence on changing from a sulfate poly- 
anion to a carboxylate or phosphate polyanion. Both Satake6 
and Noguchi7 have observed this affinity sequence for po- 
tassium and sodium binding to dextran sulfates. 

We conclude that agreement between experimental values 
of y+ and values of y+ calculated according to Manning’s 
equations can be obtained in dilute solution. In the presence 
of added salt the range of agreement may be improved by an 
empirical correction for interaction between the mobile ions. 
The values of single ion activity coefficients also show a de- 
pendence on hydrated ion size in accord with reported se- 
quences of cation binding to sulfated polyanions. 
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